polymer

Polymer 41 (2000) 3693—3704
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Abstract

Relationships between the formation mechanism and the swelling behavior of acrylamide (AAm)/2-acrylamido-2-methylpropane sulfonic
acid sodium salt (AMPS)-based hydrogels were studied. The hydrogels were prepared by free-radical crosslinking copolymerization of AAm
and AMPS at 48C in the presence df,N’-methylenebis(acrylamide) (BAAm) as the crosslinker. Both the crosslinker ratio (mole ratio of
crosslinker to monomer) and the initial monomer concentration were fixed at 1/82 and 0.700 M, respectively, while the AMPS content in the
monomer mixture was varied from 0 to 100 mol%. It was found that the copolymer composition is equal to the monomer feed composition,
indicating that the monomer units distribute randomly along the network chains of the hydrogels. The monomer conversion versus time
histories as well as the growth rate of the gel during the polymerization were found to be independent of the amount of AMPS in the initial
monomer mixture. It was shown that the reaction system separates into two phases at the gel point and the gel grows in a heterogeneous
system. The equilibrium degree of swelling of the final hydrogels increases with increasing AMPS content until a plateau is reached at about
10 mol% AMPS. Between 10 and 30 mol% AMPS, the equilibrium gel swelling in water as well as in aqueous NaCl solutions was
independent on the ionic group content of the hydrogels. Further increase in the AMPS content beyond this value increased the gel swelling
continuously up to 100 mol%. The polyelectrolyte theories based on the counterion condensation cannot explain the observed swelling
behavior of AAM/AMPS hydrogels. The swelling curves of the hydrogels in water and in aqueous NaCl solutions were successfully
reproduced with the Flory—Rehner theory of swelling equilibrium including the ideal Donnan equilibria, where the effective charge density
was taken as an adjustable parameter. Scaling rules were derived for the ionic group content and the effective excluded volume of the
hydrogels.© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction mechanism of hydrogels is of great interest in predicting
their physical properties.

In recent years, hydrogels derived from acrylamide Although extensive work has been reported in the litera-
(AAm) have received considerable attention for use as ture for the swelling and collapse phenomena in AAm-based
specific sorbents and as support carriers in biomedical engi-hydrogels [1,2], only a few were concerned with their
neering. AAm-based hydrogels are prepared mainly by free- formation mechanism [3—6]. The aim of this work was to
radical crosslinking copolymerization of the AAm mono- investigate the formation process of AAm-based hydrogels
mer with the N,N’-methylenebis(acrylamide) (BAAm) by free-radical crosslinking copolymerization. For this
crosslinker. In order to increase their swelling capacity, an investigation, we selected 2-acrylamido-2-methylpropane
ionic comonomer is also included in the monomer mixture. sulfonic acid sodium salt (AMPS) as the ionic comonomer
The swelling behavior of polymer gels is known to depend of AAm. AMPS has received attention in the last few years
on their network structure whereas the latter is closely due to its strongly ionizable sulfonate group; AMPS dissoci-
related to the conditions under which the polymer gels ates completely in the overall pH range, and therefore, the
are formed. Thus, the understanding of the formation hydrogels derived from AMPS exhibit pH independent

swelling behavior. It was shown that the linear polymers
with sulfonate groups derived from AMPS exhibit extensive
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the swelling properties of hydrogels derived from AMPS out in water, as the polymerization solvent, at@0n the
andN,N-dimethylacrylamide (DMAA) and observed a simi- presence of 0.474 mM with KPS as the initiator. Both the
lar behavior [8]. Tong and Liu observed a constant swelling crosslinker ratio (mole ratio of the crosslinker BAAm to the
capacity of AMPS/DMAA hydrogels in the whole pH range monomers AAm+ AMPS) and the total monomer concen-
and concluded that the AMPS content of the hydrogel corre- tration were fixed at 1/82 and 0.700 M, respectively,
sponds to its charge density [9]. Their calculation results whereas the AMPS content of the monomer mixture was
showed a large discrepancy between the measured swellingzaried from 0 to 100 mol%. To illustrate the synthetic
data in water and that predicted by the Flory—Rehner theory procedure, we give details for the preparation of the hydro-
of swelling equilibrium [9]. We investigated the swelling gel with 40 mol% AMPS in the comonomer feed composi-
behavior of AAM/AMPS hydrogels in water and in aqueous tion:
salt solution. In contrast to Tong and Liu, we observed a AAm (2.982 g), AMPS stock solution (29.0 ml), BAAm
good agreement between the Flory—Rehner theory and(0.1314 g), and KPS stock solution (3.2 ml) were dissolved
experiment [10]. in 67.8 ml of distilled water. After bubbling nitrogen for
All the studies mentioned above only dealt with the 20 min, the solution was poured into several glass tubes of
physical properties of the final hydrogels without consider- 11 or 5.5 mm internal diameters and about 250 mm long.
ing their formation history. The present work focuses on the Thereafter, 10 min of nitrogen bubbling was required
relationships between the formation mechanism and thethrough each solution to obtain reproducible results. The
swelling behavior of AAM/AMPS hydrogels. In this study, glass tubes were sealed, immersed in a thermostated water
a series of hydrogels was prepared in the presence of BAAmbath at 40C and the polymerization was conducted for
as the crosslinker such that the crosslinker ratio (mole ratio predetermined reaction times. Temperature measurements
of crosslinker to monomer) and the initial monomer concen- showed a temperature rise inside the reaction solution less
tration were fixed, while the AMPS content in the monomer than ZXC, indicating that the dilute reaction condition
mixture was varied from 0 to 100 mol%. We have investi- provides a nearly isothermal condition. Homologous series
gated the comonomer reactivities, time-conversion profiles, of hydrogels were prepared in this way allowing systematic
the growth rate and the swelling properties of the hydrogels variation of the reaction time and the AMPS content of the
depending on the initial monomer composition. monomer mixture. We observed that the diameter of the gel
samples (11 or 5.5 mm) does not affect the polymerization

