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The stimulated spin-echo method with pulsed magnetic field gradients was used to study the self-
diffusion process of the fluid in swollen and collapsing polyacrylamide gels. Restricted-diffusion effects
are evidenced by the dependence on the time of diffusion A of the diffusion constant D,. The results are

interpreted in terms of the diffusion process through permeable barriers.

A changeover in the time

behavior of D, for the gel around the critical point is pointed out. The pseudodiffusion of the chains is
investigated separately. Within the time scale of the experiment ( <100 ms) the squared dependence on
the magnetic field gradient of the echo amplitude allows the definition of a local diffusion constant D,
for the monomer units. D, depends on the measuring time in the form expected when restoring forces

are active.

PACS number(s): 82.70.Gg, 66.30.Hs, 76.60.Lz, 36.20.Ey

I. INTRODUCTION

Polyacrylamide (PA) gels consist of polymer chains
with crosslinks which trap fluid among them. A remark-
able property of PA gels is the volume phase transition,
with continuous and reversible changes in volume in-
duced by temperature, electric field or pH variation in the
medium [1]. The unusual transport and relaxation prop-
erties of gels have stimulated many studies. In particular,
fluid and polymer chain diffusion processes are of strong
interest. For the fluid the general aspects of the diffusion
in porous and complex media (with the related concepts
of conductivity, mobility, porosity, and topology) can be
used for an analysis of the experimental findings. Fur-
thermore, by extending descriptions mostly developed for
long polymer molecules in solutions [2] and based on the
correlation function for local velocity, a definition of
diffusion constants for dilute chains in terms of the
viscosity and Flory radius can be given. For interacting
chains entangled in a solution, the extension is somewhat
arbitrary. Two diffusion coefficients can be defined. A
cooperative concentration-dependent diffusion constant
D, (meaning that all chains participate and interact)
controls the time dependence of the collective concentra-
tion fluctuations. D, is usually measured by quasielas-
tic light scattering (QELS) and can be related to the elas-
tic bulk and shear moduli and to the friction constant. A
local diffusion constant D, on the other hand, describes
the diffusion of a small fraction of the chain, as measured
for instance with dilute tracers or by nuclear magnetic
resonance (NMR) techniques involving signals arising
from the nuclei of the monomer units.

QELS experiments [3] provided D, in PA gels un-
dergoing the collapse phase transition. The slowing
down of the concentration fluctuations causes a decrease
in the decay rate I’y ~D,,q" of the scattered light, for
the q—0 Fourier modes. The dependence of D, o
the concentration C, of the network in swollen PA gels
has also been studied [4], yielding D, ~ C276 ¢cm?/s, in
good agreement with scaling predictions [2].
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NMR techniques provide a suitable approach for the
study of microscopic dynamics and local diffusion pro-
cesses. Early proton spin-lattice and spin-spin relaxation
rates and diffusion constant measurements in PA gels [5]
showed that the diffusion constant of the fluid D/ is close
to the value in free water. Only indirect information
about D could be obtained [5]. The polymer chain dy-
namics was studied from deuteron quadrupole relaxation
[6]. It was found that the local motions of the segmental
units of the chain are isotropic and weakly coupled to the
density fluctuations of the whole gel, and characterized
by a correlation time 7,~2X10"1° T, is practically
constant along the collapse, exhibiting a sizable increase
only for marked shrinking.

High-resolution neutron scattering (NS) can be used, in
principle, to study the dynamic response of the system for
selected wave vectors q, spanning from the region probed
by QELS up to values corresponding to a few monomer
units. The width ' of the quasielastic NS peak for PA
gels has recently been investigated with a high-resolution
spectrometer [7], for wave vectors in the range from 0.3
to 3.5 A™'. This q range is well above the hydrodynamic
regime where a cooperative diffusion constant from
r, =Dgq? is defined. Correspondently, there is a q depen-
dence of the form I', «q and it was only possible to
define a q-dependent Dch [7]. For g=1 AT !, correspond-
ing to a spatial scale of a few monomer units, an indica-
tive value for D, of the order of 10® cm?/s for swollen
gels can be extracted, which decreases by a factor around
10 at the critical point.

