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ABSTRACT: The equilibrium longitudinal modulus, hydraulic permeability, and fixed charge density of 
poly(methacry1ic acid) gels were measured over a wide range of pH, ionic strength, and uniaxialstrain (solvent 
content). Mechanical measurements were performed using a compression-stress relaxation procedure which 
was analyzed in the context of a poroelastic theory of gel swelling kinetics. The longitudinal modulus varied 
with ionization state and solvent content in a manner that suggests the importance of ionized charge density 
as a critical determinant of gel stiffness and swelling. The modulus decreased while the hydraulic permeability 
increased substantially with increasing gel solvent content. However, the kinetics of gel swelling were less 
sensitive to the initial gel solvent content than was the modulus or permeability individually, consistent with 
the predictions of poroelastic theory. 

Introduction 
Polyelectrolyte hydrogels can undergo large, rapid, and 

reversible changes in hydration (so1vent:polymer volume 
ratio) as a result of swelling forces which arise due to 
ionization of the polymer matrix. These swelling forces 
may be modified dramatically by changes in environmental 
factors such as pH, ionic strength, and temperature.14 In 
addition, externally applied electric fields may be used to 
alter pH and ionic strength distributions inside a gel,7 
providing a means for electrical control of gel deforma- 
tions.5*8,9 As a result, these materials have potential 
applications in areas as diverse as controlled drug deliv- 
ery,lJOJl separation/purification processes,4J2-16 “robot 
musclen,17J* and cell c~1ture . l~  Many of these applications 
require rapid and accurate manipulation of gel hydration. 
A detailed understanding of the parameters that govern 
the dynamic swelling properties of polyelectrolyte hy- 
drogels is therefore essential. 

While many previous experiments have dealt with 
swelling equilibrium, less attention has been focused on 
the kinetics of swelling. In general, mechanical, chemical, 
or electrical (e.g., ionization) processes could be rate- 
limiting during the swelling of polyelectrolyte gels. For 
example, Tanaka and Fillmore20 observed that for elec- 
trically neutral gel beads in a bath with no chemical 
potential gradients other than those of the solvent and 
polymer, mechanical processes alone governed swelling 
kinetics as described by the elastic moduli and hydraulic 
permeability of the gel. In contrast, changes in bath pH 
may lead to changes in ionization of a polyelectrolyte gel, 
which can induce swelling that is limited by slow chemical 
diffusion/reaction p r o c e s s e ~ . ~ ~ ~ ~ ~ ~  The dynamics of elec- 
trically stimulated swelling can be either mechanically or 
chemically rate-limited.5~89’3 

In the present study we have investigated the longitu- 
dinal modulus and hydraulic permeability of poly- 
(methacrylic acid) (PMAA) hydrogels over a wide range 
of pH (fixed charge density), ionic strength, and com- 
pressive strain (hydration). The objectives were (a) to 
quantify the contribution of electrostatic interactions to 
gel stiffness and permeability, and thereby to the me- 
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chanical parameters that govern the kinetics of gel swelling, 
and (b) to develop experimental and theoretical meth- 
odologies that enable measurement of modulus and 
permeability over a wide range of gel hydration. 

Previously, the mechanical, chemical, and electrical 
parameters that govern the dynamics of gel swelling have 
been delineated within the context of specific theoretical 
models. Several models relevant to gel swelling have been 
developed. Biot’s poroelastic theory of soil m e c h a n i c ~ ~ ~ 1 ~ 3  
describes the mechanical dynamics of deformation and 
fluid flow within a porous, elastic solid matrix permeated 
by a viscous, compressible fluid. Biot explicitly showed 
that mechanical deformations in such materials are 
described by governing laws that exhibit diffusion-like 
kinetics, with a diffusivity given by the product of an elastic 
stiffness parameter and a permeability parameter asso- 
ciated with viscous fluid flow relative to the solid matrixSz3 
With the simplifying assumption of fluid incompressibility 
and the understanding that mechanical stiffness may be 
intimately related to both polymer and fluid properties 
in polyelectrolyte hydrogels, Biot’s model has direct 
applications in models of gel swelling dynamics.24 

