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A technique for the real-time ®isualization of material line mo®ement during trans-
parent gel deformation was de®eloped based on caged photo-acti®ated fluorophores co-
®alently attached to the gel network. It is used to quantitati®ely monitor the swelling of

( )sodium polyacrylate and poly acrylamide-sodium acrylate gels in quasi two-dimen-
sional constrained geometries. The experimentally obtained profiles for the Finger defor-
mation tensor and the polymer concentration are compared with transient simulations
of a model of transport in polyelectrolyte gels.

Introduction
Transient profiles for the concentration and deformation

fields during swelling or shrinking is important in analyzing
and designing processes that involve solvent transport in
polymer networks; these arise in applications of polymer gels

Žas, for example, superabsorbents Buchholz and Peppas,
. Ž .1994 , drug delivery systems Park, 1997 , and artificial mus-
Ž .cles Shiga, 1997; Shahinpoor, 1996 . Quantifying the defor-

mation evolution during gel swelling and drying helps to un-
derstand the way material properties depend on process geo-
metrical constraints and transient stress development. An ex-
perimental technique is applied here for real-time visualiza-
tion of material line movement during polymer gel swelling.
This technique was introduced recently by Achilleos et al.
Ž .2000a . The data obtained from polyelectrolyte gel swelling
experiments is used to extract the polymer concentration and
deformation profiles, which are compared with computa-

Žtional simulation results based on a transport model Achil-
.leos et al., 2000b .

One of the motivations for this work is to validate our com-
putational transport model for the swelling and drying of

Žpolymer gelsrfilms Christodoulou et al., 1998; Powell et al.,

Correspondence concerning this article should be addressed to I. G. Kevrekidis.

.1999b; Achilleos et al., 2000b . This model is based on multi-
Žcomponent-multidimensional mixture theory Powell et al.,

. Ž .1999a which is an extension of the work of Lustig et al. 1992 .
It was first applied to two-component drying and swelling of

Ž .nonionic films Powell et al., 1999b . Two-component models
Žfor nonionic gels Onuki, 1993; Durning and Morman, 1993;

.Doi and Onuki, 1992; Curtiss and Bird, 1996 are reviewed in
Ž .Powell et al. 1999a, b . Other transient models, such as two-

Žcomponent models for small, isotropic deformations Tanaka,
1978; Tanaka and Fillmore, 1979; Matsuo and Tanaka, 1988;

.Wang et al., 1997 based on the Tanaka-Hocker-Benedek
Ž .theory Tanaka et al., 1973 , as well as phenomenological

Žthree-component models Hariharan and Peppas, 1994;
.Grimshaw et al., 1990; Segalman and Witkowski, 1995 , which

may consider large-scale deformations, are discussed by
Ž .Achilleos et al. 2000b . In that article the theory of Powell et

Ž .al. 1999a was extended to model polyelectrolyte gel swelling
in salt solutions; extensive transient simulation data for the
evolution of deformation, concentrations, and stress fields
were obtained. Experimental data on the same fields can serve
to validate the model.

Experimental data of gel swelling are mostly available in
the form of overall mass uptake or shape measurements
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ŽTanaka and Fillmore, 1979; Matsuo and Tanaka, 1988; Siegel
et al., 1988; Firestone and Siegel, 1988; Sakohara et al., 1990;
Dubroskii et al., 1989; Harmon et al., 1987; Scherer et al.,

.1991 . Optical techniques, such as laser interferometry have
been used to determine the velocity of the moving front in
Case-II diffusion, along with the polymer weight fraction in

Ž .the swollen layer Durning et al., 1995 . The diffusion coeffi-
cients of tagged macromoleculesrparticles in and out of a
polymer gel have been measured through fluorescent mea-

Žsurements Tong and Anderson, 1996; Dang and Saltzman,
.1992; Haggerty et al., 1988 .

Ž .Recently nuclear magnetic resonance NMR techniques
have been applied to obtain solvent and polymer concentra-
tion profiles in polymer-solvent systems, and could poten-
tially be used to obtain polymer deformation. One-dimen-

Ž .sional 1-D solvent concentration profiles for gel swelling
were obtained for high polymer concentration regimes using

1 Ž .an H spin-echo NMR imaging technique Hyde et al., 1995 .
A 1-D 1H spin-echo NMR imaging technique with variable
delay times decoupled the NMR signal intensities due to the

Žpolymer and the solvent, allowing for determination at low
.polymer concentration regimes of concentration profiles for

Ž .both Hyde and Gladden, 1998 . NMR has also been used to
study 2-D swelling and water mobility in initially glassy poly-

Ž .mers Kojima et al., 1998 ; transverse and coronal section im-
ages of swelling tablets provide information on the moving

Ž Žhydration front, but not the concentration profile c.f. Hyde
..and Gladden, 1998 . NMR-based grid writing techniques

Ž .Kutter et al., 1998; Moser et al., 1999 have been used to
measure fluid velocity profiles but have not yet been modi-
fied to apply to the slow motions associated with gel swelling.

