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Swelling of strong polyelectrolyte hydrogels in polymer solutions: effect
of ion pair formation on the polymer collapse
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Abstract

A series of strong polyelectrolyte hydrogels based on acrylamide and 2-acrylamido-2-methylpropane sulfonic acid sodium salt or
[(Methacrylamido)propyl]trimethyl ammonium chloride were prepared by free-radical crosslinking copolymerization. Their swelling
behavior was investigated in a good solvent (water), in polymer melt and in aqueous polymer solutions. Poly(ethylene glycol) of various
molecular weights was used as the linear polymer in the swelling experiments. The equilibrium volume swellimpgofatie hydrogels in
water scales with the network charge denstiby the relatiorg, oc f®6. The volume of the hydrogels in the polymer melt decreases as the
number of segmentgy, on the polymer increases. It was shown, for the non-ionic hydrogels, that this deswelling occurs due to the mixing
entropy of the linear polymer in the external solution, whereas, for the ionic gels, due to trapping of counterions caused by the decreased
polarity of the medium. The network—polymer interaction paramgtemwas found to vary withy by the relationy,; = constanty. The
hydrogels also deswell in agueous polymer solutions as the polymer concentration increases. This deswelling occurs smoothly or jumpwise,
as a first-order phase transition, depending on the ionic group content of the hydrogels. The Flory—Huggins theory correctly predicts the
swelling and collapsing behavior of the hydrogels in polymer solutions if the variation of the effective charge density depending on the
medium polarity is taken into accouri®. 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction gel excludes high molecular weight polymers. This charac-
teristic of the gels is of pronounced practical interest; for
Hydrophilic gels, called hydrogels, receive considerable example, polymeric gels can be used as extraction solvents
attention for use as specific sorbents and as support carrierdo concentrate aqueous solutions of proteins or other bio-
in biomedical engineering. Investigations of the swelling logical systems [11,12].
behavior of hydrogels in low molecular weight solvents More recently, theoretical calculations using the classical
have been often reported in the last four decades. However Flory—Huggins (FH) theory predicted the possibility of a
only a few were concerned with swelling in polymer first-order (discontinuous) phase transition in such systems
solutions [1-7]. First theoretical studies on such (quasi) [13,14]. This prediction was proved experimentally with
ternary systems assumed that the linear macromoleculegoly(N-isopropylacrylamide) and poly(acrylic acab-
cannot enter the gel phase [1]. Others neglected theacrylamide) (PAAc—PAAmM) hydrogels swollen in aqueous
energetic interactions between the polymer and network poly(ethylene glycol) (PEG) solutions [15,16]. However, in
segments [8]. Recent experimental results indicate thatorder to predict the collapse of ionic PAAm gels in polymer
these assumptions are unrealistic [9,10]. Linear polymers solutions using the FH theory, unrealistic large values have
can penetrate into the network depending on the thermo-to be assigned to the extent of the energetic interactions
dynamic parameters of the system, leading to the contrac-between the polymer and network segmenyss)([16].
tion of the gel. Since the linear polymer concentration inside Thus, an artificial incompatibility between the network
the network depends on the size of the macromolecules, theand the linear polymer was necessary in order to reproduce
the experimental course from the theory. Our recent results
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units in the network chains, depending on the polymer deionized water was distilled again prior to use and cooled
concentration, is responsible for the deswelling behavior under nitrogen bubbling. Reagent-grade PEGs were
of the hydrogels [17]. It seems that, instead of the incompat- purchased from Fluka (PEG 200, 300, 400 and 600, where
ibility between the network and the linear polymer, the the number indicates its molecular weight), and used with-
increasing extent of ion pair formation in polymer solution out further purification.
is mainly responsible for the collapse of ionic hydrogels in
polymer solution.
The present work was carried out in order to justify this 2.2. Synthesis of hydrogels
point. We investigated the swelling behavior of strong poly-
electrolyte PAAm hydrogels in aqueous PEG solutions. The  PAAm gels were prepared by free-radical crosslinking
ionic group content of the hydrogels, the concentration and copolymerization of AAm with a small amount of BAAmM
the molecular weight of PEG in the external solution were in aqueous solution at 40 in the presence of 0.474 mM
the independent variables of this study. A series of hydro- KPS as the initiator. AMPS and MAPTAC were used as the
gels were prepared using 2-acrylamido-2-methylpropane jonic comonomers. Both the crosslinker ratio (mole ratio of
sulfonic acid sodium salt (AMPS) or [(Methacrylamido)- the crosslinker BAAmM to the monomers AAAm AMPS or
propyl]trimethyl ammonium chloride (MAPTAC) as the MAPTAC) and the total monomer concentration were fixed
ionic comonomer of acrylamide AAm by free-radical cross- at 1/82 and 0.700 M, respectively, whereas the ionic
linking copolymerization. The choice of these hydrogels is comonomer (AMPS or MAPTAC) content of the monomer
motivated by the fact that both AMPS and MAPTAC mixture was varied from 0 to 10 mol%. To illustrate the
monomers dissociate completely in the overall pH range, synthetic procedure, we give details for the preparation of
and therefore, the resulting hydrogels exhibit a pH-indepen- the hydrogel with 1 mol% AMPS in the comonomer feed
dent swelling behavior [18—20]. Also, the possibility of a composition.
complex formation due to hydrogen bonding is excluded by ~ AAm (0.492 g), AMPS stock solution (0.072 ml), BAAmM
the choice of these systems [17]. The experimental swelling (0.0131 g) and KPS stock solution (0.32 ml) were dissolved
data of the hydrogels in water, in PEG and in aqueous PEGin 10 ml of distilled water. After bubbling nitrogen for
solutions were analyzed in terms of the FH theory. As will 20 min, the solution was poured into several glass tubes of
be shown below, this theory correctly predicts the swelling 4.5—-5 mm internal diameters and about 100 mm long. The
and collapsing behavior of hydrogels in polymer solution if glass tubes were sealed, immersed in a thermostated water
the formation of ion pairs due to the decreased polarity of bath at 40C and the polymerization was conducted for
the medium is taken into account. 1 day. For the preparation of AAM/MAPTAC gels, the reac-
tion time was set to 2 days. Temperature measurements
during the experiments showed a temperature rise of less