Tanaka et ~ 1 . ~ ~ 7 ~ ~  also used a poroelastic conceptual- 
ization in their development of a model for the kinetics 
of gel deformations. They used this model to interpret 
time correlations and intensity measurements of light 
scattered from density fluctuations (microscopic mechan- 
ical deformations) in poly(acry1amide) gels. Independent 
values of bulk modulus K, shear modulus p, and perme- 
ability were obtained; the gel swelling kinetics were shown 
to be related to the product of the longitudinal modulus 
M (where M = K + 4 ~ 1 3 )  and the hydraulic permeability. 
Tanaka and Fillmorez0 applied this model under conditions 
of negligible shear modulus to describe the macroscopic 
swelling kinetics of spherical 5 ’% poly(acry1amide) gel 
beads in water. The “mechanical diffusivity” they ob- 
served was a t  least an order of magnitude smaller than the 
molecular diffusivity of water in such highly hydrated gels, 
confirming that the kinetics of swelling was rate-limited 
by mechanical transport processes and not chemical 
diffusion of the solvent in that experiment. Other 
investigators have extended this model to include shear 
modulus27 and to describe dynamic swelling in cylindricalB 
and planar29geometries. Mow et aL30employed a mixture 
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Table I. Reagents for the PMAA Hydrogel 
mount inmedient 

10 mL 
50 rL triethylene glycol dimethacrylate 

2 m L  deionized waater 
3 mL ethylene glycol 
0.3 mL 

0.3 mL 

methacrylic acid (MAA; monomer) 

(TEGDMA; cross-linker) 

40% (w/v) ammonium pernullate solution 

15% (w/v) sodium metabisulfite solution 
(AP; initiator) 

(SMBS; initiator) 
theory approach in their development of a mechanical 
model for articular cartilage; they used stress relaxation 
and creep in a planar geometry to measure both longi- 
tudinal modulus and hydraulic permeability. The above 
theories have identified the mechanical rate processes that 
govern the swelling of materials with no gradients in 
chemical species other than solvent or polymer. Grodz- 
inskyet al. have includedchemicalandelectricalcoupling 
in their models of ~artilage3~*3* and polyelectrolyte gel5.21 
dynamics and have developed techniques of electrome- 
chanical spectroscopy3zfor the measurement of parametera 
including longitudinal modulus and hydraulic permeabil- 
ity. Swelling in these experiments wasinduced by changes 
in bath pH, salt content, or applied electric fields; hence, 
chemical and electrical rate processes that affect swelling 
kinetics were included in the models. 

Grimhawet d5extended this work in their description 
of electromechanical and electrochemical coupling in 
planar polyelectrolyte hydrogel dynamics. They calcu- 
lated the hydraulic permeability of PMAA hydrogela from 
independent electroosmosis data and measured longitu- 
dinal modulus using equilibrium compressive stress vs 
strain data. With these parameter values assumed to be 
constant during swelling, predictions compared reasonably 
well with chemically induced swelling data and with 
electrically induced swelling data when electroosmosis was 
neglected. This latter limitation may have been due to  
inadequate mechanical characterization of the gels studied; 
i t  was hypothesized5 that detailed knowledge of variations 
of mechanical parameters with gel swelling state, pH, and 
ionic strength could be essential to accurately describe 
the rapid, coupled dynamics of electrically induced swell- 
ing. In the present study, we have tried to quantify these 
parameters and to identify the most important factors 
that contribute to their values over a wide range of pH, 
ionic strength, and compressive strain. Measurements 
were made with a stress relaxation technique developed 
in the context of the Grimshaw et al. model6 