The PHoto Activated Nonintrusive Tracking of Molecular
Ž .Motion PHANTOMM gel swelling technique introduced by

Ž .Achilleos et al. 2000a allows for spatially resolved measure-
ments of both polymer concentration and deformation tensor
components, in 1-D and 2-D, by monitoring the movement of
permanently tagged material lines. It originated from a flow

Žvelocimetry technique PHANTOMM Lempert et al., 1994,
. Ž .1995 . Photo-activated fluorophores PAFs are potentially

fluorescent compounds which have been covalently bonded
to a caging group that quenches fluorescence, for example,

Ždi-methoxy-nitrobenzyl caged fluorescein Lempert et al.,
.1995 . This caging group can be cleaved by shining a UV laser

beam through the transparent material, releasing the fluores-
cent compound. In PHANTOMM, a trace concentration of
PAFs is dissolved in the flow liquid and a UV laser beam is
used to ‘‘write’’ a line in the flow by uncaging the fluo-
rophore. This line fluoresces when illuminated by a light
source, and velocity measurements are made by visualization
of its temporal displacement. The technique presented here
is based on copolymerizing a PAF, which is attached on a
monomer, with the gel network. When the fluorophore is

Ž .uncaged using a laser beam a line, permanently anchored
on the gel, is written. Material grids are thus written and
their movement is continuously monitored during gel defor-
mation.

A description of the experimental techniques is given. The
model and simulations are briefly presented. In the results
section raw and processed experimental data are presented
and compared with model predictions, followed by a discus-
sion section.

Experimental Studies
Gel synthesis

ŽTwo types of gels, sodium polyacrylate and poly acryla-
.mide-sodium acrylate , were copolymerized with the dye-

tagged monomer. Water-soluble caged fluorescein, 5-
carboxymethoxy-2-nitrobenzyl-caged fluorescein-5-acryla-

Ž .mide bis-CMNB-caged fluoresceinacrylamide , shown in Fig-
ure 1, was used as the dye. It was synthesized by adapting the

Ž .caged fluorescein chemistry Mitchinson et al., 1998 : a poly-
merizable caged fluorescein was produced by the acylation
Ž .with acryloyl chloride of 5-aminofluorescein, caged with two

Ž .water-solubilizing CMNB sodium salt groups. Absorbance
and fluorescence spectra of sample dye solutions used in this

Ž .experiment are similar to the ones in Lempert et al. 1995 .
The caged dye absorbs light at 320 nm, and an extinction
coefficient of 12=106 cm2rmol can be used to determine the
exact dye concentration in solution. The completely uncaged

Ž .dye 5-acrylamido-fluorescein has an extinction coefficient of
8=106 cm2rmol. Absorbance spectra with peaks at 488 nm
and 440 nm indicate the presence of uncaged and monocaged
dye, respectively. The fact that the fluorophore sponta-
neously uncages at high temperatures, and at extreme pH
Ž .pH-1, pH)10 , was taken into account during gel prepa-
ration. The gels were prepared so that the pH after gelation

Ž .would be above 7 to maximize fluorescence Haugland, 1996 .
For the sodium polyacrylate gels, a polymerization and

Žgelation protocol for polyacrylic acid gels Yin et al., 1992;
.Mandigo, 1998 was modified to allow for the dye copolymer-

ization. We prepared gels with 15.2 wt % concentration of
Ž80% neutralized acrylic acid, 1.2 mol % cross-linker rmono-

.mer density, and 7 mgrL dye concentration.
The solution was sparged to remove oxygen for one hour

by purging with nitrogen under vacuum; vacuum was then

Figure 1. Gel chemistry.
The dye used was 5-carboxymethoxy-2-nitrobenzyl-caged
fluorescein-5-acrylamide, the monomers were sodium acry-
late and acrylamide, and the cross-linker was bisacrylamide.
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broken, and the initiators, 200 mL ascorbic acid solution
Ž .0.155 g in 10 mL and 400 mL sodium persulfate solution
Ž .0.755 g in 10 mL were added. The solution was degassed for
5 more min before transferring to the molds. All mixing and
degassing steps were performed in an icerwater bath. Spon-
taneous uncaging of the dye during the polymerization caused
background fluorescence in the gel. The polymerization tem-
perature was set to 608C for 2 h instead of 808C for 1 h, as in