) kinetics as well as the properties of the resulting hydrogels.
2. Experimental

2.3. Gel points

2.1. Materials

Gel point measurements were carried out using two
different methods. First, the gravimetric technique was
acetone/ethanol mixture (70/30 by volume) below@0  used to follow the gelation process. The gel point was deter-
2-acrylamido-2-methylpropane sulfonic acid (AMPSsH  mined as the midpoint between the last time at which a
Merck) was crystallized from boiling methanol. The purity soluble polymer was obtained and that at which the polymer
of the monomers was checked by i.r., n.m.r. and elementalwas not soluble in water. For ascertaining the insoluble gel

Acrylamide (AAm, Merck) was crystallized from

microanalysis. 2-acrylamido-2-methylpropane sulfonic acid
sodium salt (AMPS) stock solution was prepared by dissol-
ving 20 g of AMPS-H' in about 40 ml of distilled water and
adding to this solution 10 ml of a 30% NaOH solution under
cooling. Then, the solution was titrated with 1 M NaOH to
pH=7.00 and finally, the volume of the solution was
completed to 100 ml with distilled water. AMPS stock solu-
tion (1 ml) of thus prepared contained 0.966 mmol AMPS.
N,N’-methylenebis(acrylamide) (BAAm, Merck) and potas-

sium persulfate (KPS, Merck) were used as received. KPS

stock solution was prepared by dissolving 0.040 g of KPS in
10 ml of distilled water. Distilled and deionized water was

used for the swelling experiments. For the preparation of the

stock solutions and for the hydrogel synthesis, distilled and
deionized water was distilled again prior to use and cooled
under nitrogen bubbling.

2.2. Synthesis of hydrogels

AAM/AMPS crosslinking copolymerization was carried

component of the samples, the latter were treated with an
approximately 50-fold excess of water at room temperature.
The formation of insoluble polymers was detected visually

from the appearance of gel particles in water. Second, dilat-
ometers containing a teflon-covered steel sphere of 5 mm
diameter was used for the gel point measurements. The
midpoint between the last time at which the sphere moves
magnetically and that at which it stops moving is taken as

the gel point [5].

2.4. Gel fraction

Water was chosen as the extraction solvent for the crude
hydrogels and employed at room temperature. After the
predetermined polymerization times, the reaction was
stopped by cooling the reaction mixture in an ice-water
bath. The crude hydrogels, 11 or 5.5 mm in diameter,
were freed from the glass tubes and they were cut into
samples of about 10 mm length. Each sample was placed
in an excess of water containing a small amount of
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hydroquinone as an inhibitor, and the solvent was replacedwhereD and D, are the diameters of the hydrogels after

every other day over a period of at least one week until no
further extractable polymer could be detected. The hydro-
gels after extraction were carefully deswollen in a series of

water—acetone mixtures with increasing acetone content.

This solvent exchange process facilitated final drying of

equilibrium swelling in water and after synthesis, respec-
tively, andV° is the volume fraction of the network after
synthesis. Note that if one starts with a dry gel, sivite: 1,

Eq. (3b) reduces tq, = (D/Dy)°. However, in the present
work, as the hydrogels form in a solution, this already corre-

the hydrogel samples. They were then washed severalsponds to a certain degree of swelling after gel synthesis,

times with acetone and dried at °Td under vacuum to
constant weight. The amount of soluble polymer in water
solution was determined gravimetrically after evaporation
and precipitation in acetone. The weight fraction of 9g|
was calculated as

Wg _ Myel
mgel + Mg

wheremy, andm, are the weights of extracted dry hydrogel
and of the soluble polymer, respectively.

D

2.5. Swelling measurements in water

After the predetermined polymerization times, the hydro-
gels in glass tubes of 11 or 5.5 mm in diameter, were freed
from the tubes and they were cut into samples of about
10 mm length. The initial diameter of the gel samplBsg,

was measured by a calibrated digital compass. Then, each
sample was placed in an excess of water at room tempera

ture (19 = 1°C). In order to reach the equilibrium degree of

swelling, the hydrogels were immersed in water for at least
two weeks during which water was replaced every other
day; the swelling equilibrium was tested by weighing the
samples, or by measuring their diameters. To achieve goo

precision, three measurements were carried out on sample

of different length taken from the same gel.
For the measurement of the equilibrium weight swelling
ratio, gy, the hydrogels were weighed in the swollen state

and dried, after a solvent exchange with acetone as
described above, under vacuum to constant weight. The

equilibrium weight swelling ratiay, was calculated as
ik @

My

wherem, and my are the weights of the hydrogels in the
swollen state and the dry state, respectively.