In this paper the results of a study of the diffusion pro-
cesses in PA gels, obtained by means of NMR stimulated
echo with pulsed magnetic field gradients (PGSE) are re-
ported, both for the fluid and for the monomer units of
the chains. The measurements involve swollen gels, gels
undergoing the collapse transition, and gels where the
concentration of crosslinks in the polymer network was
changed.

The paper is organized as follows. Section II is devot-
ed to details on the samples and the experimental
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methods. In Sec. III the results for the fluid (IIT A) and
for the chains (III B) are presented. In Sec. IV the experi-
mental findings are analyzed and discussed.

II. EXPERIMENT

The diffusion process was studied at different polymer
concentrations and crosslink densities and along the
volume collapse phase transition. The PA gels, prepared
according to standard procedures [1,3], were driven to
the collapse by adding acetone to the fluid medium. Our
gels can be considered zero hydrolized, with only a limit-
ed degree of spontaneous ionization, due to preparation
and to thermal effects. Then the collapse transition
should be of the second order, with the critical point for
the acetone concentration occurring around 42% at
room temperature. The polymer chain concentration C,
was varied from 5 to 30%. C, was estimated using the
dry and swollen gel weights, taking into account the
different densities for water and for polyacrylamide. For
gels at the acrylamide concentration of 5%, the bisa-
crylamide amount, which controls the crosslink density,
was varied from cy;i=0 up to ¢y, ~25% [c;; =(bisa-
crylamide weight)/(acrylamide weight)]. For the chain
diffusion measurements, gels with deuterated fluid were
used (see below).

All measurements were carried out on protons, at
room temperature, in a magnetic field Hy~9 kG, with a
pulsed NMR spectrometer whose radio frequency (RF)
field H, could be increased up to about 80 G. The pulsed
field gradients were generated by a selective excitation
unit equipped with power amplifiers. The gradient G
could be increased up to 120 G/cm, with a region of uni-
form G of about 0.5 cm along the steady-field z direction.
The gradient pulse rise or fall time was approximately
100 pus. Quadrupolar coils generating gradient along the
z and y directions (H||x), up to values of 5 G/A cm were
also used.

The diffusion was studied mostly by using the stimulat-
ed echo pulse sequence [8]. In order to minimize the
effects due to the inhomogeneity of the external magnetic
field (more effective at long times), the modified Carr-
Purcell sequence was also used [9]. The measurements
were carried out by varying the gradient strength G, the
duration § of the gradient pulse, and the time interval A
between the two pulses, depending on the nuclear echo
dephasing time. The effect of the diffusion was studied by
means of the relation

— 1 AG) _ 52y 2y G?

y y(SG,A). lnA(O) y282(z%), > - (1)
If the Einstein condition is obeyed, then the nuclear mean
square displacement {z?) , along the direction of the gra-
dient in the time A is related to D by (z2),=2DA. More
complex situations, where transport is not governed by
the solution of Fick’s second law, as in polymer systems
[10], require special discussion (see Sec. IV). It can be
observed that any Gaussian statistics for the proton pres-
ence probability [11] should allow one to use Eq. (1). The
echo height A in the presence and absence of the gradient
was measured as a function of G2. When a straight line

condition was observed, we assumed that Eq. (1) could be
used to derive a diffusion constant D, even though D was
found to be A dependent in gels. It is noted that under
our experimental conditions of the field strength and re-
laxation times (8 must be shorter than T, and T,),
motions implying rms displacements less than about 2000
A cannot be detected.

The signals due to the CH, and CH protons in the PA
chains do not affect the measurements of the diffusion
constant of the fluid Ds. In fact, the smallness of the
amount of the polymer with respect to the whole gel and
the difference in the relaxation times (7, ~3 s for the
fluid and T, ~3 ms for the chains at the measuring fre-
quency v; =~38 MHz) allows one to find experimental
conditions such that no contribution to the echo signal
comes from the protons belonging to the polymer chains.