Ž . Ž .Yin et al. 1992 and Mandigo 1998 , because the dye uncages
faster at high temperatures and the amount of persulfate was
increased to 0.036 wt % to compensate for the temperature
reduction. The gels were left for 24 h at room temperature
and then refrigerated. The degree of neutralization of the
acrylic acid was chosen so that the pH after gelation was above

Ž .7, based on the measurements in Yin 1993 . Higher degrees
Žof neutralization result in more fluorescence through higher

. Žgel pH , but also in lower cross-linking efficiency Yin, 1993;
.Anseth et al., 1996 . The dye-tagged monomer does not poly-

merize with the same efficiency as the acrylic acid; a signifi-
cant percentage of dye thus is not chemically attached to the
gel. The lower reactivity of the dye could be due to steric
hindrance and the relative intensity of the fluorescent beam
before and after unattached dye diffuses away could be used
to estimate the percentage of dye cross-linked to the poly-
mer.

Ž .For the poly acrylamide-sodium acrylate copolymer, a
Ž .polymerization protocol by Biorad 1999 was used. For these

gels, the degree of gel ionization could be chosen independ-
Ž .ently of the pH. Gels with 13.252 wt % overall polymer con-

Žcentration at 20% ionization that is, 20% of monomers were
.sodium acrylate, and the remainder were acrylamide , 0.327

Ž .mol % cross-linker rmonomer density, and 7 mgrL dye
concentration were prepared. The pre-gel solution was de-
gassed for 12 min at ambient temperature. The initiators, 0.2

Ž .mL of 10 wt % ammonium persulfate Sigma and 0.04 mL of
Ž .TEMED Sigma , were added to the solution, which was then

transferred to the molds and placed at a 218C water bath.
Visible gelation started about 20 min after initiator addition,
and the gelation was complete after 2 h. Again, the gels were
refrigerated after being at room temperature for 24 h. When
initiators are added to the gel solution, the pH increases
rapidly to pH,10, and then decreases to a final value of 8.7.
More uncaging during polymerization was observed in these
gels, but the dye copolymerized more efficiently. Since the
monomer attached to the dye is acrylamide, it is reasonable
that the dye copolymerizes more efficiently in the conditions

Žbest suited for acrylamide gels rather than the conditions
.best suited for sodium acrylates . The solution pH before and

during polymerization is expected to greatly affect the effi-
ciency of the dye copolymerization.

The uncaging in these gels can be attributed to the initial
Ž .pH and temperature rise exothermic reaction , but also pos-

sibly to the attack by free radicals from the polymerization
Ž .initiator. As explained in Biorad 1999 it is important for the

pH to be above 7 for gelation to take place. There is still
room for experimentation in order to achieve less uncaging

Žduring polymerization of the poly acrylamide-sodium acryl-
.ate gels. This could be achieved by further reduction of the

initial gel pH or the amount of initiator added.
The molds used in the polymerization were rectangular

Ž .4.4=1=1 cm quartz cuvettes, which were surface treated.

They were first cleaned in a two-step acidrbase treatment
Ž .Decher et al., 1992; Decher and Hong, 1991 , which resulted
in hydrophilic surfaces. They were then hydrophobically

Žcoated with dimethyl-dichloro-silane solution 5% in hep-
.tane-Fluka Gel Repel I with four repetitive coats, each fol-

lowed by 15 min heating at 1308, rinsing with deionized wa-
Ž .ter, and drying Beck, 1998 . In order to enforce the attach-

ment of the gel on a rigid substrate, as will be discussed later,
Ž .a piece of filter paper 4.35=0.98=0.05 cm was embedded

in the gel by placing it inside the cuvette, on one wall, prior
to the introduction of the gel solution.