Experimental Section 
Preparation of PMAA Gels. PMAA gel membranes were 

east between glass plates as previously described."J6 Table I 
lists the reagenta forthe PMAA gels used in thisstudy (designnted 
theS.O5/1 formulation by Grimshaw et al.l0). All reagenta except 
initiators were mixed and degassed under vacuum for 10 min. 
Initiators were thenadded,and themixture was pipetted between 
clean, dry glass plates separated by a 500-rm Teflon spacer. The 
plates were clamped together and placed in a 60 OC water bath 
for 4 h for gel polymerization. Four membranes 500 rm thick 
and roughly 30 cm2 in surface area were cast at one time from 
a single reagent mixture. After canting, gel membranes were 
washed overnight in deionized water to remove reagents not 
incorporated into the gel polymer. Cylindrical disk samples 25 
mm in diameter were then cut from each membrane using a 
circular cork borer and were placed in an unbuffered 50 mM KCI 
solution at pH - 11 for 2 days. Samples were then equilibrated 
for severaldays in 500-mL bathacontaining afixed concentration 
of KCI (in the range 50 mM-1.0 M) at fixed pH (5 mM pH buffer 
was used in all cases). Baths were replaced with fresh solutions 
after the first day. 
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Table 11. pH Values Studied in Stress Relaxation 
Experiment and pH Buffers Used 

nH huff& nH huff& 

3.0 citric acid; pK1 = 3.06 5.7 malonic acid; pKn = 6.70 
4.7 citric acid; p& = 4.74 6.8 imidazole; pK = 7.00 
5.3 citric acid; pK3 = 5.40 

Buffers were used at a concentration of 5 mM. 

r l m n  

50 mM KCI 
+ 5 mM pH bullel 

displacement u actustor 

Figure 1. Schematic of the compressionatress relaxation 
apparatus. 

Twostudies wereperformed. In thefmt,samplesfromasingle 
gel reagent mixture were equilibrated at fixed ionic strength (50 
mM KC1) over a range of pH. Buffers used and pH values were 
listed in Table 11. In the second study, samples from another gel 
reagent mixture were all equilibrated at pH -6.8 over a range 
of bath ionic strength from 50 mM to 1 M KCI. In both studies, 
the free-swellingequilihrium water content (hydration) and fixed 
charge density (titration), the equilibrium longitudinal modulus, 
and the hydraulic permeability were measured as functions of 
bath pH and KCI concentration. 

Hydration and Titration Measurements. Gel hydration 
(H) is defined as the volume ratio of gel solvent to polymer 

where V. and V, are the volumes occupied by the solvent and 
polymer,respectively,andmandpdenotemassandm~de~i~, 
respectively. Specimen hydration was assessed from wet weight 
and dry weight measurements, as described previously" (see 
Appendix A for details). pH titration of gel specimens wan 
performed using standard methods (see Appendix B for details). 

Compression-Stress Relaxation Experiments. Transient 
compressionatress relaxation experimenta were performed on 
PMAA gel samples having equilihrium hydrations spanning 
almost the entire range of hydration attainable for this gel 
formulation (ref 15 and below). The experiment utilized an 
ultrasensitive servo-controlled materials tester (Dynaatat me- 
chanical spectrometer, Dynastaties Instnunenta Corp., Latham, 
NY), which consisted of a displacement actuator and a load cell 
(Figure l), with associated transducers and control electroniea. 
The displacement actuator was used to control sample thickness 
with an accuracy of 1 rm, while the load cell measured the force 
required to maintain fixed thickness. The load cell could detect 
changes in stress as small as 25 Pa. 

Equilihratedgeldisksampleswere t r i"edto21 mm diameter 
diskswithacorkborerandcenteredinthebottomofacylindrical 
polysulfone well 25.4 mm diameter by 4 mm deep (Figure 1). 
The disk was submerged in its equilibration solution in a 
polysulfone chamber mounted on the Dynastat displacement 
actuator. The solution circulated continuously between the 
chamber and a -500-mL reservoir ria a peristaltic pump. 
Reservoir temperature and pH were monitoredto ensure stability. 
The sample communicated with the solution through a rigid, 
porous (27-pm pore size) stainless steel filter, 25.4 mm diameter 
by 3.2 mm thick (SSI Technologies Inc., Janesville, WI). The 
filter was then used as a porous piston to compress the gel in the 
thickneasdirection. Since the sample diameter wassmaller than 
that of the well, compression was radiallyunconfined. However, 
the large diameter-to-thickness ratio of the sample disks (-20 
1) and the high radial friction at the gel/piston interface (Figure 
2a) ensured that swelling deformations were essentially uniaxial. 
(Thus, the radial strain at the disk periphery was assumed to be 
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following theoretical development assumes that the gels 
were in electrochemical equilibrium during mechanical 
relaxation. It can also he showns3 that electrokinetic 
coupling is negligible in our stress relaxation experiment. 
Therefore, only governing equations for mechanical dy- 
namics are needed for an accurate theoretical description. 
For consistency with Grimshaw et al., the appropriate 
limitingequations were taken from their one-dimensional, 
planar model for the coupled chemical, electrical, and 
mechanical dynamics of polyelectrolyte hydro gel^.^ 