The equilibrium volume swelling ratio of the complete-
conversion hydrogelg, (volume of swollen gel/volume of
dry gel) was determined by measuring the diameter of the
hydrogel samples by a calibrated digital compagswas
calculated as

o |

Ow

volume of the equilibrium swollen gjl
volume of the gel after synthesis

><(volume of the gel after synthes)s 3a
volume of dry gel
D\ 1

v=(o,) (%) @

which is represented bw{)~* in Eq. (3b). Thus, ) !
represents the volume degree of swelling of the hydrogels
after their synthesis. Theé’ of complete-conversion hydro-
gels was calculated from the mole fraction of the AMPS
units in the networkF, and the molecular weights of
AMPS and AAm (229 and 71 g/mol, respectively) as:

4

wherep is the density of the polymer. The literature values
of p for the poly(acrylamide) network and for poly(2-
acrylamido-2-methylpropanesulfonamide) derived from
poly(AMPS-H") are 1.35 and 1.443 g/cinrespectively
[11,12]. For the calculations, we assumed a constant density
of 1.35 g/cnt for all the hydrogels.

VY = 0.700x1073[229F, + 711 — Fy)l/p

2.6. Swelling measurements in salt solutions

The swelling measurements were carried out in agueous
NaCl solutions at room temperature. The concentration of
NaCl solutions ranged from 18 to 1.0 M. The hydrogels
equilibrium swollen in water were transferred to vials
containing the most diluted aqueous NaCl solution. The
gel samples were allowed to swell in the solution for two
eeks, during which agueous NaCl was refreshed to keep

The concentration as needed. After the swelling equilibrium

is established, swelling measurements were carried out as
described in the previous section. The gel samples were then
transferred into the next concentrated NaCl solution. The
swelling measurements in aqueous NaCl were carried out
both in the direction of increasing salt concentration and in
the reverse direction. No systematic variation in the
recorded swelling data was observed.

2.7. Hydrogel composition

In order to determine the chemical composition of the
hydrogels, a series of AAM/AMPS copolymers was
prepared under the same reaction condition as the hydrogels
except that the BAAmM crosslinker was not used. The
copolymerization reactions were stopped at fractional
monomer conversionsless than 0.20. The reaction solution
was diluted with water and then poured in an excess of
acetone. The precipitated copolymer was dried at room
temperature until constant weight.

Two independent techniques were used to determine the
composition of AAM/AMPS copolymers. First, the AMPS
content of dried copolymers was estimated from i.r. spectra.
The i.r. spectra of the samples in KBr pellets were recorded
on a Perkin—Elmer 983 spectrophotometer. A typical
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Fig. 1. IR spectrum of an AAM/AMPS network with 10 mol% AMPS in the KBr pellet. The calculation of absorbance is shown schematically at 1040 cm

spectrum of AAm/AMPS copolymers is shown in Fig. 1.
The characteristic absorption peak of AMPS units is shown
at 1040 cm* due to the SO group. The intensity of this peak
was normalized using the=€D streching peak of both AAm
and AMPS units at 1660 cil. The calculation of the

100 x F,
100
80
60 -
40 -
20 -
100xF,=2.28 +8.6 x A, +49.1x A ]
0 s | L L L | L L L |
0.4 0.8 1.2
Ace1 = Ao | Asgeo

Fig. 2. The calibration curve showing the AMPS mole fraction in the AAm/
AMPS copolymerF, as a function of the ratio of absorbanceat 1040 to
1660 cm .

absorbances at 1040 and 1660 ¢tAgs0andAseo respec-
tively) was performed using the base-line method [13] (Fig.
1). In order to quantify the results, a calibration curve was
prepared using polymer samples prepared by mixing linear
poly(AAm) and poly(AMPS) homopolymers in the prede-
termined mole ratio. The calibration curve showing the
AMPS mole fraction in the copolymé¥, as a function of
the Aq0ad/A1s6o Fatio is given in Fig. 2.

Secondly, elemental microanalysis results of the copoly-
mer samples were used to estimate their chemical composi-
tion. The C, H, and N analysis were performed on a Carlo
Erba 1106 elemental analyzer, while the S content was
determined by the Leco SC 32 sulfur analyzer (ASTM
4239-93). The interpretation of the microanalysis results
was however complicated due to the bounded water in the
polymer samples. It was found that the homopolymers or
copolymers of AAm and AMPS always contained about
10 wt% water, even after several months of drying at
room temperature under vacuum. Therefore, two unknowns
existed for each copolymer sample, namely their AMPS and
water contents. Let be the weight fraction of water in the
dried copolymer, C, N, and S contents can be calculated
using the equations:

_12A@F) +4)

C% 00
(] M,

(5a)