2. Experimental than TC inside the reaction solution, indicating that the
dilute reaction condition provides a nearly isothermal con-
2.1. Materials dition. After the reaction, the hydrogels were cut into speci-

mens of approximately 10 mm in length and immersed in a

Acrylamide (AAm, Merck) was crystallized from an large excess of distilled water for 1 day to remove the
acetone/ethanol mixture (70/30 by volume) belowC0 unreacted species.
2-acrylamido-2-methylpropane sulfonic acid (AMPS;H A homologous series of hydrogels were prepared in this
Merck) was crystallized from boiling methanol. The purity way, allowing for systematic variation of the ionic monomer
of the monomers was checked by IR, NMR and elemental content of the monomer mixture. The ionic comonomer
microanalysis. AMPS stock solution was prepared by content in the feed was representedxgywhich is defined
dissolving 20 g of AMPS-H in about 40 ml of distilled as:
water and adding to this solution 10 ml of a 30% NaOH
solution under cooling. Then, the solution was titrated = _ mol of AMPS or MAPTAC in feed solution 1
with 1 M NaOH to pH= 7.00 and finally, the volume of X = total mol of monomer in feed solution @
the solution was made up to 100 ml with distilled water.
1 ml of AMPS stock solution thus prepared contained Our previous work showed that under the reaction condition
0.966 mmol AMPS. A 50% solution of MAPTAC in dgiven above, both the gel fraction and the fractional
water was purchased from Aldrich and used as received.monomer conversion are larger than 0.98 in the AAmM/
N,N’-methylenebis(acrylamide) (BAAm, Merck) and potas- AMPS crosslinking copolymerization [21]. Therefore, the
sium persulfate (KPS, Merck) were used as received. KPS of AAM/AMPS networks also corresponds to the real
stock solution was prepared by dissolving 0.040 g of KPS in mole fraction of the ionic unit in the network. However,
10 ml of distilled water. Distilled and deionized water was Since no kinetic data are available for AAM/MAPTAC
used for the swelling experiments. For the preparation of the copolymerization, thex; values of these hydrogels may
stock solutions and for the hydrogel synthesis, distilled and differ from the actual composition of the network chains.
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2.3. Swelling measurements [23,24]. For the calculations, we assumed a constant density

_ _ _ of 1.35 g/cnt for all the hydrogels.
Swelling experiments were carried out at room tempera-

ture(24 = 1°C) using water or aqueous solutions of PEGs of
various concentrations and molecular weights. The hydro-
gel samples were immersed in vials (100 ml) filled with a
PEG-water solution. The volume of solution in the vial was
much larger than the gel volume so that the concentration of
the solution was practically unchanged. In order to reach the
equilibrium degree of swelling, the gels were immersed in
solutions for at least 1 week, during which the solutions
were replaced twice. After the swelling equilibrium is estab-
lished, the diameter of the gels was measured by a calibrate
digital compass. AG = AG,, + AG + AG; (6)
The equilibrium swelling ratio of the gel¥/V,, whereV

and V, are the volumes of gel at equilibrium and after According to the FH theoryAG,, is given by [25]:
preparation, respectively, was calculated as

V/VO = (D/DO)3 (2) AGm =RT (Z N; In Vi + Z ni\/j)(ij) (7)
where D and D, are the diameter of the gels after equi- i i<j

librium swelling and after preparation, respectively. Each . .

swelling ratio reported in this paper is an average of at least WNeren is the moles of the speciesy; is its volume frac-
two separate measurements. The standard deviations of th&ON: Xij iS the interaction parameter between the species

measured swelling ratios were less than 10% of the mean@nd], R is the gas constant aridis temperature. For the
value. present (quasi) ternary system, the subsdriptl, 2 and 3