Laser readingrrrrrwriting apparatus
ŽA Q-switched Nd-YAG laser beam third harmonic, 355

Ž ..nm Lempert et al., 1994, 1995 was used to uncage the dye
Ž .write lines , while the gel was in the quartz cuvette as shown

Žin Figure 2. Using a motorized vertical translator Oriel mo-
.tor mike model No. 16627 attached to a remote controller

Ž .Oriel motor mike controller model No. 18006 , a 10=10 grid
of lines, 1 mm apart and approximately 0.1 mm thick, was
written on the 1=1 cm2 cross-sectional area of the gel. The
absorbency of the dye at 355 nm is due only to the caging
groups and, provided that the laser energy is high enough to
uncage all dye in its path, the fluorescence lines are homoge-
neous along the 1 cm path; this was qualitatively observed in
the experiments. The thickness of the lines is determined by
the number and energy of the pulses used to write the grid;
this also affects the visual contrast between written lines and
background fluorescence due to dye that was uncaged during
polymerization, as well as uncross-linked, laser-uncaged dye,
which then diffuses away from the grid. Good contrast is im-
portant for accurately monitoring material line movement. An
initial dye concentration of 7 mgrL in the gel and 7]10 pulses
of 0.6 mJ per pulse for each of the lines written was an effec-
tive combination for good contrast.

A thin needle was inserted in a corner of the cuvette and a
small amount of water was injected in order to force the gel

Figure 2. Experimental setup for line writing through the
cross-section of the polymer gel.
The quartz cuvette containing the gel was placed on a stage
translator. The Nd YAG laser was used for line writing, the
argon ion laser was used for interrogation of the written
lines, and the camera for viewing the writing of the lines.

November 2000 Vol. 46, No. 11 AIChE Journal2130



from the mold after the grid was written; a 6 mm-thin slab
whose center contains the grid was then sliced. Experiments
for two different swelling geometries were then performed.
In both geometries shown in Figures 3b and 3c the gel slice
was sandwiched between two hydrophobically coated glass
plates which were surface-treated following the same proce-
dure as in the treatment of the molds. This prevented swelling
in the third dimension. Furthermore, by writing lines perpen-

Ždicular to the plates along the third, thin dimension of the
.gel slice, z and observing their parallel displacement during

swelling, we confirmed that the hydrophobically coated plates
behaved as a no-shear boundary. This ensured the two-di-
mensionality of the swelling.

The first geometry was a gel slab, attached to a rigid sub-
strate, free to swell in the x and y directions, and sliding
along a boundary wall in the z direction, as shown in Figure
3b. In order to attach the gel on the substrate, the bottom of

Žthe gel slice the side in which the filter paper was intro-
. Žduced was glued on a polystyrene mounting shim d s0.24

. Ž .mm with cyanoacrylate Loctite 401 and RTV silicon rubber
Ž .General Electric was used to glue the shim on the Plexiglas
base plate. The filter paper was used in order to constrain
the gel by attaching it to the rigid substrate; as the gel swells

Ž .the filter paper acts as part of the network Figure 3b . The

second geometry was one of a gel disk, swelling again in the
xy y plane, but additionally confined between two rigid
planes at ys0 and ys0.8 cm, as shown in Figure 3. This
was motivated by our eventual interest in examining how an
array of particles would swell against each other. This gel
disk was not glued on any of the plates, yet it did not move in
the horizontal direction; it was held in place by friction. The
swelling cells in each case were placed in a 1.5 L glass tank as
shown in Figure 3a.

A thin sheet of ls488 nm light from an Argon ion laser
was used to interrogate the grid, which fluoresced with emis-
sion maximum at 520 nm. Grid fluorescence during the ex-

Žperiment was monitored through a CCD camera Cohu model
. Ž4910 S connected to a VCR. Solvent NaCl aqueous solu-

. Ž .tion is poured in the tank to initiate swelling Figure 3a ; the
Ž .experiments last several up to 40 h. Photobleaching did not

occur to a significant extent, because the gels were interro-
gated only when data were being collected. Furthermore, the

Žinterrogation intensity was not high as would be in the case
.of confocal microscopy . The intensity of the grids was, how-

ever, partially reduced during the experiments due to dye di-
lution with swelling.

Images were digitized using a Power Macintosh with a Scion
LG-3 frame grabber and NIH imaging software; averaging
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Ž .over 25 frames 1 s greatly improved image quality and
gridrbackground contrast.