Darcy's law relates area-averaged fluid velocity U to 
gradients of fluid pressure P 

impermeable 
boundary 

x=& I x.0 
2000 4000 6000 

Time (s) 
Figure 2. (a) Schematic of a cylindrical gel disk in uniaxial 
compression. (h) Example of a continuous recording of applied 
compression (gel thickness) and the resultant stress (calculated 
as the measured load normalized to the initial cross-sectional 
area). 

negligible, consistent with the boundary condition required for 
measurementofthelongitudinalmodulusM=K+ 4~/3inuniaxial 
compression.) This was confirmed by comparison withconfined 
compression measurements (data not shown). Loads on the 
porous filter were transmitted to the Dynastat load cell through 
a spacer and pin (Figure 1). The comhined weight of the piston 
and spacer was 15 g, corresponding to less than 0.4 kPa preload 
on the gel disk. 

With strain defined relative to the initial free-swelling (un- 
stressed) equilibrium thickness at each pH,, gel samples were 
compressed in increments of -3% strain (usmg ramp compres- 
sion times -5 s) UP to -40% strain. Each increment in 
compressive strain caused the measured stressto increase sharply 
from the existing equilihrium (Figure 2b). Following each 
increment, sample thickness was held constant (for -30 min) 
untilthestressrelaxedto a new equilibrium. Thetransient stress 
relaxation and final equilihrium stress data were recorded (e.g., 
Figure 2h) along with the imposed thickness. Thus, an equi- 
librium stress-strain curve was obtained for each specimen from 
experimentssuch as in Figure 2b, audthe associatedlongitudinal 
modulus was calculated directly from the curve as a function of 
hydration (strain). The hydraulic permeability of each specimen 
was computed from the transient relaxation data using the 
following theoretical model for stress relaxation. 

Theory: Stress Relaxation 
When a gel is compressed, gradients in interstitial fluid 

pressure occur which produce fluid flow relative to the 
polymer network. The subsequent stress relaxation 
process involves redistribution of fluid and network 
elements within the gel until a new equilibrium state is 
achieved. We have used a limiting form of the model of 
Grimshaw et aL5 to relate the measured stress relaxation 
time constant to the equilibrium longitudinal modulus of 
the gel network, M, and the hydraulic permeability, k, of 
the gel. 

After 10-15 successive -3% compressions of each gel 
disk (-40% total strain), a significant change in the 
ionization state of the carboxyl groups could occur due to 
the increaseddensityofchargegroups. However,foreach 
individual -3% compression, the change incarboxylgroup 
ionization was assumed to be negligible. Therefore, the 

ap 
ax U = -k(H,ti)- 

where the hydraulic permeability k may in general be a 
function of hydration (H) and local ionic concentrations 
within the gel (E;). In the frame of the polymer, fluid 
continuity requires 

(3) 

where # is a Lagrangian coordinate "attached" to the 
swellable polymer matrix (d$ = (1 + H)dx) .  Polymer 
swelling stress u is related to gel compressive strain e by 
the longitudinal modulus M 

u = M(H,Ei)r (4) 
where e is defined in terms of hydration 

(5 )  

Hq represents the free-swelling equilibrium hydration at 
given conditions of Ei. M may in general be a function of 
H a n d  E;. In the absence of inertial effects, conservation 
of momentum requires a balance between fluid pressure 
P and polymer swelling stress u throughout the gel: 

(aiax)(p + u) = o (6) 
Equations 2-6 govem the behavior of the variables U, 

H, P, u, and e [all functions of space ( x )  and time ( t ) ]  
subject to the local values of the parameters k, M ,  and Hw 
(which are also functions of space and time since they 
depend on local values of H and E i ) .  Grimshaw et  a1.5 
employed a more complete description including conti- 
nuity equations for the Ei; however, the above equations 
are sufficient to provide an accurate description of stress 
relaxation when transport of E; is not rate-limiting, which 
we assume here. 