As can be seen in Sec. III, the results obtained for the
diffusion of the fluid show a non-Brownian behavior at
short times. Since several artifacts can arise in the PGSE
NMR measurements (due to eddy current effects, gra-
dient pulse mismatches, or sample movements), the
diffusion constant in pure water and in a solution of wa-
ter and glycerol was measured, in order to test the relia-
bility of our apparatus, by choosing values of A and G for
which a departure from the behavior expected for
conventional molecular diffusion was observed in
PA gels. The results are reported in Fig. 1, as a func-
tion of the gradient pulse spacing A [Fig. 1(a)] and of
k=y2G*6*(A—5/3) [Fig. 1(b)]. The k values result from
the parameters G =45, 60, and 90 G/cm, 6=0.5, 1, and 2
ms, and A=12, 18, 25, 65, and 105 ms. It appears from
the data in Fig. 1 that no artifact yielding an apparent A
dependence of D is present in these cases.

As far as concerns the measurements of the diffusion
constant of the monomer units, the signal arising from
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FIG. 1. Test of the experimental procedure on pure water (@)
and on water-glycerol solution (O) having diffusion constants in
the same range of the ones in gels. In part (a) the echo decays
for water (6=500 us; G=70 G/cm) and for the water-glycerol
solution (§=2 ms; G =45 G/cm) are reported as functions of
the diffusion time A. In part (b) the echo decays for the same
systems as a function of k =y2G28*(A—6/3) for k given from
combinations of the parameter values §=0.5, 1, and 2 ms;
A=12, 18, 25, 65, and 105 ms; and G =45, 60, and 90 G/cm are
shown. A is the time interval between the two field gradient
pulses of intensity G; § is the gradient pulse duration.
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FIG. 2. Representative plots of the amplitudes of echo sig-
nals A(27) for 7=~700 us, obtained under successive dilutions in
D,0 (deuteration degree 100%) for different repetition rates RR
[(@ after the first dilution, the second (O), and the third one
(X)]. The saturation of any residual signal from protons which
do not belong to the polymer chain is clearly shown. The typi-
cal experimental condition for the measurements of D, was RR
~5s" L

protons into the fluid had to be removed through a care-
ful procedure. The gels, although prepared in D,O,
could still release protons from the NH, group [12].
Therefore they were left in a bath of D,O at a deuteration
degree of 100% (provided by Sigma Company), then the
liquid was removed, and another equilibrium was allowed
in another bath of D,0 and the process of progressive di-
lution was repeated several times. The removal of pro-
tons from the fluid medium was checked by collecting the
NMR echo signals with different repetition rates for the
pulse sequence (see Fig. 2). Furthermore, in the measure-
ments for D a repetition rate of five sequences per
second was used: as seen in Fig. 2 any remaining contri-
bution from protons in the fluid is thus wiped out by sat-
uration. Details of the apparatus and the experimental
procedures are given elsewhere [13].

III. RESULTS

A. Diffusion of the fluid

Water diffusion measurements in PA gels at 5% of
monomer, with different crosslink densities as a function
of A, are reported in Fig. 3. For comparison, the results
for free water and for a polymer solution (cy;; =0) are also
given. When no crosslinks are present, a small time
dependence of D, for A=10 ms is observed (this point
will be discussed in Sec. IV). The Brownian regime is
present for 10=<¢=<400 ms with a time-independent
diffusion constant D ~2X 1073 cm?/s, close to the one in
pure water for which we obtained D =2.340.05X 1073
cm?/s, at T=296 K. Conversely, even for a concentra-
tion of crosslinks of a few percents, a marked A depen-
dence is observed for A <100 ms, and a t-independent
value Dp~1X 107° cm?/s is obtained only at long times.
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FIG. 3. Diffusion constant D, of the fluid (water) in PA gels
vs the diffusion time A for two different crosslink densities: (O)
Chis =2.6% and (X) cpis=25% (cys is the percent of bysa-
crylamide with respect to the monomer) as obtained from the
slope of y vs G? [see Eq. (1) in the text]. The data are compared
with the diffusion constant of free water (%) and of a po-
lyacrylamide solution with no crosslink: (c,;,=0) at the same
monomer concentration (5%) (@).