_14F,

N% —=x1
() v x100

(5b)

r
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Elemental microanalysis results of AAmM/AMPS copolyméygs the mole fraction of AMPS in the initial comonomer mixtuFg; the mole fraction of AMPS
in the copolymer chainsy, the weight fraction of water in the dried copolymefs;andw were calculated by fitting Eqgs. (5a)—(5d) to the observed C, N, S

contents
10% 1, 10°F, w C% H% N% S%
Found Calculated Found Calculated Found Calculated Found Calculated
0 0 013+ 0.01 44.7 44.1 6.6 7.6 17.0 17.2 - -
10 97+ 0.8 012+ 0.01 41.5 41.2 7.2 7.1 14.1 14.2 3.0 3.1
20 18+ 2 010+ 0.02 41.1 40.5 6.8 6.8 125 12.7 4.9 52
30 29+ 2 014+ 0.02 37.4 36.9 6.3 6.7 10.2 10.4 6.5 6.8
40 36+ 8 009+ 0.06 39.8 38.0 6.5 6.4 9.3 10.0 7.3 8.1
50 50+ 10 013+ 0.05 36.4 34.8 5.4 6.4 7.5 8.1 8.4 9.2
60 55+ 15 014+ 0.07 36.6 34.0 5.6 6.4 6.6 7.6 8.5 9.6
70 64+ 22 010+ 0.10 38.8 34.7 6.7 6.1 5.7 7.3 9.1 10.6
S%p— 32 100 5 was estimated by i.r. and by elemental microanalysis (e.m.)
Ve (50) techniques, as described in the previous section. By the i.r.

r

whereM, is the molecular weight of the repeat ufMAmM +

AMPS + bounded watér i.e.
M, = (158+ 7VF,)/(1 — w) (5d)

Fitting Eqgs. (5a)—(5d) to the observed elemental micro-
analysis data allowed calculations of the two unknowps
andw.

3. Results and discussion

3.1. AAmM/AMPS reactivities

The composition of the network chains in the hydrogels

100
100 x F,
80 - O
60 - ' 8
40+ )
o
0. ®
20 . O i
I @ ® ca
O i | | I |
0 20 40 60 80 100
100 x f,

Fig. 3. The AMPS mole fraction in the netwoHs evaluated by i.r. (open
symbols) and by e.m. techniques (filled symbols) shown as a function of the
AMPS mole fraction in the feet,. The dotted line represents the relation
F, =1,

technique, the ratio of the absorbances of the copolymers at
1040 to 1660 cm® together with the calibration curve
shown in Fig. 2 allowed calculation of the AMPS mole
fraction F, in the copolymers. By the e.m. technique, Egs.
(5a)—(5c¢) were fitted to the observed chemical composition
of dried copolymers giving, and the water contemt of the
samples. Table 1 shows the measured elemental composi-
tion of some dried AAM/AMPS copolymers together with
the fit results. The standard deviations in the calculations of
F, andw are also shown in the table. It is seen that the AAm/
AMPS copolymers after constant weight drying at room
temperature still contain water with about 10 wt%. For
AMPS mole fractions in the feed, < 0.40, calculation
results provide good agreement with the observed values
and the standard deviationska andw are small. However,
discrepancies between the observed and calculated values
appear ad, further increases and the standard deviations
become larger.

In Fig. 3, the AMPS mole fraction in the copolymEg
evaluated by i.r. (open symbols) and e.m. techniques (filled
symbols) is shown as a function of the AMPS mole fraction
in the feedf,. The dotted straight line represents the relation
F, = f,. It is seen that the straight line gives a good fit with
the data, indicating that the copolymer composition is
almost equal to the monomer feed composition. This
suggests that the monomer units distribute randomly along
the network chains of the hydrogels, i.e. both the reactivity
ratiosr, andr, in AAm/AMPS copolymerization are close
to unity (ry =r, = 1).

3.2. Hydrogel formation

Fractional monomer conversiotversus timet histories
in AAmM/AMPS crosslinking copolymerization are shown in
Fig. 4 for various monomer feed compositions. The reaction
temperature was 4Q and the total monomer and the initia-
tor concentrations were 0.700 M and 0.474 mM, respec-
tively. All the experiments were for a fixed crosslinker
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Fig. 4. Fractional monomer conversiornversus time histories in AAm/
AMPS crosslinking copolymerization at 4G. The data points for 0 mol%
AMPS were taken from Ref. [14].

ratio of 1/82. The data points for the crosslinking polymer-
ization of AAm without AMPS were taken from the litera-

ture [14]. Each data point in Fig. 4 is an average of four to
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Fig. 6. The weight fraction of gel\;,, shown as a function of the fractional
monomer conversiorin AAm/AMPS crosslinking copolymerization. The
error bars indicate the standard deviations. The solid curve is the best fitting
curve of Egs. (6) and (7) to the experimental datatfer 2. The data points

for 0 mol% AMPS were taken from Ref. [14]. See Fig. 5 for symbol keys.

The first insoluble polymer in the reaction mixture

seven separate experiments; standard deviations are smalleappeared after a reaction timg= 4 = 1 min or, after a
than the symbols themselves. According to Fig. 4, the monomer conversion, = 0.07 = 0.02 This critical point
monomer feed composition does not affect the rate of poly- was found to be independent of the monomer feed composi-
merization. This is expected from the results of the previous tion. However, by use of the dilatometric technique, we

section. The monomer conversionincreases with the
reaction time up to 2 h; for longer reaction times up to
5h, x remained almost constant at a limiting value of
0.9.