Combining eqs 2 and 6 yields 

where a d a x  has been expanded by treating u aa a function 
of H and E;,  as indicated by eqs 4 and 5. Since H ,  is a 
function of E; only, we may write 

(8) 

where the second equality results because aHwlax is zero, 
since the local ion concentrations within the gel are 
assumed to he in electrochemical equilibrium with the 
external bath on the time scale of the mechanical stress 
relaxation experiment. Therefore, every point in the gel 
was 'instantaneously" in equilibrium with the external 
bath, and all points had the same Hq 
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Using eqs 4 and 5, eq 7 may therefore be written 

where 

M, thus represents the local slope of the equilibrium stress 
vs strain curve, which was found to be nonlinear for large 
enough deformations. 

At  stress equilibrium for any imposed sample thickness, 
H was constant throughout the gel. Rapid gel compression 
required fluid loss through the porous piston, causing fluid 
loss in the upper region of the gel (Figure 2a). Subsequent 
stress relaxation involved fluid and polymer redistribution 
until uniform hydration was re-established. With the final 
equilibrium value of hydration following each stress 
relaxation represented by H,, hydration may be expressed 

H ( x , t )  = H, + i W ( x , t )  (11) 
where A H ( x , t )  is a transient which must be zero a t  large 
times for all x .  With consideration restricted to times 
large enough that AH(x,t) may be treated as a perturbation 
to H,, M, and k may be treated as constants corresponding 
to their values a t  H,. Incorporating eqs 9 and 11 into eq 
3 yields a diffusion equation for A H ( x , t ) .  

This result is analogous to the diffusion-like poroelastic 
swelling kinetics described by B i ~ t ~ ~  for soils and by 
Tanaka and Fillmore20 for poly(acry1amide) gels. 

The condition of fixed thickness with one impermeable 
interface during stress relaxation requires zero fluid 
velocity a t  both gel surfaces (Figure 2a). Therefore, eqs 
2,4 ,  5, and 6 lead to the boundary conditions 

Solution of eq 12 hbject  to eb 13 by separation of 
variables yields 

where 

1 66, 1 
'"=--=- n2r2M,k nZT1 

Here, 6 and 6, are the compressed and free-swelling sample 
thicknesses, respectively. It can be seen from eqs 4 and 
5 that the measured stress varies directly as AH(6,t); hence 
eq 14 describes the kinetics of each stress relaxation a t  
large times. Equation 15 shows that a t  times t > TI, the 
terms of eq 14 with n > 1 do not contribute significantly 
to the kinetics; therefore, stress relaxation a t  t > 71 can 
be described by the single-exponential time constant 71. 

For each sample, the measured equilibrium stress/strain 
curve gave the "chord" modulus (i.e., the equilibrium 
longitudinal modulus) M and the "tangent" modulus M, 
as functions of strain. 71 was also measured for each stress 
relaxation, so that eq 15 could then be used to calculate 
k vs strain. 
Results and Discussion 

Hydration and Titration Measurements. To inter- 
pret the dependence of gel mechanical parameters on gel 
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Figure 3. Free-swelling equilibrium hydration (H ) and polymer 
fixed charge vs pH for the PMAA gels in 50 m J  KC1. 

30 T 

20 . 
41.5 

-L 

1 1 1 1 /  

0.2 0.4 0.6 0.8 1 
Bath [KCI] (mollL) 

Figure 4. Free-swelling equilibrium hydration (H,) and the- 
oretical Debye length (1/~) vs bath [KC11 for PMAA gels at pH 
-6.8. 1 / ~  was calculated from eq 16 by assuming a = and 
T=300K.  