The concentration of aqueous PEG-300 solution used in 9€notes the solvent (water), the network (ionic PAAm) and
the swelling experiments ranged from 0 to 200% by volume. the linear polymer (PEG), respectively. For the free energy
In order to prevent formation of kinetically frozen structures ©Of elastic deformatiolAGy,, several theories are available
within the gel samples [22], the swelling measurements in [26—34]. However, we will use here the simplest affine
aqueous PEG-300 were conducted in the direction of network model to describe qualitatively the elasticity of
increasing PEG concentration. the PAAm network [25]:

The equilibrium volume swelling ratio of the hydroge|s RT
(volume of swollen gel/volume of dry gel) and the volume AGg = (3/2)(W)(a2 —1-Ina) (8a)
fraction of the network in the swollen ge) was calculated 1
as

3. Theory

The experimental swelling data were analyzed in terms of
the classical FH theory of swelling equilibrium. Swelling of
a polymer network is governed by at least three free energy
terms, i.e. the changes in the free-energy of mixkd},, in
the free energy of elastic deformatidi@s, and in the free
denergy of electrostatic interactiods5; :

whereN is the average number of segments in the network
chainsV; is the molar volume of solvent andis the linear
swelling ratio with respect to the after synthesis stage of the
gel, i.e.

1 _ (Vo)

v — V2 vg
whereV is the volume fraction of the network after the gel
preparation, which was calculated from the mole fraction of D 0\ 13

L L . Vs
the ionic unit in the network, the molecular weights of «a = (D—) = (—) (8b)
AMPS, MAPTAC and AAm (229, 220.5 and 71 g/mol, 0 V2
respectively), and the polymer densjiyas:

)

] The existence of fixed ions on the network chains results in
V3 =CyV, 4 non-equal distribution of mobile counterions between the
inside and outside the gel. For ionic gels, this contribution

h is the initial i0(0.700x !
where C; is the initial monomer concentratio(0.700 (AG;) may be written as follows [25]

103 mol/cm3) andV, is the average molar volume of the
network units in cnymol, i.e.

! AG;, = RTf 221, In(fvy) 9
V, = [229% + 741 — x)/p  (for AAM/AMPS) (53 Vi

V, = [2205x% + 741 — x)l/p  (for AAM/MAPTAC) wheref is the effective charge density of the network, i.e. the
r | (5b) fraction of segments bearing ionic groups. Substitution of

Egs. (7)—(9) into Eq. (6) and differentiating with respect to
The literature values gf found for the PAAmM network and  the number of moles of solvem; and linear polymeing
for poly(2-acrylamido-2-methylpropanesulfonamide) derived yield the following set of equations for the excess chemical
from poly(AMPS-H") are 1.35 and 1.443 g/chrespectively potentials of the solvent and the polymer in both @tqjtige')
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and solution phase@ ) :

AMgeI

R'Il' =1Invy + (1= vy — valy + (x12V2 + x13va)(1 — vp)

— oavovs + NT2BEY —\2) —wf  (10a)

Aps®

o =N = )+ H1— 1y + xiae (10b)
AMgel

JRT =(Vy) In vz + (Vy)(1 = v3) = Vi + (x13V1 + X23V2)

X(1—V3) — x12V1Vo + Nfl(V%JSVg% — Vo/2) — Vof
(11a

sol

Apz

JRT = W= (1= &)+ Uyd - ¢+ xsl -~ ¢’

(11b)

wherey is the number of segments in the linear polymer and X23
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— Vo — V3

—In(1 -9

+2x13(Vz3 — &) + (X253 — X12 — X132 =0

) + (Uy) In(va/ )

14

Egs. (13) and (14) predict the equilibrium volume swelling
ratio of the hydrogels in polymer solutigia, = 1/v,) and

the concentration of the linear polymer molecules penetrat-
ing into the gel phasevf) from the following parameters.

1. The concentratio and the chain lengti of the linear
polymer in the external solution. These are the indepen-
dent variables of the present study.

2. The network concentration after the gel preparatfor?
is fixed by the experimental condition and it is given by
Eq. (4).

3. The interaction parameters between solvent—network,
solvent—polymer and network—polymer, represented by
X12 X13 andyas, respectively.

4. The crosslink ) and the effective charge densities of
the network ).

Egs. (13) and (14) thus contain five unknowgs,, x1s:
N andf, which are going to be determined from the

& is its volume fraction in the solution phase. The state of numerical analysis of the experimental data. After finding

equilibrium swelling of a network immersed in a polymer

solution is obtained when the solvent and the polymer inside

the network are in thermodynamic equilibrium with those

these parameters, they can be used to interpret the swelling
behavior of the hydrogels in polymer solution.

outside. This equilibrium state is described by the equality 4 results and discussion

of the chemical potential. of these components in both
phases. Thus, at swelling equilibrium, we have:

Apd® — AP =0 (128

Aud® —Ap =0 (12b)

In terms of the osmotic pressure, Eq. (12a) can also be

written as:
)

= :0
Vi

(120
Osmotic pressurer of a gel determines whether the gel
tends to expand or to shrink. When non-zeroprovides
a driving force for the gel volume change. The solvent
moves into or out of the gel untilr is zero, i.e. until the
forces acting on the gel are balanced.