Polyelectrolyte Gel Transport Model:
Thermodynamics and Kinetics

A transport model developed by extending the multicom-
Ž .ponent-multidimensional theory of Powell et al. 1991a to

Ž .polyelectrolyte mixtures Achilleos et al., 2000b was used to
simulate swelling of the gel slab attached to a rigid substrate
Ž .Figure 3b in a salt solution. The model is accurate for low
degrees of ionization and thus appropriate for the

Ž .poly acrylamide-sodium acrylate gel. The model equations
are briefly summarized here, nondimensionalized with the
characteristic quantities in Table 1. Boldface small letters
represent vectors and boldface capital letters represent ten-
sors.

Under the assumptions of negligible inertia, constant-equal
partial species densities, and electroneutrality, the conserva-
tion laws for species mass, polymer mass, overall momentum,

Žand overall charge for a mixture of 4 components a '1 to 4,
q y .1'H O, 2'Na , 3'Cl , 4' p the polymer are2

d w d ww wp a p pa a
r y r q=? j y j s0 1Ž .a pž /dt w dt wp p

d r d w1 1p p p
=? © q q s0 2Ž .p r dt w dt4

=?s y=P s0 3Ž .p

p M1
z w s0. 4Ž .Ý a a Maa s1

Here r, © , s , and P are the mixture density, polymer ve-p p
locity, network stress, and hydrostatic pressure; w , j , M ,a a a

Ž .and z are the species a weight fraction, diffusive flux,a

molecular weight and charge respectively and d rdt is thep
substantial derivative following the polymer velocity. As dis-

Ž .cussed in Powell et al. 1999a, b , the pressure in these equa-
tions is indeterminate as in compressible fluid mechanics. The

Table 1. Characteristic Quantities for
Nondimensionalization

Variable Characteristic Quantity
x, y L initial gel thickness, 1 cm0

3r, r r s r , water density, 1 grcma 0 w

D D s water diff. coeff. at the beginninga 0
y4 2of swelling, 7.46=10 cm rs

2t t s L rD 24 min0 0 0
®, ® ® s D rL s L rt , 0.042 cmrmina 0 0 0 0 0
p RQd rM 2478.65 Jrmol d rma a a a a

m RQ 2478.65 Jrmola

s , P, G RQd rM 137.7 MPap 0 1 1
Ž .j j s r ® , 0.042 gr cm ?mina 0 0 0

EE EE s RQrFF, 0.2469 V0

diffusive flux of components a is

Ma
j syD w =p q =?s q z =EE 5Ž .aa a a p až /M1

where p and D are the osmotic pressure and diffusion co-a a

efficient of component a and EE is the electrical potential.
The free energy of the mixture can be used to obtain the
network stress and the osmotic pressure. The free energy
consists of mixing, elastic, and electrostatic contributions
Ž . Ž .Achilleos et al., 2000b . Multicomponent Flory-Huggins FH

Ž . Žmixing Flory, 1953 , affine network rubber elasticity Her-
. Žmans, 1962 , and additive charging of the free ions Fowler

.and Guggenheim, 1965 and of rod-like polymer chains
Ž . ŽStigter, 1975; Manning, 1969 were combined Achilleos et

.al., 2000b . The osmotic pressure of each component is re-
lated to its chemical potential m and the hydrostatic pres-a

Ž .sure P through m sp q M rM P. The osmotic pressurea a a 1
Ž . Ž .p of the free components 1 to 3 was derived from thea

free energy expression

py1 py1x w M w Mb p b a b a
p s ln w q x w q1 yw yŽ . Ý Ýa a a p p p M Mb bb s1 b s1

M z2 Ma a 11.5 0.5 2qC I y3 z I qC a w y q1 6Ž .DH s a s m f pž / ž /M I M1 s a

where x is the FH interaction parameter of component aa p
with the polymer. The interaction parameter of water and
polymer was taken to be the one of water and uncharged

Ž .polymer x s0.5 , and the ones of ions and polymer were1 p
Ž .neglected x s x s0 since the electrostatic interactions2 p 3 p

dominate. The degree of gel ionization is given by a, and the
dimensionless ionic strength of the mixture is given by I ss

py1 wŽ . 2 xÝ w M rM z , where the constants C and C areis1 i 1 i i D H m f
Ž .2.06 and 0.33, respectively Achilleos et al., 2000b . The net-

work stress s isp

fp
s sG ByI 7Ž . Ž .p 0 fp0

where G and w are the gel modulus and polymer weight0 p0
fraction at gelation, and B is the Finger deformation tensor.