n I 
pH4.7 

7 

I I I 
0.1 0.2 0.3 0.4 0.5 

Compressive Strain 

Figure 5. Equilibrium stress (u)  vs compressive strain (a) of 
PMAA gels in 50 mM KC1 at several values of pH ranging from 
3.0 to 6.8. The relative free-swelling equilibrium thickness (6,) 
at each pH is shown schematically. 
hydration and charge density, we first summarize the free- 
swelling equilibrium hydration and titration behavior of 
the gel (Figures 3 and 4). With increasing pH a t  50 mM 
KC1, the gels were increasingly ionized (Figure 3). Equi- 
librium hydration concomitantly increased with pH (Fig- 
ure 3) to such an extent that equilibrium fixed charge 
density (moles of polymer charge per liter of interstitial 
fluid) was relatively constant above pH -4. For free- 
swelling gels equilibrated at constant pH -6.8, equilibrium 
hydration decreased monotonically with increasing bath 
ionic strength (KC1 concentration) up to 1 M (Figure 4). 
Also shown for comparison in Figure 4 is the calculated 
electrical Debye length, to be discussed below. 

Equilibrium Stress-Strain and Longitudinal 
Modulus: pH Dependence. Equilibrium stress vs 
compressive strain data for gels equilibrated in 50 mM 
KC1 over a range of pH from -3 to 7 are shown in Figure 
5. In general, the longitudinal modulus A4 for these 
samples increased with compression, consistent with 
similar data obtained for biologically derived polyelec- 
trolyte gels of comparable hydration and fixed charge 
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density.34 The chord modulus M increased (almost 
linearly) from -50 to -250 kPa as strain increased up to 
-40%, and the tangent modulus M, increased from -50 
to -500 kPa. With strain defined relative to the free- 
swelling equilibrium hydration at each pH (as in eq 5), 
samples a t  the same strain had similar fixed charge 
densities (assessed from Figure 3). The similarity between 
the curves of Figure 5 indicates that the longitudinal 
modulus was determined by the fixed charge density as 
governed by the pH-dependent ionization and equilibrium 
hydration of the gel. Therefore, the charge density appears 
to be an important determinant of the longitudinal 
modulus and the overall equilibrium compressive stress/ 
strain behavior of these gels, over a wide range of hydration. 

For ionized polyelectrolyte hydrogels in compression, 
electrostatic effects governed by the density of fixed charge 
and the concentration of mobile counterions are expected 
to contribute much of the equilibrium stiffness593lJ5 and 
swelling p r e ~ s u r e . ~ * * ~ ~  Electrostatic interactions between 
fixed charges are mediated by mobile counterions; the 
characteristic length over which these interactions occur 
is known as the Debye length:37 
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K = 222F2Ci0 

The Debye length (1/~) varies inversely with both mobile 
ion valence ( 2 )  and the square root of bath ionic strength 
(cia). The electrostatic repulsion force per unit area (Hrep) 
between flat plates having fixed charge per unit area ad,  
separated by a distance w, and immersed in an electrolyte- 
containing fluid with Debye length 1 / ~  and dielectric 
permittivity e has been c a l c ~ l a t e d ~ ~  from the Poisson- 
Boltzmann equation and is given by 

(Equation 17 applies when the electrical potential at the 
midpoint between the plates is small compared to the 
thermal voltage RT/F.38) This expression is not directly 
applicable to the molecules of the gel network of this study, 
for which a cylindrical rod geometry might be more 
appropriate. However, eq 17 contains the salient features 
of counterion-mediated electrostatic repulsion and is useful 
for further interpretation of the results of Figure 5. For 
this purpose, Ud and w of eq 17 may be compared with the 
amount of fixed charge and the hydration (H), respectively. 
Thus, as the charge (ad) increased with increasing pH 
(Figure 3) a t  constant KC1 concentration (constant K ) ,  the 
hydration (w) also increased such that Hrep remained 
approximately constant. Therefore, it  seems reasonable 
that the data of Figure 5 were insensitive to pH changes. 

