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ABSTRACT: Model polyelectrolyte networks having controllable and independently known structural
characteristics were prepared from different molecular weights of o,w-amino-terminated poly(acrylic acid),
by cross-linking them with a trifunctional isocyanate coupling agent. The density of cross-links, average
molecular weight between cross-links, and the functionality of the cross-link points of these networks have
been characterized. The swelling behavior of these novel networks was studied as a function of bath pH and
ionic strength and the results were interpreted in term of structure—property relationships of the polymeric
compounds. The maximum hydration was achieved at values of pH greater than 7. Hydration was linearly
dependent upon the average molecular weight between cross-links, M.. The hydration relative to this maximum
value, H ¢ = H/Hypes, was a function of pH but not of M., The relative hydration, H,, and fraction of carboxyl
groups ionized, a, were similar functions of the pH of the equilibrating solution. In previous studies, on
randomly cross-linked polyelectrolyte networks, M, could not be directly characterized by experimental
measurements and has been inferred using theoretical models. In this study, we have directly related the
network structural parameters, which were imposed by the synthetic route used and confirmed experimentally,

to the macroscopic swelling behavior observed without invoking any theoretical models.

Introduction

Polyelectrolyte networks, a subclass of hydrogels, ca-
pable of swelling in contact with water,! have received
significant attention inrecent years due to their exceptional
promise to biomedical?-5 and biotechnological®’ applica-
tions. The initial work on charged polymers and gels was
performed by Katchalsky and co-workers.3? Tanaka and
collaborators described the behavior of ionic and natural
gels and made additional contributions to theory.10-12 A
number of research groups have studied the swelling and
mechanical properties of polyelectrolyte networks in recent
years.13-15 In all of these cases, the networks were formed
by the free-radical copolymerization of two vinyl-derived
monomers, one of which contained an additional polym-
erizable double bond. This process is random: the cross-
links are introduced between chain segments in an
indiscriminate, essentially uncontrolled manner.16-20 As
aresult, thereisnoindependent knowledge of the crucially
important average molecular weight between cross-links,
M., and the distribution about this average. Furthermore
it is impossible to vary the cross-link functionality, since
the joining of a pair of segments from two chains will almost
invariably give a junction of functionality four. Charac-
terization and interpretation of structure-property rela-
tionships of these materials was therefore exceedingly
difficult. Thus, an obvious solution to the problem would
be the preparation of “model” polyelectrolyte networks,
i.e., polyelectrolyte networks having controllable and
independently known structural characteristics. The
preparation of such networks is essential to elucidate
structure—property relationships in these polymeric sys-
tems.

Model networks of well-defined structure have been
employed widely in studies of the structure—property
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relations of elastomers?! 40 and in tests of physical theories
of the properties of cross-linked materials.*-42 The end-
linking reaction is a well-known synthetic route to “model”
networks—networks that provide access to the molecular
and structural characteristics of the elastic chain.? In
end-linking one starts from an end-functional polymer
chain of known molecular weight which is reacted stoi-
chiometrically with multifunctional molecules of known
functionality. This type of process is basically a cross-
linking polycondensation reaction; upon reaction, the
chains of the end-functional polymer become the elasticity
effective network chains. The network thus obtained is
well defined. Model networks are particularly useful to
study structure—property relationships; not only is the
number of elastic chains and their molecular weight equal
to the number of polymer molecules inserted but also the
functionality of the cross-link points is given by the
functionality of the cross-linking agent used.?22 Thus,
end-linked networks provide the structural information
necessary to determine structure-property relationships
in a particularly straightforward way.

Model end-linked networks based on neutral polymers
have been prepared and studied thoroughly. Model end-
linked polydimethylsiloxane networks have been prepared
and studied extensively by Mark and co-workers.19:20:23-33
Polyurethane model networks were prepared by the end-
linking of hydroxyl-terminated chains with multifunctional
isocyanate agents.3+38 Similarly, model polyisobutylene
and polystyrene networks were also prepared.’®40 Al-
though polyelectrolyte networks are of both practical and
theoretical interest, their structure—property relationships
have not been completely established, and no correspond-
ing end-linked networks of polyelectrolyte chains have
been reported.

The objective of this work was to prepare model end-
linked poly(acrylic acid) networks, study their swelling
behavior and relate it to network structure. We accom-
plished this goal by end-linking a,w-poly(acrylic acid)-
bis(4-aminophenyl sulfide) (pAA-bAPS)# with the tri-
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isocyanato cross-linking agent, tris(4-isocyanato-
phenvl)methane (TPIM). Poly(acrylic acid) has chain
units of simple structure; networks formed from it could
provide useful models for the behaviors and properties of
more complex synthetic and biological networks.