ŽUsing an identity for the effective conformation tensor By
. Ž .I as in Edwards and Beris 1990 , the following rate expres-

sion can be used to relate the network stress to the polymer
Ž .velocity © , and d rdtp p

I d sp p Ts ' y s ?=© y=© ?s q s =? ©p p p p p p pdt

Fp TsG =© q=© . 8Ž .Ž .0 p pFp0

Equations 1]6 and 8 were solved numerically with a
finite-element code developed by Christodoulou and cowork-
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(Figure 4. Modulus determination for poly acrylamide-
)sodium acrylate gel with a=0.2.

Experimentally measured swelling ratios and model predic-
tions for G s 0.00047.0

Žers Christodoulou and Scriven, 1992; Christodoulou et al.,
.1998; Christodoulou, 1990; Powell et al., 1999b as described

Ž .in Achilleos et al. 2000b . The boundary conditions for the
network stress and the diffusive flux at the free interface are

n ? s g y P gI s P ext 9Ž .Ž .p

j s n ? © y© sSh m g q z EE g ymext y z EE ext 10Ž . Ž .Ž .a a I a a a a

where n is the normal vector to the interface, © is the veloc-I
ity of the interface, and Sh is the Sherwood number '

Ž .kL rD . A time-dependent Shs10,000 tanh 20 t ; that is, a0 o
Ž .smooth, rapid increase of the mass-transfer coefficient k to

a practically infinite value was used to model the initial con-
tact of the gel with the external liquid solution. The initial

Ž . Žmodulus G s0.00047 s64.67 kPa of the poly acrylamide-0
.sodium acrylate copolymer gels was determined by fitting the

equilibrium predictions of the model for isotropic gel swelling
in NaCl solutions with molarities ranging from 0.01 M to 0.2
M NaCl, as shown in Figure 4.

Ž .The water diffusion coefficient D was obtained from the1
Ž .friction coefficient f measurements of water in acrylamide

Ž .gels by Tokita 1993

d 1ywŽ .1 1
D s . 11Ž .1 M RQ f1

ŽFor the gels with w s0.12467 not including the dissociatedp0
.counterions and cross-linker density Cs0.327 mol %, D ,0

the initial water diffusion coefficient, was determined from
Ž . y4 2the experimental data in Tokita 1993 to be 7.4610 cm rs.

The dependence of the friction factor coefficient on polymer
Ž .weight fraction in the data of Tokita 1993 was fitted by Tong

( )Figure 5. Swelling of poly acrylamide-sodium acrylate
gel in 0.1 M NaCl solution with simultaneous
visualization of a material grid for the slab ge-

( ) ( )ometry in i and the disk geometry in ii .
Ž . Ž . Ž .The snapshots were recorded at a t s 0, b t s1 h, c t s 6

Ž . Ž .h, d t s12 h, and e t s 24 h.

Ž .1995 to be

1.42wp
f s f . 12Ž .0 ž /wp0

Since the ions were at infinite dilution, their diffusion coef-
Ž .ficients were determined from their ionic mobilities ua

Ž .Cussler, 1994

D su RQ ; 13Ž .a a

At room temperature, D s1.33=10y5 cm2rs and D s2.032 3
=10y5 cm2rs were used for Naq and Cly, respectively.

Results
ŽA sequence of processed images obtained for poly acryla-

.mide-sodium acrylate gels swelling in 0.1 M NaCl solution is
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( ) ( ) ( )Figure 6. Swollen polymer concentration field scaled by the initial concentration field after i t=1.25 h and ii
t=6 h.
Open circles represent nodal positions and the solid line represents the perimeter of the gel. Sodium polyacrylate gel swelling in 0.1 M

Ž . Ž . Ž . Ž . Ž .NaCl solution shown in a , and poly acrylamide-sodium acrylate gel swelling in 0.1 M, and 0.03 M shown in b and c , respectively. In b
Ž .and c : left experiment; right simulations.
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shown for the gel slab and disk geometries in Figure 5 in the
i and the ii, respectively. Sample images of the fluorescent
material grid are shown at six swelling times, with the first

Ž .one Figure 5a taken immediately after the initiation of
Ž .swelling and the last one Figure 5e being very close to equi-

Ž .librium. The material coordinates X of the grid nodal posi-
Ž .tions tabulated from line intersection points are taken at

Žthe beginning of swelling, when the gel is stress-free Figure
.5a . Nodal positions at later times are the spatial coordinates

Ž . Ž .x in Figures 5b]5e ; the Finger deformation tensor B
Ž .Macosko, 1994 is thus obtained