Combining Egs. (10a)—(11b), we obtained the following
two equations describing the thermodynamic equilibrium
condition of an ionic gel immersed in a polymer solution:

1_ —
In (%(b\/s) + (Vo + V3 — ) — (V3 — DY + x1V5

2
+ x13(V3 — %) + (Y12 + X13 — X23)VaV3

+NTIBET —vp2) — fu, =0 (13)

4.1. Swelling in a solvent

The equilibrium volume swelling ratios of the hydrogels
in waterq, are shown in Fig. 1A plotted as a function of the
mole fraction of the ionic comonomer in the networkThe
filled and open symbols represent the swelling data of the
hydrogels prepared using AMPS and MAPTAC as the ionic
comonomer, respectively. As expecteggrapidly increases
with increasing ionic group content of the hydrogels up to
about x, = 0.03. This is a consequence of the osmotic
pressure exerted by the counterions of AMPS or MAPTAC
units in the network chains. This osmotic pressure increases
as the concentration difference of the counterions between
the inside and outside the gel phase increases. Between
0.03 and 0.10, the equilibrium swelling of the hydrogels in
water is almost independent on their ionic group content and
the hydrogels attain a limiting value af, = 520+ 70.
Another point shown in Fig. 1A is that MAPTAC containing
hydrogels with 1-3 mol% MAPTAC swell in water more
than the corresponding hydrogels with AMPS units. This is
probably due to the dependence of the swelling ratio of
strong polyelectrolyte hydrogels on the chemical nature of
the counterions (Naversus CI for AMPS and MAPTAC
containing hydrogels).

For highly swollen hydrogels such as those of the present
study, the swelling equilibrium is mainly determined by the
mixing entropy of the counterions (Eq. (9)) which is
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Fig. 1. The equilibrium volume swelling ratio of the hydrogels in wateshown as a function of: (A) the mole fraction of the ionic comonomer in the network

x;; and (B) of the fraction of network segments bearing ionic grbugilled and open symbols represent the swelling data of the hydrogels prepared using
AMPS and MAPTAC as the ionic comonomer, respectively. The dotted curve in (B) represents the prediction of the FH theory. The solid curve is the best
fitting curve to the experimental swelling data of AMPS hydrogels.

balanced by the gel rubber-like elasticity (Eq. (8a)). Thus, to nine-fold the volume of a solvent molecule, i.e. each
balancing Egs. (8a)—(9) by minimizing their sum with AMPS unit forms nine segments but produces only one

respect to the number of moles of solventieads to: mobile ion in the gel. This size effect of the ionic
324,01 comonomer, which was not taken into account in many of
Qv o< (fN)5(v2) 195 previous works, results in a considerable lower charge

Since the crosslinker ratio and the monomer concentration
used in the hydrogel synthesis were fixed in our experi-

It is important to note that the FH theory from which Eg.
(16) was derived assumes an equivalent size both for the
solvent molecules and the network segments [25]. Thus, due . ‘
to the different molar volumes of the monomer units and hl .
solvent of the present system, the fraction of network i .
segments bearing the ionic grofipioes not correspond to I .
x. In the following, f was calculated fromx; using the 0.2 ‘
equation:
f=x % 17 0.1

r

ments, Eq. (15) reduces to: 0.5 .
o oc f*2 ae f I
which indicates a scaling parameter of 1.5 betwggandf. 04 S o= X

. f=xV,/V,

LN B S B B B B
~

whereV, is the average molar volume of the network chains
which is given by Egs. (5a) and (5b) for AAM/AMPS and

AAM/MAPTAC based hydrogels, respectively. Thealues

of the hydrogels calculated using Eq. (17) are shown in Fig.

2 as the solid curve plotted as a function of the real mole X;
fraction of AMPS units In. the network, Itis .Seen t.h.at IS Fig. 2. The charge density of the netwoflkshown as a function of the real
much smaller thaw; and, it becomes rather insensitivexo mole fraction of AMPS units in the network Owing to the different molar

at high ionic comonomer concentrations. This is due to the yolumes of the monomer units and solveirdeviates fromx, as shown by

fact that each AMPS unit in the gel occupies a volume equal the solid curve.