Equ i l ib r ium S t re s s -S t r a in  a n d  Longi tudina l  
Modulus: KCl Dependence. Equilibrium stress vs 
compressive strain data for gels equilibrated a t  pH -6.8 
over a range of KCI concentration from 0.05 to 1.0 M are 
shown in Figure 6. These data suggest that a t  pH -6.8, 
where these gels were highly ionized (Figure 3), the 
longitudinal modulus was again influenced by the charge- 
dependent equilibrium hydration of the gel, in this case 
regulated by bath ionic strength. With increased ionic 
strength, the Debye length ( 1 / ~ )  is reduced; this reduces 
the length scale of electrostatic interaction between 
charged gel molecules and counterions in the gel fluid phase 
and results in reduced equilibrium hydration, as seen in 
Figure 4. At equilibrium, the ratio of hydration to Debye 
length was similar for all samples (Figure 4); with strain 

.- 5 60- 
b '  
P I  

d@ p I I I 
0.1 0.2 0.3 0.4 

Compressive Straln 
Figure 6. Equilibrium stress (a)  vs compressive strain (€1 of 
PMAA gels at pH - 6.8 in several bath KCl concentrations ranging 
from 0.05 to 1.0 M. The relative free-swelling equilibrium 
thickness (6,) at each KCl concentration is shown schematically. 
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Figure 7. Hydraulic permeability k of PMAA gel in 50 mM KCl 
at pH 5.3 from stress relaxation experiment. Data are plotted 
(a) vs compressive strain c and (b) vs hydration H. 

defined relative to the free-swelling equilibrium hydration 
at each ionic strength, samples a t  the same strain would 
also have similar hydration:Debye length ratios. By 
analogy with eq 17, as 1 / ~  decreased, w decreased such 
that n r e p  remained constant; Ud was constant in these 
samples. Therefore, it seems reasonable that the data of 
Figure 6 were insensitive to changes in ionic strength. 

Hydraulic Permeability: pH Dependence. The 
hydraulic permeability of a PMAA disk equilibrated at 
pH 5.3 in 50 mM KC1 is shown vs compressive strain in 
Figure 7a. The data points are the permeabilities com- 
puted from the stress relaxation curves produced by 
consecutive - 3 % compressions applied to the gel. Equa- 
tion 5 has been used to replot the same data vs hydration 
in Figure 7b. The permeability increased with increasing 
hydration as has been observed in other polyelectrolyte 
gels.39 

Figure 8 shows permeability data for a series of 
specimens equilibrated in 50 mM KC1 over a range of pH. 
A specimen was initially equilibrated a t  each specified 
pH (initial hydration was higher for specimens a t  higher 
pH, consistent with the data of Figure 3). Sequential -3 5% 
compression-stress relaxation tests gave values for per- 
meability vs increasing strain (decreasing hydration) shown 
for each specimen in Figure 8. The general trend of 
increased permeability with increased hydration was 
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I 1 I 1 
5 10 15 20 25 

Hydration 
Figure 8. Hydraulic permeability k vs hydration for PMAA 
gels in 50 mM KC1: (0) pH 3.0; (A) pH 4.7; (0)  pH 5.3; (0) pH 
5.7; (0) pH 6.8. The solid lines are the predictions of Happel’s 
flow resistance model for two different assumed values of PMAA 
hydrodynamic radius (a). 

consistent throughout. In addition, increased compressive 
strain appeared to decrease permeability a t  a given 
hydration. (For example, the pH 5.7 specimen compressed 
to hydration -9 had lower permeability than the pH 5.3 
specimen near its free-swelling hydration of -9.) This 
may have been a result of compression-induced anisotropy 
of the gel polymer. 

Happel’smunit cell model for the flow resistance of fiber 
matrices predicts that cylindrical rods aligned perpen- 
dicular to the flow direction of a viscous fluid present more 
flow resistance per unit volume than parallel-oriented rods. 
Modeling the gel polymer matrix of this study as a 
collection of cylindrical fibers aligned either parallel or 
perpendicular to the average fluid flow direction (Le., the 
compression axis), the fraction of parallel-oriented rods f l l  
was treated as a linearly decreasing function of compressive 
strain e: 

f,, = (1 - 4 /3  (18) 
(Thus, a t  zero strain, a random three-dimensional matrix 
would have one-third of the fibers parallel and two-thirds 
perpendicular to flow in any direction, as is usually 
assumed.40) At  a given hydration, the only adjustable 
parameter in Happel’s model was the hydrodynamic radius 
a of the gel polymer fibers. Sedimentation experiments 
performed on other linear polymers41 indicate that the 
hydrodynamic radius of the PMAA strands is expected to 
lie in the range 0.3-0.8nm. Using effective hydraulic radii 
of 0.4 and 0.55 nm as lower and upper estimates in Happel’s 
eqs 7 and 19,40 Happel’s model bounded the data and 
agreed with the order of magnitude and the overall trends 
(Figure 8). The model also suggested that uniaxially 
compressed gels might be expected to be less permeable 
to fluid flow than isotropically swollen gels a t  the same 
hydration, although this effect was smaller in the model 
than in the data. 