1.0 i
W, 4 :
A
06
(} AMPS mol % =

04+ ® o

H O 40
0.2 A 60

A A 100
0.0 @ . | . | . | L | . ]

0 30 60 90 120 150 180

Time / min

Fig. 5. The weight fraction of gell;, shown as a function of the reaction
time in AAm/AMPS crosslinking copolymerization. The error bars indicate

observed that at this point the microsphere inside the dilat-
ometer stopped moving only in the lower part of the solu-
tion. Repeated measurements indicated formation of gel
regions distributed inside a solution phase. Thus, instead
of gelling of the overall reaction system @t(or atx.), gel
particles started to appear in the reaction system. This
phenomena was observed for all monomer feed composi-
tions studied. This means that the volume of the first formed
gel is not equal to the reaction volume so that the reaction
mixture separates into two phases at the critical time for the
onset of a macroscopic network: a swollen gel phase and the
solution phase [14]. Because the refractive indices of both
phases do not differ from each other, the reaction mixture
remained transparent during the polymerization. As the
polymerization and crosslinking reactions proceed, the
heterogeneous reaction system turned again into a
homogeneous one.

In Figs. 5 and 6, the weight fraction of géi, is shown as
a function of the reaction timeand the monomer conver-
sion x, respectively.W; rapidly increases with increasing
reaction time or monomer conversion and reaches a limiting
value of 0.92 after about 2 h (Fig. 5). Within the limits of
experimental error, the growth rate of the gel is independent
of the comonomer feed composition. According to the
statistical theory of gelation [15], the gel fraction depends

the standard deviations. The data points for 0 mol% AMPS were taken from ON the crosslink density of the overall reaction sysfeeand

Ref. [14].

on the chain length distribution of the primary molecules,
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Fig. 7. The equilibrium weight swelling ratig, of the hydrogels isolated at
various reaction times shown as a function of the reaction time in AAm/
AMPS crosslinking copolymerization. The error bars indicate the standard
deviations.

i.e.

(o)

Ws = ZWr[l - p1- Ws)]r
r=1

(6)

whereW; is the weight fraction of so{l — W), w; is the
weight fraction of primary molecules composedrainits.
Substitution of certain molecular weight distributions of

6000 F °
5000 - 9vs 4,
4000
2500/1
[
2000 - dv
e a
1500 - :
[ )
1000 - A
o ® .- A
@ A A
500 A A 4, A A
0 | | | 1
40 60 80 100
mol % AMPS

Fig. 8. The equilibrium volume, and the equilibrium weight swelling ratio

gy of the hydrogels shown as a function of their AMPS contents. The open
circles are they, values of the AAm/AMPS-based hydrogels taken from
Ref. [10]. The solid curve is the best fitting curve for 0 to 8 mol% AMPS,
0, o< (AMPS mol%°®3. The dotted curve represents the calculatgd
values using Eq. (8) from the experimentglvalues.
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primary molecules into Eq. (6) yields [16]:
n . n
dSW"== (n=2and 3 (63)
i=1 ¢

wheree is the number of crosslinked units per weight-aver-
age primary moleculen =2 for Flory’s most probable
molecular weight distribution, and= 3 for primary mole-
cules formed by radical combination. One of the assump-
tions used in the derivation of Eqg. (6) is the random
formation of crosslinks between the polymer molecules.
This assumption is equivalent to stating thats a linear
function ofx, i.e.

e=1+a(x—Xx) @)

wherea is a constant. The best fitting curve of Egs. (6) and
(7) forn = 2 to the experimental, versusx data data gives
the solid curve in Fig. 6 witha = 2.44. It is seen that the
theory predicts a much steeper rise in the amount of gel than
the observed results for < 0.40. Then, in the region of
higher monomer conversions, the gel fraction curve given
by the statistical theory gradually bends downward apart
from the observed tendency. Calculation resultsrfet 3
also gave a similar curve. We may conclude that the statis-
tical theory only qualitatively predicts the gel growth in the
reaction system. The deviation between the theory and
experiments can be attributed to the nonuniform distribution
of crosslinks in the hydrogels [17] and/or to the gel effect
and the resulting acceleration in the growth rate of the gel
[18]. These two features of the gel formation processes were
not taken into account in the derivation of Eq. (6).The grow-
ing gel isolated at various reaction times was immersed in
an excess of water and its equilibrium weight swelling ratio
0w Was measured. Fig. 7 illustrates hayy varies with the
reaction time for various monomer feed compositions. The
equilibrium swelling ratiog,, decreases abruptly in the first
60 min of the reaction time, and thep begins to approach

an equilibrium value.

3.3. Hydrogel swelling

AAM/AMPS hydrogels of various compositions were
prepared under the same reaction condition as above but,
the reaction time was set to 24 h. Both the gel fraction and
the monomer conversion were found to be larger than 0.98.
This means that the limiting conversion (0.9) and the limit-
ing gel fraction (0.92) values observed between 2 and 5 h
further increased by prolonged reaction times. After extrac-
tion of the hydrogels with water, their equilibrium swelling
ratios in water and in aqueous NacCl solutions of concentra-
tions ranged from 10°to 1 M were measured by both gravi-
metric and volumetric techniques.