It is to be noted that the asymptotic value of D is only
slightly reduced by increasing the number of crosslinks
by a factor of almost 10, for a given C,.

In Fig. 4 the ratio D(¢)/D(0), where t =A and D (0) is
the extrapolated value for A—0, for gels at different po-
lymer concentrations C, is reported. Gels at C,=30%
show an analogous behavior (data are not reported in the
figure). However, in this latter case no flattening of D is
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FIG. 4. Dependence on the diffusion time A of the diffusion
constant D, for water in PA gels (swollen, ¢y, =2.6%) at vari-
ous polymer concentrations C, (g/cc), as measured from the
plot y « G2 [see Eq. (1) in the text]; C,=0.025 (@), 0.05 (0), 0.1
(M), and 0.2 (%). D(0) is the value for A—O (see Fig. 3). In the
inset the data for C,=0.1 are plotted vs the reduced time
T=D(0)t/a® The solid line is the plot of Eq. (1) of Ref. [18] in
the case of permeable barriers, for reduced permeability P =0.5
(see text).
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FIG. 5. Diffusion constants D, for water in swollen PA gels,
at the ordinary concentration of crosslinks, as a function of C,
for measuring time A—0 (O), and A =100 ms (X), where D, is
no longer A dependent (see Fig. 4). The results for the coopera-
tive diffusion constants D, of the PA gels, as obtained by qua-
sielastic light scattering QELS are reported (stars from Ref. [4];
open squares from Ref. [14]).

FIG. 6. Diffusion constants D, of the gel fluid as a function
of A, for the swollen gel at zero acetone concentration (O,
¢, =0), for the gel close to the critical point (®, c; ~42%), and
for the collapsed gel (X, ¢; = 50%) [(part (a)]. In part (b) of the
figure the dependence of D, on the acetone concentration c,
along the collapse curve is reported for two values of the
measuring time A. The solid lines in part (b) are an aid for the
eye.
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present for A up to 360 ms. We noted that the condition
of a straight line for y vs G? [Eq. (1)], as well as the in-
dependence of 6, was well verified.

In Fig. 5 the values of D/(0) and D /(A >>100 ms) for
the gels at different C, are reported, together with the re-
sults for D, as measured from QELS [4,14]. The re-
sults for D, as a function of A along the collapse curve
are shown in Fig. 6(a). In Fig. 6(b) the results for D, at
two measuring times are reported as a function of the
acetone concentration c,.

B. Pseudodiffusion constant for the polymer chains

The diffusion process of the monomer units belonging
to the polymer chains was studied from the slope of y vs
G? at different measuring times A, according to the
method outlined in Sec. II. We would like to point out
that a limited range of y [see Eq. (1)], typically down to
0.5, could be explored since the gradient power G& could
not be further increased, owing to the limitations of the
experimental setup and because of the shortness of the
proton transverse relaxation time 7°,. On the other hand,
A cannot be increased above ~ 100 ms, even by using the
stimulated echo sequence, since T'; is about this value at
vy =38 MHz [12]. The results for D as a function of A,
for a swollen gel and for a gel close to the critical point,
are shown in Fig. 7. One can observe that the slowing
down of the density fluctuations of the network, which
causes a decrease in D, [4,14], is also indirectly
reflected in D, local diffusion being, however, a function
of the measuring time.
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FIG. 7. Pseudodiffusion constant of the polymer chains as a
function of the measuring time A, for PA chains in solution
with no crosslinks (%), for the swollen gel (c; =0) (4), and for
the gel close to the critical point (Q). The solid lines represent
the best fit behaviors according to Eq. (3) in the text.
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IV. DISCUSSION AND SUMMARIZING REMARKS

Let us first discuss the results for D;. From Figs. 3
and 4 it can be seen that D is a function of A even for
C, <0.05, for A $100 ms. This means that {z2), is not a
linear function of the measuring time [see Eq. (1)]. A plot
of (z2), vs A shows that only for times larger than about
100 ms is the Gaussian diffusion regime, yielding a
straight line extrapolating to the origin, actually reached.