T
~
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0.020 chains, a deviation from the Gaussian statistics may appear
I at high swelling ratios. Indeed, the network chains in the
swollen hydrogels with; > 0.03 are in an eight-fold elon-
gated configuration than their dry state. Moreover, cycliza-
tion and multiple crosslinking reactions are known to occur
predominantly during the gel formation process of AAm
and BAAmM monomers [37-40]. These reactions result in
an inhomogeneous distribution of crosslinks in the final
network and, thus, also contribute to the deviation from
the Gaussian statistics of the network chains. For Gaussian
chains, the elastic free energs, increases with the square
of the linear swelling raticx (Eq. (8a)). As the network
chains deviate from the Gaussian statistids, will
increase with a higher power of. For example, assuming
that AGg, increases with fifth power ak:

AGg o< a®/N (19

0.015
0.010

0.005

0000 P L L L 1 minimizing the sum of Egs. (9) and (19) gives:

0.00 0.02 0.04 0.06 0.08 0.10
35, 0\—1
X. oy o< (fN)**(v) (20)
1
For a fixed crosslinker ratio and monomer concentration, a
Fig. 3. The effective charge density of the netwdralculated from the scaling parameter 0.6 can be obtained, which is close to the

experimen_tal swelling datg of the hydrogels shown as a function of the real observed value. Moreover, assumingGe oc a4/N, a
mole fraction of AMPS units in the networl Calculations were foN = K .

1635 (filled symbols) and 800 (open symbols). The solid curves were Sca“'f]g parameter value of 0.75 can be obtained. Thus, an
calculated using Eq. (22) for the two differeht values. The dashed  €lastic free energy that scales between the fourth and the
curve represents thevalues if all the counterions in the hydrogel are  fifth powers of the linear swelling ratio of the network
effective in the swelling process. chains may explain the observed swelling behavior of the

hydrogels in water.
density than expected from the chemical composition of the

network chains. 4.1.2. Osmotically passive counterions

In Fig. 1B, the independent variabtewas replaced with An alternative explanation for the discrepancy between
using Eq. (17). A plot similar to Fig. 1Ais seen in this figure - theory and experiment is the existence of “wasted” counter-
but, the swelling ratio becomes almost independerifaf  jons inside the swollen gel which do not contribute to the

f > 0.01 The dotted curve in Fig. 1B represents the predic- swelling process. Following Manning’s theory [41], if the
tion of the FH theory (Eq. (16)) with a scaling parameter of gjistance between two consecutive charges on the network
1.5. The solid curve in this figure is the best fitting curve to chains reduces to the Bjerrum length, the counterions start to
the experimental swelling data of AMPS hydrogels, which condense on the network chains. For hydrogels derived from
gives a scaling relation: vinyl monomers, the critical value of, for the onset of
counterion condensation was calculated as 0.35 [21],
which is much larger than the values xfof the present

The scaling parameter 0.66, thus found, is much smaller hydrogels. — Therefore,  counterion  condensation  in
than the predicted value of 1.5 of the FH theory. An Manning’s sense cannot explain the observed deviation
exponent between 0.6 and 0.63 has been observedom the FH theory. Alternatively, the hydrophobic interac-
previously for weak and strong polyelectrolyte hydrogels {ions between the alkyl groups of AMPS or MAPTAC units
swollen in water [21,35,36]. In these works, however, leading to the formation of aggregates may be responsible
instead off, the mole fraction of the ionic comonomar for the wasted counterions. The counterions in these
was used in the calculations. Converting the reported values2d9regates may condense and lead to a decrease in the
into anf-scale also gives an exponent close to 0.66. Follow- ©SMotic pressure.

ing are two explanations for the discrepancy between theory N the following, we used the FH theory to calculate the
and experiments. charge densities of the AAm/AMPS networks, which are

effective in the swelling process. For polymer gels swollen
in a solvently =1, ¢ = 0), Egs. (10a) and (10b) simplify
4.1.1. Non-Gaussian behavior of the network chains to:
Eqg. (16) assumes that the polymer network is a collection s
of Gaussian chains, which can be extended to infinity. IN(1 — Vo) + Vo + x32v5 + N2 (33 — v/2) — fv, = 0
However, due to the finite extensibility of the network (21

q, o< f0.66 (18)
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Fig. 4. The equilibrium volume swelling ratig, of the hydrogels with different ionic group contemtshown as a function of the number of segments
PEG. The inset shows tlg values of the hydrogels in PEG-600= 29.5) at various temperatures between 30.6 arf€4The curves only show the trend of
the data.

Solution of Eq. (21) for the charge densftgf the networks (1635 800 used in the calculations, i.e. to the equilibrium
requires the values of the parametgts andN, character- swelling ratio g, of the reference PAAm gel without an
izing the extent of the network—solvent interactions and the ionizable group. For example, calculations ushkig= 800
network. They., parameter value for the PAAm—water result in thef values shown in Fig. 3 as open symbols.
system was recently evaluated from the swelling data for Although the charge density of the hydrogéis sensitive
uncharged PAAmM hydrogels swollen in water [42]. A best- to the network crosslink density, the number of charges
fit value for y,, of 0.48 was obtained [43]. This value of the per network chain( fN) was found to be insensitive td.
x12 parameter provided a good fit to the experimental Analysis of the experimental data together with Eq. (21)
swelling data of acrylamide-based anionic, cationic and leads to the following relation between the effective charge
ampholytic hydrogels of various compositions [43—-45]. In density of AAmM/AMPS hydrogels in water and the AMPS
the following calculations,y;, was held constant at this mole fraction in the network;:
value. The valueN of the hydrogels was calculated from 1
the equilibrium-swelling ratio of the non-ionic PAAm gelin  f = =—x>%* (22)
water. The valueqg, = 47 = 10 found by experiments
together with Eq. (21) fof = 0 gives N = 1635+ 80Q This equation is represented by the solid curves in Fig. 3.
This value ofN should be valid for all other hydrogels
because the crosslinker ratio and the monomer concen-4 o Swelling in polymer melt
tration were fixed.