Experimental Section

Materials. a,w-Poly(tert-butyl acrylate)-bis(4-aminophenyl
sulfide) (pTBA-APS) was prepared by techniques we have
described elsewhere.*® Dimethyl sulfoxide (DMSO0, anhydrous,
analytical grade, Aldrich) was used immediately after opening
the bottle without further treatment. Hexane (Aldrich) and
hexadecyltrichlorosilane (Petrarch) were used as received. Tris-
(4-isocyanatophenyl)methane (Desmodur R-E) was the kind gift
of Miles Polysar and was used in the form received, which was
a 27 wt % solution in ethyl acetate. The number-average
functionality of the cross-linker was determined by the manu-
facturer to be 3.01.

Preparation of Glassware for Cross-Linking. Vials and
molds in which cross-linking reactions were to be performed were
first made hydrophobic by treatment with hexadecyltrichlorosi-
lane. The glassware was dried in an oven at 120 °C prior to
treatment. The glassware was removed from the oven and placed
hot into a solution of hexadecyltrichlorosilane (1 wt %) and
mineral oil. After 30 min, the glassware was removed from the
solution, rinsed several times with hexane, and then immersed
in a hexane bath. This hexane bath was immersed in turn in an
ultrasonic water bath for 15 min. The treated glassware was
then removed from the hexane, allowed to dry, and placed in the
oven for another 30 min to allow the silane film to condense fully.
The glassware could then be stored at room temperature in the
laboratory ambient without becoming significantly moistened
by contact with the air.

Network Formation. pAA-bAPS was freeze-dried in a
hydrophobic vial for 24 h prior to cross-linking. Fresh DMSO
(2 g/g of polymer) and a catalytic amount of pyridine were added
to the vial under nitrogen; the polymer dissolved. TPIM (0.67
mol/mol of polymer) was added to the vial under nitrogen. This
stoichiometry provided oneisocyanate group for each amino group
on the polymer chains. The solution was swirled to mix the
reagents thoroughly and then allowed to stand at room tem-
perature. Gelation was observed within 30 min. The reaction
was allowed to proceed for 48 h in order to ensure complete
conversion. Membranes were formed using the same method,
except that two hydrophobic glass plates separated by a 1-mm
Teflon ring were used to contain the reaction mixture. After the
reaction was complete, the plates were separated using a razor
blade and the membranes were removed from the glass plates by
swelling them in deionized water.

We verified the complete consumption of the cross-linker by
infrared spectroscopy. Isocyanatesabsorbstrongly at 2300 cm-1;
after cross-linking, the membranes did not absorb in that region
of the spectrum. The infrared spectra were obtained by
transmission through a thin film of the neat membrane using a
Nicolet 205 FT-IR spectrometer.

Solid-state NMR spectra of the membranes were obtained by
cross-polarized magic-angle spinning in a Chemagnetics CMC200A
spectrometer with a 7-mm probe spinning at =3 kHz. The
densities of the membranes were determined by measuring the
rejected volume of cyclohexane by a known weight of the dry
membrane.

Equilibrium Swelling of the Membranes. Each membrane
was swollen in 50-mM KCl for approximately 1 week and then
cut while wet into 2-cm disks. Each disk of gel was placed in a
bath at a specified pH and ionic strength and allowed to
equilibrate, which took about 2 weeks. The disks were then
removed from the baths, blotted with tissue paper to remove all
surface fluid, and weighed (the swollen weight). The samples
were then washed in deionized water for 2 days to remove salts,
dried under vacuum, and weighed again (the dry weight).

Membrane Titration Curves. The concentration of car-
boxylic groups in the membrane was determined as a function
of pH by titration. The experimental procedure has been
described elsewhere.*® In order to minimize buffering by COs,
the titration was carried out under an atmosphere of nitrogen
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that had been passed through a concentrated, aqueous solution
of NaOH. Titration was performed in a degassed solution of
KCl (50 mM, 100.0 mL). The membrane (0.5 g) was suspended
in the KCl solution, and the pH of the solution was raised to 12
using a measured volume of a standard solution of KOH. The
membrane was then broken into small fragments. The titration
was performed by the addition of aliquots of 1.0 M HCl. The
pH of the solution was monitored with an Orion Ross electrode.
The measurements were taken after stirring was stopped and
the reading from the pH electrode was stable.