Hydraulic Permeability: KCl Dependence. The 
hydraulic permeability of samples equilibrated a t  pH -6.8 
over a range of bath KC1 concentrations increased with 
increasing hydration in a manner similar to that of Figure 
8 (data not shown). 

Conclusions 
The longitudinal modulus of our PMMA gels varied 

with ionization state and hydration in a manner that 
suggests the importance of ionized charge density as a 
critical determinant of gel stiffness and swelling. The 
modulus decreased while the hydraulic permeability 
increased substantially with increasing gel hydration. 
Interestingly, since the time constant for stress relaxation 
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(eq 15) (equivalent to the gel swelling time constant20) is 
determined by the product of Me and k, the kinetics of 
changes in gel swelling should be less sensitive to the initial 
gel hydration state than is M, or k individually. This 
hypothesis was confirmed by direct measurement of the 
gel swelling time constant over a wide range of gel 
hydration. The above results are particular to the gels 
prepared for this study; modifications in gel composition 
(e.g., cross-link density) could have significant effects on 
equilibrium hydration and other gel physical proper- 
ties.42-43 

The compression-stress relaxation techniques used in 
this study provided reasonably accurate measurements of 
longitudinal modulus and hydraulic permeability of PMAA 
hydrogels over a wide range of pH, ionic strength, and 
hydration. The theoretical basis of the measurements is 
in fact quite general and may be applied to any material 
that obeys the poroelastic governing laws; this should 
include a wide variety of polymer gels. Data obtained are 
useful for detailed modeling of swelling kinetics of gels 
and may also be valuable in the testing and refinement of 
microstructure-based models of longitudinal m o d ~ l i ~ ~ ~ ~ ~ ~ ~  
and hydraulic permeability.40*at47 
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Appendix A: Hydration Measurements 

g/cm3,* we have 
Assuming that p s  = pwahr = 1.0 g/cm3 and using pp = 1.33 

H = 1.33” m = 1.33 mwet - mdry 

mP mP 

where “wet” and “dry” sample masses have been intro- 
duced. 

Samples were brought to equilibrium with baths of fixed 
pH and ionic strength. mwet was measured for eachsample 
by dabbing off surface water and weighing on a balance. 
Samples were then lyophilized for 1 day and weighed again 
for mdW mp should have been the same for all samples 
prepared from a single reagent mixture. However, samples 
with significant fixed charge density (pH >5) contained 
a significant number of potassium ions which made m h  
> mp’ This was not a problem for samples equilibrated 
a t  pH -3 in 50 mM KC1, for which mp = mdry was an 
excellent approximation. Therefore, in both the pH and 
[KCl] studies, a few samples were equilibrated a t  pH -3 
in 50 mM KC1 so that m p  could be determined for use in 
calculating the hydration (H) of all other samples. 

Appendix B: pH Titration Measurements 
Gel samples were preswollen in 50 mM KC1 a t  pH - 11 

(no buffer) and crushed into - 1-mm-sized chunks. These 
chunks were carefully rinsed into a beaker with a measured 
volume of 50 mM KCl a t  pH - 11 and maintained under 
a nitrogen atmosphere. HC1 was added (using 100-pL 
aliquots of 1 M HC1) and pH was monitored with a pH 
meter and chart recorder to determine equilibrium after 
each addition. Titration to pH -2 typically took 2 days; 
fluid volume and temperature did not vary significantly. 
For the gel formulation of this study, -0.2% of the MAA 
carboxyl groups were attached to TEGDMA cross-linking 
molecules, assuming the - 50 % cross-linking efficiency 
for these gels determined by Weiss et The titration 
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data (Figure 3) for PMAA in 50 mM KC1 resemble that 
of a Langmuir isotherm with an effective pK of -6 and 
a maximum of -14.5 mol charge/L of PMAA polymer. 
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