Solution of Eq. (21) using thg,, andN values together Fig. 4 shows the equilibrium volume swelling ratip of
with the experimental swelling data leads to the effective the hydrogels in pure PEG of various molecular weights
charge densities of the hydrogels in water. These are plotted as a function of the number of segmegt®n
shown in Fig. 3 as filled symbols plotted as a function of PEG. All the swelling experiments in polymer melts, except
the AMPS mole fraction in the network. The dashed line in PEG-600, were carried out at room temperat(#é +
represents thé values expected if all the counterions are 1°C). Because PEG-600 is a solid at room temperature, the
free and effective in gel swelling. It is seen that the effective swelling measurements in this polymer were conducted at
charge density of the networks is much smaller than the 40°C. However, as seen from the inset of Fig. 4, which
theoretical value represented by the dashed curve and thishows theg, values of the hydrogels in PEG-600 at various
deviation increases as the increases. Reanalysis of the temperatures between 30.6 and@pthe swelling ratio is
experimental data using Eq. (21) indicated, however, a almost independent of the temperature. Therefore, the
considerable sensitivity dfto the standard deviation iN swelling ratio in PEG-600 measured at°@0was also
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Fig. 5. The value of the polymer—network interaction paramgfgcalcu-
lated from the equilibrium swelling data of the non-ionic gel in PEG of
various molecular weights and using Eq. (24) shown as a functioryof 1
wherey is the number of segments on the polymer.

used for the following calculations. The number of
segmentsy, was calculated using the equation:

_ MWeec
psVi

whereps is the density of PEG (1.13 g/chfor PEG-200 to
PEG-600, 1.113, 1.114 and 1.124 gfcfor mono-, di- and
tetraethyleneglycol (MEG, DEG and TEG), respectively)
and MWpg is its molecular weight, reported by the manu-
facturer. Theq, values of MEG, DEG and TEG, respec-
tively) with y=3.1, 5.3 and 9.6 were taken from the
literature [46]. Fig. 4 shows that both non-ionic and ionic

(23

The calculated values gf,; are shown in Fig. 5 plotted as

a function of 1y. y»; decreases as the molecular weight of
PEG increases. The smaller the molecular weights are, the
largeryasis. This trend ofy,sis similar to that of the second
virial coefficient A, in a binary solution, which also
decreases with increasing molecular weight [47]. The
molecular weight dependence gqf; was also observed
previously in several systems [10,47,48]. It must be noted
that, if the linear polymer chains are short, the combinatorial
entropy of mixing in the FH expression (the first two terms
of Eq. (24)) is incorrect [49]. Therefore, the molecular
weight dependence of,; may also appear to compensate
the inaccuracy in the FH theory for short polymer chains.
Fig. 5 indicates that a straight line gives a good fit with the
data points. The solid line in Fig. 5 is a linear best fit to the
data points for PEG of molecular weights of 200 up to
600 g/mol passing through the origin, which gives:

0.60
X23 y (25)
The deviation from Eg. (25) observed for DEG and MEG
may be a consequence of their action as an organic solvent
instead of linear polymer in the gel swelling [46].

X23 parameter values thus found using the swelling
degrees of the non-ionic gel in PEG should also be valid
for ionic gels because, as pointed out in the previous section,
the value ofy,; parameter is independent of the number of
the charges created on the network chains. Simulatiap of
versusy dependencies of the ionic gels using Egs. (24) and
(25) gives, however, in contrast to the experimental results
shown in Fig. 4, almost no change in the volume of the ionic
gels over the whole molecular weight ranges of PEG. To
explain this discrepancy, one has to consider the effect of the
medium polarity on the degree of ionization of AMPS units
on the network chains. As is well known, the fraction of ions
forming ion pairs in the gel strongly depends on the dielec-

gels deswell significantly with increasing chains length of [fiC constant of the gel phase. The formation of ion pairs is
PEG outside the gel phase. This decrease is first rapid up tgnore pronounced for solutions with a lower solvent dielec-

y = 10, which corresponds to a molecular weight of 200,
but then it slows down and, attains an almost constant
value.
For polymer gels swollen in polymer melt (no solvent),
Eq. (11a) simplifies to:
gel

y’é?r = (Uy) IN(1 = V) + Voly + x23V3

FNTIEBET — \/2) — wof (24)

which is equal to zero for gels in equilibrium with a polymer
melt, i.e. for the present hydrogels equilibrium swollen in
pure PEG. Eq. (24) in conjunction with the swelling data of
non-ionic gels (f =0) can be used to calculate the
network—polymer interaction parametens. Respective
calculations showed that the,; parameter is insensitive
to the standard deviation iN used in the calculations.