Fig. 8 shows how the equilibrium volumeyf and the
equilibrium weight swelling ratiosq,) of the hydrogels
vary with their AMPS content. In Fig. 9, values of the
hydrogels are plotted as a function of the salt concentration
in the external solution. Each data point in Figs. 8 and 9 is an
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aqy — pressure increases as the concentration difference of the
] counterions between the inside and outside the gel phase
AMPS mol% = increases. Thus, the swelling behavior of the hydrogels
© 80 prepared at low and high concentration of AMPS is
;8 7 expected g, versus AMPS content dependence below the
50 1 plateau region gives a scaling relationg, oc
o (AMPS mol%9®%3 shown in Fig. 8 by the solid curve.
20 This stands in contrast to that predicted by the Flory—
150 - Rehner theory, if applied to highly swollen hydrogels
o | [15], g, < (AMPS mol%™®.> Recent experimental results
obtained with poly(acrylic acid) (PAAc) hydrogels [20] as
well as with AMPS/DMAA-based hydrogels [21] gave a
250 scaling parameter 0.6, which is close to the value found in
| AN ] this work. We believe that the deviation between the theory
& o o o M and experiment originates from the existence of “wasted”
\» 10 104 109 102 10" 100 counterions in the hydrogels. This point is discussed later
on.
water As seen in Fig. 8, the hydrogels prepared between 10 and
Fig. 9. The equilibrium volume swelling ratip, of the hydrogels shown as 30 mol% AMPS exhibit the same degree of swelling. In
a function of the NaCl concentration in the external solution. The solid Weak electrolyte hydrogels, the appearance of a plateau
curves only show the trend of the data. region in the swelling curve was observed previously.
Silberberg et al. reported that the equilibrium swelling
average of three separate experiments. The standard deviadegree of PAAc hydrogels first increases when the ioniza-
tions (not shown in the figures) were less than 10%. The tion degreex of AAc units increases from 0 to 0.35; then,
open symbols in Fig. 8 represeamptvalues of the hydrogels  the gel swelling reaches a plateau upvte= 1 [20]. For the
taken from Ref. [10]. Note that there is an interrelation same hydrogels, Tong and Liu reported that the gel swelling
betweenq, and g, values [19]. Assuming additivity of s independent ofx betweena = 0.2 and 0.6 [22]. Konak
volumes within the swollen gel, this relation is given by:  and Bansil observed a broad minimum in the swelling curve
(@ — Dp of poly(methacrylic acid) hydrogels between= 0.1 and
— a4 8 0.2, whereas the degree of swelling begins to decrease for
1 a > 0.2[23]. This feature of the hydrogels may be related to
whered, is the density of water (1 g/cth The dotted curve  the “counterion condensation” or to the limited extensibility
in Fig. 8 illustrates the calculategj values using Eq. (8). It  of the network chains [24].
can be seen that the calculatgdis in agreement with its Following Manning’s theory [25], if the distance between
experimental value for<40% AMPS contents, whereas two consecutive charges on the network chaireduces to
they differ at higher AMPS contents. This may be due to the Bjerrum lengthQ(Q = €?/e KT, wheree is the elemen-
the bounded water in the hydrogels after drying which tary chargeg is the dielectric constant of the solvent, k and
results in smaller experimentg), and calculatedy, values. T are in their usual meaning), counterions start to condense
Fig. 8 illustrates that, contrary to the classical theory of on the network chains. For the present hydrogels swollen in
swelling equilibrium [15], the equilibrium degree of swel- water at 19C, the Bjerrum lengthQ was calculated as
ling is not a monotonically increasing function of the ionic  0.71 nm. The counterion distanéecan also be calculated
group content of the hydrogels. The dependence of the gelas b/F, whereb is the bond length. Takingy = 0.25 nm
swelling on the charge density shows three stages. First, the(typical value for vinyl polymers) and sinde, = f, (Fig.
degree of swelling increases sharply with increasing ionic 3), one obtains the critical value of the AMPS mole fraction
group content of the hydrogels until a plateau is reached atin the feed for the onset of counterion condensation as 0.35.
about 10 mol% AMPS. Secondly, between 10 and 30 mol% Thus, according to the polyelectrolyte theories; it 0.35,
AMPS, the equilibrium gel swelling in water (Fig. 8) as well all the counterions inside the hydrogels should be free and
as in aqueous NacCl solutions (Fig. 9) is independent of the therefore, they should contribute to the osmotic pressure of
ionic group content of the hydrogels. Thirdly, further the gel [26]. This treatment, however, does not explain the
increase in the AMPS content beyond this value increasesplateau region in Fig. 8 shown betweén= 0.10 and
the gel swelling continuously up to 100 mol%. 0.20. In fact, ion condensation theories assume rod-like
Increasing degree of equilibrium swelling with increasing
ionic group coptent of the hydrogel; or, with decreasin.g ;alt mng degrees, the effects of entrapy and enthalpy of mixing
concentration in the external solution is expected. This is a (Eq. (%)) are negligible Cor'npare d to the mixing entropy of counterions

consequence of the (_)SmOtiC pressure ex_erted b)_/ Counter_ion%q. (9c)). Therefore, balancing Egs. (9b) and (9¢) gives the scaling para-
of the AMPS units in the network chains. This osmotic meter 1.5.
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polyelectrolytes in an infinitely diluted solution, which is far
from the actual behavior of hydrogels.