Results and Discussion

Structure of the Cross-Linked Networks. The
synthesis of well defined model polyelectrolyte networks
by the end-linking reaction requires a polyelectrolyte fitted
quantitatively at the chain end with a known function
that can be reacted selectively by a multifunctional cross-
linker. Direct telomerization of polyelectrolytes by free-
radical reaction is often not straightforward due to their
high chain propagation rate and termination mechanism.4

Our approach?® to the synthesis of terminally func-
tionalized poly(acrylic acid) involved the telomerization
of the protected monomer, tert-butyl acrylate, followed
by the removal of the protecting group from the resulting
polymer. Free-radical telomerization of tert-butylacrylate
was carried out in bulk, with «,a’-azobis(isobutyronitrile)
(AIBN), in the presence of the functional “iniferter”
(initiator transfer terminator agent), bis(4-aminophenyl)-
disulfide. The molecular weights of the polymers were
determined by size-exclusion chromatography (SEC)
measurements, and the number of amino groups per chain
was determined by end-group analysis. The poly(tert-
butyl acrylate) was then hydrolyzed quantitatively to poly-
(acrylic acid) under acidic conditions. The complete
removal of the tert-butyl groups was confirmed by 'H-
and 3C-NMR spectroscopy. Poly(acrylic acid) of con-
trolled molecular weight having amino groups at both ends
of the chain was obtained.*®

Amines react with isocyanates to form ureas.?! Scheme
1 presents the reaction of pAA-bAPS with TIPM that we
used to cross-link the networks. The spectroscopic evi-
dence is consistent with the occurrence of this reaction.
Figure 1 shows that the solid-state 3C-NMR spectra of
the end-linked networks contained, in addition to peaks
derived from poly(acrylic acid), peaks at 130-140 ppm
corresponding to aromatic carbons, which could have arisen
from the chain termini, the cross-linker, or—most
likely—both. We expected that the isocyanate cross-
linking groups would react so rapidly with the amino
termini of pAA-bAPS that cross-linking would occur
exclusively at the chain termini and not at any weakly
nucleophilic carboxylate groups present. Nospectroscopic
technique available to us could quantify the relative
numbers of the desired ureas and undesired carbamates,
so direct evidence is lacking. However, we believe that
the swelling data presented below provide convincing
evidence that cross-linking occurred predominantly, if not
exclusively, at the chain termini. We shall return to that
question when those data are presented.

Swelling of the Networks. That the pH and ionic
strength of contacting solutions have a profound effect on
the swelling of polyelectrolyte networks has been known
for some time.5!4 Kuhn and co-workers*’ showed that
the pH of the surrounding solution controlled the degree
of ionization of cross-linked gels of poly(methacrylic acid)
and of poly(acrylic acid). One of our laboratories has
studied extensively the chemically and electrically con-
trolled swelling of membranes formed from the copolym-
erization of methacrylic acid and ethylene glycol dimeth-
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Scheme I. Cross-linking of pAA-APS with Tris(4-isocyanatophenyl)methane

HO, NH,
+
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Figure 1. Solid-state CP/MAS ®C-NMR spectrum of the end-
linked poly(acrylic acid) network revealing the presence of
aromatic carbons in the APS and TIPM residues. The peaks
between 100 and 150 ppm corresponded to aromatic carbons.
The peaks between 25 and 50 ppm and between 175 and 200 ppm
corresponded to the poly(acrylic acid) chain.

acrylate.5484% Changesinthe pH of the contacting solution
affect swelling by changing the interchain electrostatic
repulsion:®® networks with more charge per chain swell
more than those with less charge per chain. Changes in
theionicstrength affect the Debye shielding of the charged
group:% higher ionic strengths lead to more screening, less
interchain repulsion, and less swelling than lower ionic
strengths.

The swelling of hydrogels is normally reported in terms
of hydration, H, defined as the ratio of fluid volume, V,
to the solid volume of the network, Vy:387

H=V/V, 98
Thus, the total volume, V, can be written as
V=V, +V =Q01+HV, 2)

The value of H can be related to the wet and dry weights
of the membrane by

W, -w
1= 2 ve)
d w

where W, is the total (wet) weight, W, is the dry weight
of the membrane, p, is the density of the network, and py
is the density of the fluid. We measured p, = 1.255 g/cm?,
and py, for water is 1.00 g/cm3.