tric constante [50-53]. A decrease im increases the prob-
ability of ionpairing and results in the deswelling of the gel.
Because the dielectric constantof polymers is close to
unity, compared to the value ef= 80 for water, the coun-
terions that are free in water bind tightly in the PEG envir-
onment to the AMPS units to form ion pairs. Thus, the
deswelling of the ionic gels in PEG shown in Fig. 4 is due
to the decreasing charge density of the networks caused by
the ion pair formation. Indeed, calculations using Egs. (24)
and (25) indicate that the effective charge densitiekthe
ionic gels withx; < 0.10 are close to zero in PEG, whereas
in the hydrogel withx, = 0.10 some counterions still exist in
PEG. Thus, the effective charge density of the hydrogels in
PEG solutions may be assumed, as a first approximation, to
be related to the PEG volume fraction in the external PEG—
water solution by an expression of the form:

f=1fol — Ad) (26)



D. Melekaslan, O. Okay / Polymer41 (2000) 5737-5747 5745

wherefy is the network charge density measured in water,
andA is a constant describing the fraction of trapped coun-
terions forming ion pairs in pure PEG. From the experimen-
tal swelling data in Fig. 4 together with Eq. (24), the value of
A was estimated as 1 and 0.9 for hydrogels with< 0.10
andx; = 0.10, respectively.

In conclusion, the decrease in the swelling ratio of non-
ionic hydrogels with increasing size of the linear polymer is
due to the mixing entropy of the linear polymers. An
increase iry decreases the osmotic pressure of the solution
phase so that the gel shrinks. However, for ionic gels, this
effect is negligible, compared to the strong osmotic pressure
of the counterions inside the gel phase. Formation of ion
pairs due to the decrease in the polarity of the medium is
responsible for the deswelling behavior of ionic hydrogels
in the polymer melt.

4.3. Swelling in polymer solution

Fig. 6 shows the degree of swelling of the AAM/AMPS
hydrogels, in terms oW/V,, plotted as a function of the
[0} volume fraction of PEG-300 in the external solutign In
these series of experiments, hydrogels with five different
Ciferent foni 60U conente shown 5 a functon o the vatume raction  C112/0¢ densitiesx(= 0, 001, 0.03, 0.06 and 0.10) were
| oni Wi | V | . . .
of gEeG—SOO ingtthaqueoufPEG—?:OO soll'jtion. The curvesuonly show the studied. The experimental swelling data are shown as
trend of the data. symbols. The curves only show the trend of the data. As
the PEG-300 concentration outside the gel phase increases,
the volume of the gels decreases. The gel without any ioniz-
able group exhibits a continuous change in the swelling
V/ Vo volume over the entire concentration ranges. This behavior
is in contrast to the non-ionic NIPA gels which undergo a
discontinuous phase transition in PEG solutions [15]. At
PEG concentrations as high as 80%, the non-ionic PAAmM
gel volume becomes rather insensitive to the composition of
the external solution. Similar to the non-ionic gel, gels with
the lowest and highest number of ionic groups= 0.01
and 0.10, respectively) decrease their volume smoothly over
the entire range of the external PEG-300 concentration.
The ionic gels with, = 0.03 and 0.06 are swollen at low
PEG concentrations, whereas they are collapsed at high
concentrations. In the concentration range marked with
vertical dashed lines in Fig. 6, both a swollen and a
collapsed state can be observed but never an intermediate
state. These findings indicate a first-order transition. The
jump of the network volume occurs at the critical volume
fraction of PEG¢ = 0.70-0.71 and 0.80-0.81 fo; = 0.03
and 0.06, respectively. Thus, the critical valuepadit which
10 . . . . ‘ transition takes place increases with increasing ionic group
00 02 04 06 08 10 content of the network. Also, the magnitude of the collapse
becomes larger as the ionic group content of the network
d) increases.
In order to predict the swelling behavior of the hydrogels
X, = 0 and 0.03 shown as a function of the volume fraction of PEG-300 in n PI.EG SOlu“c.mS’ in addition to the _parame_ters found in the
the aqueous PEG-300 solution. The solid curves were calculated using thePreVIOUS sectionsN, f and x23), the interaction paramgter
FH theory. The dotted curve assumes a constant charge density for theD€tween water and PEG {3) must also be known. Solution
networks in PEG solutions. of Egs. (13) and (14) using the reported valueyfpy = 0.45

100 |

Fig. 7. The equilibrium volume swelling ratid/V, of the hydrogels with
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Fig. 8. The equilibrium volume swelling rathé/V, of the hydrogels shown
as a function of the volume fraction of PEG-300 in the aqueous PEG-300
solution. The solid curves were calculated using the FH theory.