T­ x ­ x
Bs ? 14Ž .ž / ž /­ X ­ X

where x s x, x s y, and x s z in our coordinate system.1 2 3
The components of B can be used to obtain several physical
quantities either directly or through a constitutive law. For
example, the determinant of B, III , can be used to relateB

Ž .the polymer concentration f to the initial one fp p0

f X , t sf IIIy1r2 15Ž . Ž .p p0 B

Ž .In Figure 6, the scaled polymer volume fraction f rf isp p0
plotted for different gel slab experiments. The intersections
of the grid with the gel surface provide the outermost nodal

Žpositions; the thin layer of gel below the filter paper on the
.side attached to the rigid substrate causes a slight distortion

Žof the filter paper during swelling. This slight distortion and
.its shadow is clearly seen in the i section of Figure 5. The

boxed space in Figure 6 represents the area occupied by the
filter paper. Results at two different times: 1.25 h and 6 h
after the start of swelling are shown in sections i and ii of
Figure 6. Polymer volume fractions are plotted for the sodium

Ž .polyacrylate gel swelling in 0.1 M solution in a , and the
Ž .poly acrylamide-sodium acrylate swelling in 0.1 M and 0.03

Ž . Ž .M solutions in b and c , respectively. For the sodium poly-
Ž .acrylate gels, the experimentally determined profiles left are

compared with the ones obtained from the numerical simula-
tions as described in the previous section. For all parameters,
the polymer concentration as expected decreases as swelling
proceeds from 1.25 h to 6 h. The polymer volume fraction is
higher at the interior of the gel, especially close to the bot-
tom, where the gel is attached to the substrate. The sodium
acrylate gel, with a higher degree of ionization as well as
higher initial volume fraction, swells more than the

Ž .poly acrylamide-sodium acrylate gel in the 0.1 M solution.
As expected, the gel in the 0.03 M solution swells much more
than the one in the 0.1 M solution. As discussed in Achilleos

Ž .et al. 2000b , the transient, and, in this case of constrained
swelling, also the final gel shape, depends on the polymer
concentration and stress profiles. Lower polymer concentra-
tion near the free edge, especially in the case of higher
swelling, leads to higher water diffusion coefficient and lower
modulus. In addition to this, the diffusion near the free edge
is 2-D as opposed to the diffusion near the symmetry line
which is 1-D; this leads to higher stresses and less swelling
near the center. These factors and thus the irregularity in the
gel shape are intensified when the overall swelling is higher,
as can be seen when comparing Figure 6b and c. For all these
features and at both swelling times, good agreement is ob-

served between simulations and experimental data, not just
qualitatively, but also quantitatively.

The components of the Finger deformation tensor are pre-
sented in Figure 7 for the sodium acrylate gel swelling in 0.1
M NaCl solution. These are compared with the simulation

Ž . Ž .results for gel swelling at 1.25 h in i , and 6 h in ii . The Bx x
extensional deformation is, as expected, larger at the two sides
of the gel. This feature is more intense at the beginning of

Ž .swelling 1.25 h ; B increases and becomes more uniformx x
Ž .as swelling proceeds 6 h . Similarly, the B extensional de-y y

formation is larger at the top of the gel and that too in-
creases and becomes more uniform as the swelling proceeds.
Again, good agreement is observed for these features be-
tween model and simulations: B and B can be essentiallyx x y y
quantitatively predicted computationally from the simula-
tions. Assuming that the intersection of the written lines can
be found within an error equal to 10% of the line thickness,
the expected error, due to experimental measurement, in Bx x
and B was calculated to be 3% when B is approximatelyy y x x
1 and 5% when it is approximately 3. The deviation of the
simulation results from the experimental measurements in
Figures 5 and 6 is at most 10%. The geometry of this experi-
ment gives rise to anisotropic deformation and stresses, mak-
ing the shear deformation B nonzero. In Figure 7c B isx y x y
shown at the two swelling times. This component of the de-
formation tensor is much smaller than the extensional ones.
In the experiment B is maximum right at the free corner,x y
whereas in the simulations this local maximum lies slightly
inside the gel. B increases at the curved surface near thex y
bottom of the gel and approaches 0 at the middle of the top

Ž .side again in agreement with simulations since the top mid-
dle essentially undergoes unconstrained 2-D swelling. Even
though the agreement for this shear component of B is not
quite quantitative, the development of shear deformation is
reasonably captured. In Figure 8, the extensional deforma-
tion of the gel swelling for 6 h in NaCl solutions of 0.1 M and
0.03 M is shown. Clearly, the gel swells more in the 0.03 M
solution, as reflected from the large values of B and B .x x y y
The predicted values for these components of B are in quan-
titative agreement with the simulations for both external so-
lution molarities.