HC‘@‘N=C= O> L
3

VLAY ) SR o) SV

Effect of pH on Swelling. We measured the wet and
dry weights of different membranes that had been
equilibrated with aqueous solutions of different pH values.
Each solution had the same ionic strength. The pH of the
surrounding solution had a pronounced effect upon the
swelling of the network. The swelling was reversible and
without hysteresis: the size of a membrane was determined
by the pH, and not the past history of the membrane.

Figure 2 presents the equilibrium hydration of the
different networks as a function of the pH of the
surrounding solution. Two or three different membrane
disks from each type of membrane (2-cm disks of 1-mm
thickness) were equilibrated at each value of pH. Each
data point in Figure 2 represents the mean of these values.
The variation in hydration between disks that were
equilibrated at the same pH value was less than 10%.

The hydration of these membranes increased dramat-
ically between approximately pH 3 and 7 and remained
almost constant above pH 7. The curves had the general
shape of a titration curve, suggesting that the hydration
was driven principally by the fraction of polymer-bound
carboxylic acids that were deprotonated.

The maximum value of H, Hp,.y, was a linear function
of the molecular weight of the telomer used to prepare the
network or, equivalently, of M, (Figure 3). Had the chains
been cross-linked to any significant extent between
carboxyl groups, rather than at the chain termini, then
the distribution of molecular weights between cross-links
would have been random and unrelated to the molecular
weight of the telomer. We therefore consider the data in
Figure 3 to provide further substantial evidence that the
chains were almost exclusively end-linked, as we suggested
above.

The degree of hydration relative to the maximum value
was almost independent of the molecular weight of the
precursor telomer: relative hydration appeared to depend
only upon the pH of the solution (Figure 4). Thus, the
value of H/ H g for agiven membrane increased by almost
exactly an order of magnitude between pH 3 and pH 7,
regardless of the molecular weight of the polymer.

Because the hydration data in Figures 2 and 4 had the
general shape of titration curves, we decided to see how
closely related the hydration was to the fraction of carboxyl
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Figure 2. Strong dependence of hydration of poly(acrylic acid) membranes by aqueous solutions upon both the pH and the value
of M. for the membrane. The equilibrium hydration, H, defined as the ratio of the volume of water to the volume of membrane, is
shown as a function of the pH of the contacting solution for membranes with different values of M.. The membranes were immersed
in the contacting solutions for 2 weeks in order to reach an equilibrium hydration. The contacting solutions contained 50 mM KCl.

D |
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Figure3. Maximum equilibrium hydration, Hp, of a membrane
as a linear function of the value of M, for the membrane. The
line represents a least-squares fit to the function Hy,y = mM..
The zero intercept was imposed because negative values of Hpax
are not physically realistic. There was no significant difference
in the quality of fits to the functions Hp. = mM. and Hyux =
mM. + b.

groups that were ionized, «. We titrated the membranes
using the procedure given in the Experimental Section
and used that data to calculate the value of « as a function
of pH. The equations permit the calculation of an absolute
number of charges per unit of membrane. In this case, we
have set @ = 1 to the number of charges obtained at pH
= 11.5, which corresponded to approximately 14 mmol/
dry g of membrane. This number almost certainly
represented complete deprotonation of the carboxyl groups
in the polymer.

The results of the titration are presented in Figure 4.
The degree of ionization was essentially independent of
the molecular weight of the telomer chains; one repre-
sentative curve corresponding to data from the M, = 8600
membrane is presented. The degree of ionization was
clearly very closely related to the relative hydration,
although not perfectly. The relative hydration reached
its half-maximum value in the pH range 4-5, while the
degree of ionization reached its half-maximum value closer
topH 5. Nevertheless, the variation in the two properties
was nearly parallel, suggesting that changes in the swelling
of the polymer were almost entirely the result of changes
in the number of charges born by each polymer chain.

Previous studies of the swelling of randomly cross-linked
polyelectrolyte networks have shown the effect of fixed
charge density on the swelling behavior of these net-
works.6:7.10-144848  Relationships between the swelling

1.0‘1 "on g 1.0
i [ Rwi
' o(’i 8 #
4 ° s
0.8 - © M, i {08
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Figure 4. Relative hydration of a membrane, H/Hpy as a
function of pH but not of M.. The value of H/Hp,, increased by
a factor of 10 between pH 2 and pH 12. Values of H/Hpme as a
function of pH are compared with values of « obtained by titration
of the membranes. The two curves were nearly identical,
demonstrating that the degree of hydrationis strongly influenced
by the state of ionization of the polymer chains.

behavior and the network structural parameters had to be
inferred using theoretical models.313141649 [n contrast,
in this study the molecular parameters of these networks
were imposed by the synthetic route used and confirmed
experimentally. An important observation that has not
previously been reported is the linear relationship between
the maximum hydration and the molecular weight of the
chains between the cross-link points. Further theoretical
work is needed to better understand this observation and
to relate the network structural parameters to the mac-
roscopic swelling behavior of charged polymeric networks.