[54] gives an initial gel swelling on rising the external PEG
solution, which was not observed experimentally. There-
fore, these two equations were solved fpr in order to
reproduce the experimental swelling data of the non-ionic
gel in PEG-300 solutions. The analysis of the swelling data
leads to the following expression for the PEG—water inter-
action parameter:

x13 = 0.31— 0.21¢ + 0.11¢? 27

The results of calculation of the swelling ratio of the non-
ionic gel in PEG-300 solutions using Eq. (27) are shown in

Fig. 7 as the dashed curve together with the experimental

swelling data (open symbols).

The following parameters are now available for the
(quasi) ternary system consisting of AAM/AMPS network,
PEG and water:

VW=CoV, V,=[22% + 711 —x)l/p
N = 1635+ 800 y, =048
31 0.54 2
fo = Wxi X13 = 0.31— 021¢) + Olld)
0.60
f =11 - Ad) Xo3 = v

These parameters together with Egs. (13) and (14) can be

used to predict the equilibrium swelling ratio of ionic gels
in PEG solutions. The solid curve in Fig. 7 shows the
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prediction of the theory for the ionic gel witk = 0.03
swollen in PEG-300 solution. It is seen that the FH theory
correctly predicts the swelling and collapsing behavior of
the ionic gel in polymer solution. Note that these calcula-
tions take into account the decrease of the effective charge
density of the network with increasing PEG concentration in
the external solution due to ion pair formation (Eq. (26)).
Otherwise, if one assumes a constant charge density for the
network (f = fy), the theory predicts almost no change in
the volume of the ionic gel over the whole concentration
ranges of PEG, as shown in Fig. 7 as the dotted curve. The
simulation results for all hydrogels with different ionic
group contents are collected in Fig. 8 as solid curves
together with the experimental data. In general, satisfactory
agreement between the theory and experiment is observable.
For example, for the hydrogels with = 0.03 and 0.06,
respectively, the theory predicts a first-order volume phase
transition at¢p = 0.766 and 0.837 compared to the experi-
mental measured values ¢f= 0.70-0.71 and 0.80-0.81.
For the hydrogel witkx;, = 0.1, the theory predicts, in accor-
dance with the experimental data, a continuous deswelling
over the entire range of the external PEG-300 concentration.
This is due to the fact that, according to Eq. (26), 10% of the
counterions in this hydrogel are free, even in pure PEG-300,
which prevents the collapsing of the network in the PEG
solution. If all the charges in this hydrogels were screened in
PEG-300, a first-order volume phase transitioth at 0.875
should be expected for this hydrogel.

Calculations were repeated using an elastic free energy
term with scales with the fifth power af. In this way, the
deviation from the Gaussian statistics of the network chains
was included into the calculations. Moreover, calculations
were also carried out by changing the network crosslink
density N within the limit of its standard deviation. No
further improvements can be obtained using these
procedures.

5. Conclusions

In this work, the swelling behavior of strong polyelectro-
lyte hydrogels was investigated in a good solvent, in poly-
mer melts and in polymer solutions. The system under study
was a polymer network of AAM/AMPS (or MAPTAC)
chains interacting with water and/or linear PEG chains of
various molecular weights. The following conclusions were
drawn from the experimental data.

1. The equilibrium volume swelling ratig, of the hydro-
gels in water scales with the network charge derfsity

the relation g, oc f®®®. The scaling parameter 0.66
indicates a non-Gaussian behavior of the network chains
and/or the existence of counterions in the gel phase,
which are ineffective in the gel swelling. Assuming that
the network chains behave Gaussian, it was shown that
the effective charge density of the hydrogels relates to the
mole fraction of AMPS in the network; through the
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equation f = (3UN)x*** where N is the number of [14] Khokhlov AR, Kramarenko EY. Macromol Theory Simul
segments on the network chains. 1993;2:169.

. . [15] Ishidao T, Akagi M, Sugimoto H, Iwai Y, Arai Y. Macromolecules
2. The swelling degree of the hydrogels in a polymer melt 1003:26:7361.

decreases as the number of segmgntn the linear [16] Kayaman N, Okay O, Baysal BM. Polym Gels Networks 1997;5:167.
polymer increases. This deswelling occurs, for the non- [17] Kayaman N, Okay O, Baysal BM. J Polym Sci Part B: Polym Phys
ionic hydrogels, due to the mixing entropy of the linear 1998;36:1313.
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interaction parametey,s was found to vary witly by the [22] Okay O, Akkan U. Polym Bull 1998;41:363.
relation y,; = 0.60/y. [23] llavsky M. Macromolecules 1982;15:782.
3. The hydrogels deswell in agueous polymer solutions as [2‘5‘] EOOdapiR’PHUQ!'”I MB-fMaclfomO'eCr‘:'eS_1tg92;|i?14215m_ comel
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