Summary and Conclusions
A technique for visualizing dynamic deformation of gels

during swelling was presented. Spatially resolved polymer
concentration and deformation fields were obtained for gel
swelling in two different geometries, and for the first time
compared to simulation profiles obtained with the model of

Ž .Achilleos et al. 2000b . Measurements and predictions of f ,p
B , B , and B were made and found to be in agreementx x y y x y
with the model. To our knowledge, this is the first time that
2-D fields of polymer deformation in gel swelling were exper-
imentally measured and compared with simulation predic-
tions. Modeling the constrained disk geometry by implement-

Žing a penalty term to enforce the constraining boundaries top
.and bottom plate is currently under way. The technique used

here could also be used in other gel processes including dry-
ing and shaping to determine the polymer concentration and
deformation profiles. Through an appropriate stress law, s ,x x
s , and s can be obtained from B , B , and B , fory y x y x x x y y y

Žexample, in an affine-network rubber elasticity model Smith
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Being able to measure the transient deformation profiles
in this way is important for validation of any transport model.
A valid transport model is vital in many gel applications and
geometries, especially in cases where the transient values of
deformations and stresses overshoot their equilibrium value.

This technique has a time resolution limited only by cam-
era frame rates and can be used to obtain spatially resolved
concentration and deformation profiles. When continuous in-

Ž .terrogation is used as in the experiments presented here ,
pictures can be obtained at the standard video framing pe-

Ž . Ž .riod 16.67 ms Lempert et al., 1995 . Use of pulsed interro-
Ž . Ž .gation, as in Lempert et al. 1995 and Biage et al. 1996 ,

would allow for multiple images to be obtained in one frame
Ž .that is, one image every 1 m ? s . There is no limitation on
the polymer or solvent concentrations, as long as the gel re-

( ) ( )Figure 7. Finger deformation tensor components of the poly acrylamide-sodium acrylate gel at 1.25 h in i , and 6 h
( )in ii .

Ž . Ž . Ž .Extensional components B and B are shown in a and b , respectively, and the shear component B is shown in c . Left experiment;x x y y x y
right simulation.
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mains transparent and a fluorescent dye appropriate for the
pH regime of the experiment is used. The technique can be
directly extended to 3-D geometries. Using an optical micro-

Ž .scope assembly as in Ishihara et al. 1997 , the resolution can
Ž .be improved on; thinner lines 5]10 mm thin can be written

every 50]100 mm, for example. Taking advantage of the fact
that this dye has two caging groups, a two-photon uncaging

Ž .technique, as in Pettit et al. 1997 , could be used to essen-
tially write ‘‘points’’ by writing short lines, 3 mm thick and 10
mm long. While no other technique has been used to mea-
sure deformation profiles in polymer gels, spin-echo NMR

Žtechniques provide polymer concentration profiles Hyde and
.Gladden, 1998 . However, in the low polymer concentration

regime, the resolution in terms of the polymer volume frac-
tion is low. The NMR velocimetry technique developed by

Ž . Ž .Kutter et al. 1998 and Moser et al. 1999 would be a more
appropriate one for measuring deformation. In this tech-
nique a material grid was written in water flow for different
geometries from which the velocity and deformation of water
could be obtained. A material line can however only be tagged
for times smaller than the longitudinal NMR relaxation time

ŽT 3 s for pure water and smaller in a polymer solution or1
Ž ..gel Hyde and Gladden, 1998 . Our technique is therefore

better suited for slow swelling experiments.

Further work on optimizing certain quantitative features of
the technique in order to improve contrast in the visualiza-
tion of the material lines is under way. This would facilitate
automatic data reduction methods as an alternative to man-
ual tabulation of nodal positions for these data sets. A

Žstochastic algorithm for determining edges such as the ‘‘crazy
. Ž . Žclimber’’ algorithm or following lines ‘‘snakes’’ Carmona et

.al., 1998 can be used to reconstruct fine lines whose inter-
sections can be automatically tabulated. Professor R. Car-

Ž .mona CErOR at Princeton and his group have started ex-
amining how these algorithms should be altered in order to
perform such tasks on our data.

We believe that through direct observations, as well as vali-
dation of predictive models, this technique can play an im-
portant role in understanding transport and stress develop-
ment in polymer processing applications.
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