In the following paragraphs, the swelling behavior of the
hydrogels was analyzed within the framework of the Flory—
Rehner theory of swelling equilibrium including the ideal
Donnan equilibria. According to the Flory—Rehner theory,
the osmotic pressure of a gel is the sum of three contribu-
tions [27,28]:

€

where iy, e, and i, are the osmotic pressures due to
polymer—solvent mixing rGix), due to deformation of
network chains to a more elongated sta$, (and due to
the nonuniform distribution of mobile counterions between
the gel and the solutioridn), respectively. Osmotic pres-

T = Tix T Tel T Tion

suresr of a gel determines whether the gel tends to expand

or to shrink. When nonzerar provides a driving force for

gel volume change. Solvent moves into or out of the gel

until 77 is zero, i.e. until the forces acting on the gel are
balanced.

According to the Flory—Huggins theorys,, is given by
[15]:

RT
T = — g~ (INL = V) vz + 12) (93)
1

wherev, is the volume fraction of polymer in the hydrogel,
i.e. v, = 1/q,, x is the polymer—solvent interaction para-

3701
i.e.

f

Cix = 5 V2

v, 12

wheref is the effective charge density, i.e. the mole fraction
of the charged units in the network chains, ¥pds the
molar volume of a polymer repeat urit, can be calculated
from the mole fractior, of AMPS units in the network as
V, =526+ 117F,. Using Egs. (9)-(12), we obtain the
following equation describing the equilibrium swelling
degreev, of the hydrogels in an aqueous solution of univa-
lent salts:

IN(L— V) + vy + 02 + N 23 — v,2)

[ tv,)2

It)2 + 2\71C§alt

=0 13

The solution of Eq. (13) for the equilibrium volume swelling
ratio of the hydrogelsy, = 1/v, requires the values of the
parameterd\, y, andf, characterizing the network and the
extent of the network—solvent interactions. In our previous
work, we calculatedN as 800 for nonionic AAm-based
hydrogels prepared under the same reaction condition as
the present hydrogels [14]. Since both the crosslinker ratio

meter,V, is the molar volume of the solvent (18 ml/g), R and the initial monomer concentrations were fixed in our

andT have the usual meaning. To describe the elastic contri- experiments and, since the polymerization kinetics is inde-
bution 7, we will use here the simplest affine network pendent of the monomer feed composition, it is reasonable
model to describe the behavior of our gels [15]: to assume a constant crosslink density for all the hydrogels.
Thus,N = 800 should be valid for all ionic hydrogels.

The y parameter value for the PAAm—water system was
recently evaluated from the swelling data for uncharged
whereN is the average number of segments in the network PAAm hydrogels swollen in water [29]. A best-fit value
chain andv® is the volume fraction of the network after for y of 0.48 was obtained [30]. This value of thepara-
synthesis, which is given by Eq. (4). lonic contribution meter provided a good fit to the experimental swelling data
ion 10 the swelling pressure is caused by the concentrationof acrylamide-based anionic, cationic, and ampholytic
difference of counterions between the gel and the outer hydrogels of various compositions [30,31]. In the following

RT
Tel = — \_/—1 Nil(V%/SVO(Z/a) - V2/2) (gb)

solution.

Tion = RT D (CY = C) (90

whereC; is the mobile ion concentration of speciggshe

calculations,y was held constant at this value. It must be
pointed out that they parameter is independent of the
number of charges created on the network chains, since
this effect is included in Eq. (9¢). However, increasing
AMPS content in the hydrogels from 0 to 100 mol%

superscripts g and s denote the gel and solution phaseschanges the chemical structure of the network chains,

respectively. The ideal Donnan equilibria for univalent
salts like NaCl require the following equality:

cic? =C5Ct =C%, (10

which may alter the value of thg parameter. In order to
take this effect into account, we tried to calculgtéom the
swelling ratio of the hydrogels in concentrated NaCl solu-
tion, where the network chains should behave more like an

whereCg,; represents the salt concentration in the external uncharged polymer. If we assume thatGt, = 1 M, all

solution, which was varied between 0 and ¥M in our

ionic gels behave as nonionic ongs= 0), Eq. (13) can be

experiments. Moreover, the condition of electroneutrality applied to the swelling data obtained in 1 M solutions and

inside an anionic hydrogel requires:
Cl =C? + Cy (11

whereC;, is the concentration of fixed charges in the gel,

the y parameter can be calculated. Calculations using the
swelling ratio of hydrogels witl, < 0.40 gave a constant
value for y indicating thaty does not change with the
AMPS content of the hydrogels. However, the relatively
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Fig. 10. The fraction of counterions which are effective in gel swellifig, Fig. 11. Comparison of the predictions of the Flory—Rehner theory of
calculated using the Flory—Rehner theory, shown as a function of the Swelling equilibrium with the experimental swelling data of the hydrogels
AMPS content of the hydrogels. in agueous NaCl solutions.

high and CZ,; dependent swelling behavior of hydrogels system became heterogeneous at the gel point and the gel
with F, > 0.40 did not allow the calculation of in salt growth occured in this heterogeneous system. The gel
solution. This behavior indicates that the expansion of the formed in such a system should exhibit nonuniform distri-
network chains due to charged groups cannot be totally bution of crosslinks [6]. The counterions in the highly cross-
screened even in 1 M NaCl solution. Thisisin fact in accord linked (less swollen) regions of the gel may condense on the
with the results observed for linear AMPS based polymers network chains and become passive in the gel swelling.
[7]. Using the parametdrcalculated from the swelling ratio