Effect of Ionic Strength upon Swelling. The ionic
strength of the surrounding bath also plays an important
role in determining the swelling of a polyelectrolyte
network.1?2029 Digsolved ions modify both the Debye
length within the membrane and the Donnan equilibrium
between the membrane and the bath.172° We examined
the effect upon hydration of changes in the ionic strength
at constant pH for three networks with different lengths
between cross-links. The equilibrations were carried out
at pH 7, so the observed values of H were equal to Hy,,.
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Figure 5. Hydration of a poly(acrylic acid) membrane decreasing
exponentially with the ionic strength of the contacting solution
at ionic strengths less than 0.30 ([KCl] = 0.15). The value of H
is plotted as a function of [KCl] in the bath. The equilibration
occurred at pH 7; the observed values of H were therefore equal
to Hoax. The curves represent least-squares fits to the equation
H - Hpin = ky exp(—k2[KCl]), where Hy, was the hydration at
1 M KCl and k; had the values of 13.8 (circles), 12.1 (squares),
and 9.8 (diamonds).
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Figure 6. Maximum hydration of poly(acrylicacid) membranes
as a linear function of M,. The slope of the line depended upon
the ionic strength of the solution. The value of Hy,, is plotted
as a function of M, for membranes equilibrated at different ionic
strengths. The lines represent least-squares fits to the equation
H = mM,. Constraining the fits to pass through the origin did
not significantly change the value of r2 for the fit, but did reflect
physical constraints on the system.

The data are presented in Figures 5 and 6. In Figure 5,
the value of Hp,y is plotted as a function of the concen-
tration of KClin solution for networks with three different
values of M. In Figure 6, the value of Hp, is plotted as
a function of M, for the four different concentrations of
KCl used in the study.

Figure 5 shows that the swelling due to electrostatic
effects decreased exponentially as the ionic strength
increased, for concentrations of KCl less than 0.2 M. At
high ionic strengths, polyelectrolyte membranes behave
essentially as neutral membranes. We therefore took the
swelling at [KCI1] = 1.0 M as the lower limit of hydration,
Hpmin, corresponding to no electrostatic swelling. We then
fit the data to the equation H — Hy, = k1 exp(—Ry), where
ki and ks were adjustable parameters. The data fit these
curves well (r2 > 0.95), as seen in Figure 5. Tanaka and
co-workers?18-20 observed similar effects with random
polyelectrolyte membranes but much lower bath salt
concentrations. The ionic strengths that we examined
were not sufficiently low to observe the leveling of
hydration those authors reported.

We observed previously that the maximum hydration
of a network was a linear function of the value of M, for
the network (Figure 3). The data in Figure 6 confirm this
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observation for four different ionic strengths. Ineach case,
the relation of hydration to molecular weight fits quite
well to a line through the origin. We therefore conclude
that the effect of molecular weight between cross-links
upon hydration is a general one for these systems.

Conclusions

We have prepared new model polyelectrolyte networks
from a,w-amino-terminated poly(acrylic acids) of different
molecular weights. One reason that these compounds are
of such interest is that progress in theoretical modeling of
the behavior of polyelectrolyte networks has been ham-
pered by the lack of synthetic approaches to well defined
networks. We believe that the networks presented here
can help to close this gap. These networks are useful
models for the study of structure-property relationships
and the development of theoretical treatments of this
important class of polyelectrolyte compounds. The prin-
cipal structure-property relationships that we have ob-
served for these poly(acrylic acid) networks are summa-
rized below.

1. The maximum hydration of a network was a linear
function of the molecular weight of the chains between
cross-link points. We do not know of any previous report
of such a relationship, which could be explored in this
study using the model networks prepared by direct
measurements of the networks structural parameters
without invoking any theoretical models.

2. The hydration relative to the maximum hydration
was a function of pH, but not of the molecular weight
between cross-links.

3. The relative hydration and the degree of ionization
of the carboxyl groups in the network were similar
functions of pH, strongly suggesting that the degree of
lonization is a principal factor in determining the hydration
of the network.

4. At moderate ionic strengths, the hydration of the
membrane decreased exponentially with increases in the
ionic strength. The exponential coefficient was, within
our ability to determine, not dependent upon the molecular
weight between cross-links.
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