In order to solve Eq. (13) fog,, the fraction of charged  of the hydrogels in water, we can now predict using Eq. (13)
units in the network chaing, must also be known. Assum-  the equilibrium swelling ratig, of the hydrogels in agueous
ing f =F,, swelling calculations led to poor agreement NaCl solutions. Some of the calculation results are shown in
between theory and experiment. Therefore, we calculatedFig. 11 as the dotted curves. It is seen that the prediction of
the f value of the ionic hydrogels from their equilibrium Eq. (13) forg, is good; some deviations appear between
swelling ratio in water and using Eq. (13) for the condition 10 * and 10%M, where the gel deswells more smoothly
C3a= 0. The calculation results are collected in Fig. 10 as than predicted by the theory. We can conclude that the
the dependence of the fraction of counterions which are Flory—Rehner theory correctly predicts the swelling beha-
effective in gel swellingf/F,) plotted as a function of the  vior of the hydrogels if their charge densities are taken as an
AMPS content of the hydrogels. It is seen that, at 5 mol% adjustable parameter. The effective charge derfsityus
AMPS content, only about 60% of the counterions contri- evaluated is much lower than the nominal charge defsity
bute to the gel swelling whereas this value decreases as the Another approach to interpret the equilibrium swelling
AMPS content increases and becomes nearly constantdata of the hydrogels is to use their effective excluded
between 20 and 60 mol% AMPS. Thereafter, it increases volume as the independent variable [33]. The effective
again with increasing AMPS content. excluded volume is controlled by the paramdter, where

Fig. 10 indicates that, according to the Flory—Rehner « is the inverse of the Debye—Huckel radius, i.e.
theory, all the counterions inside the gel are not effective
in the gel swelling. Recent experimental and theoretical K = 4mQ(Ct +C%) a4
results also indicate the existence of “osmotically passive” It was shown thaf/x determines the extent of gel swelling
counterions inside the swollen gel which do not contribute both in dilute and concentrated salt solutions and scales with
to the swelling process [10,30,32]. A possible explanation is q, asq, o (f/x)? [33].
the hydrophobic interactions between the alkyl groups ofthe By the substitution of Egs. (10)—(12) into Eq. (14), the
AMPS units leading to the formation of aggregates; the following equation was obtained for the Debye—Huckel
counterions in these aggregates may condense and lead teadius of the present hydrogels:
a decrease in the osmotic pressure. Gel heterogeneities may
also be responsible for this phenomena. As we reported inKz — 47Q <&)2+(2C§an)2

. . . 14
the previous section, the AAM/AMPS copolymerization (143

r
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to represent the swelling data of the hydrogels in a single
graph.

(a)
q, | AMPS mol% =
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4. Conclusions

In this work, the relation between the formation mechan-
ism and the swelling behavior of AAM/AMPS-based hydro-
gels was studied. The hydrogels were prepared by free-
radical crosslinking copolymerization of AAm and AMPS
at 40C in the presence of BAAm as the crosslinker. Both
the crosslinker ratio and the initial monomer concentration
were fixed at 1/82 and 0.700 M, respectively, while the
AMPS content in the monomer mixture was varied from 0
to 100 mol%. By i.r. and e.m. techniques, it was shown that
the copolymer composition is equal to the monomer feed
composition. The monomer conversion versus time histories
as well as the growth rate of the gel during the reactions
were found to be independent of the amount of AMPS in the
initial monomer mixture. It was shown that the reaction
system separates into two phases at the gel point and the
gel growth takes place in a heterogeneous system. The equi-
librium degree of swelling of the final hydrogels increases
with increasing ionic group content of the hydrogels until a
plateau is reached at about 10 mol% AMPS. Between 10
and 30 mol% AMPS, the equilibrium gel swelling in water
0 CeO ° as well as in aqueous NacCl solutions was independent of the
ionic group content of the hydrogels. Further increase in the
AMPS content beyond this value increased the gel swelling
continuously up to 100 mol%. The polyelectrolyte theories
flx based on the counterion condensation cannot explain the

qot b el observed swelling behavior of AAM/AMPS hydrogels.
10" 100 10° 102 Using the Flory—Rehner theory of swelling equilibrium
. - . . . including the ideal Donnan equilibria, it was shown that
Fig. 12. The variation of the equilibrium volume swelling ratio of the . . L .
hydrogelsg, in water and in NaCl solutions of concentrations ranging _the eX|s_ten_ce of Counten_ons_ inside thef hydrogel which are
from 1075 to 1 M with the effective excluded volume parameter Falyc ineffective in the gel swelling is responsible for the observed
and (b)f/«. The solid lines in (a) show the theoretical slope 1.2. swelling behavior.

0O 4 « > PO

102 -
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In Fig. 12a and b, all the equilibrium volume swelling data Acknowledgements

of the hydrogels in water and in NaCl solutions are collected

and shown in a double logarithmic scale as functiorfsbt Work was supported by the Scientific and Technical
andf/x respectively. The solid lines in Fig. 12a illustrate the Research Council of Turkey (TUBITAK), TBAG-1561
theoretical slope of 1.2. Itis seen that, if the nominal charge and by the Istanbul Technical University Research Fund,
density of the hydrogelB, is used in the calculations (Fig. 1TU-1054.

12a), the slope of logy) versus logE,/k) plots for swelling
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Deviations appear at swelling ratios smaller thaharid the
slope approaches to zeroRgt'x < 1 due to the screening of o
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