We would like to emphasize that a mismatch in the
area of the two pulses [15] is not responsible, in our case,
of the behavior of D, at short times. It would also be
present for free water, which is not the case, as appears in
Fig. 3. A short time alteration of D has been claimed [16]
to result from the presence of a distribution of internal
field gradients, due, for instance, to a variation in the sus-
ceptibility on a microscopic scale. Such an effect affects
D only when the variance of the distribution ¢ is much
larger than G2. However, in our experimental condi-
tions, y is «< G2. It can be observed that in Ref. [16] even
in the control PA gel (where no superparamagnetic parti-
cles were added and no internal field gradients should
have been present), D is reduced to 1.7 X 107> cm?/s for
A = 30 ms, consistent with our findings.

A possible interpretation of the behavior of Dy vs A
can be given by extending a picture of permeability in
membranes or porous media walls. It has been found, by
quasielastic light scattering measurements [17], that
when a particle has to move in the presence of dense po-
lymer networks, a first time interval of abnormal diffusion
occurs, with (z2) «V't. For larger times the diffusion
becomes Fickian, and one can expect a linear relationship
of (z2) with z. Such a situation may be analogous, in
some way, to that expected for the movements of a parti-
cle of the fluid medium in the gel, and a semiquantitative
interpretation of the time behavior of D can be attempt-
ed in terms of diffusion through permeable membranes.
It has been shown, by means of numerical solution based
on the stochastic Liouville equation and for barriers of
finite permeability p [18], that with the pulsed gradient
spin-echo method a time-dependent diffusion constant is
measured for a time interval related to p. The actual in-
trabarrier diffusion constant D, is given by extrapolating
for t—0 the function D(z) vs A, while the long time
diffusion constant D =D(t— ) decreases with de-
creasing P, where P is the reduced permeability
P=pa /D, with a constraints spacing. In particular, the
ratio D, /D is given by A =P /(1+P), and the time ¢*
at which the diffusivity takes its long-term behavior is
t*=~a?/D,. The inset in Fig. 4 shows the typical
behavior of D(z)/D, as a function of the reduced time
T=Dgyt*/a? for a reduced permeability P=0.5 (solid
line).

If the walls of the pores trapping the fluid are con-
sidered as partially permeable membranes, the above
mentioned results can be used for the interpretation of
our data. From Fig. 4 it appears that the extrapolated
D, is almost independent of the concentration C, of PA
chains, with D,~2.3X 1073 cm?/s, close to that in free
water. Therefore we conclude that the intrapore
diffusion constant is related to free displacements of the
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fluid particles, as is expected. Conversely, D , decreases
with increasing C,, thus indicating a permeability which
decreases with increasing number of chains per unit
volume. By taking into account that the ratio D, /D, is
around 0.3 (see Fig. 4, typical for the gel at C,=0.1), an
effective permeability p for the barriers related to the po-
lymer network can be extracted. From
pa/Dy=(Vt*/Dy)p ~0.5, with t*~10""' s, one derives
p~10"2 cm/s, which is of the order of that estimated in
other organic systems [18]. It should be remarked that
for P>0.5 the echo decay vs t is still given by an ex-
ponential function [18], as we actually observed in the ex-
periment.

An interesting conclusion can be drawn for the
behavior of D, along the collapse curve. The data in Fig.
6 indicate that the intrapore diffusion is only slightly
dependent on the acetone concentration. Only for
marked shrinking, well above the collapse (c; = 50%),
and where the permeability is reduced by the resulting in-
crease in the effective C,, does a significant reduction in
D, seem to occur (the G2 dependence cannot not be stud-
ied for A <3 ms; see Sec. II).

We would like to emphasize, however, that the model
of permeable barriers for the pores defined by the PA net-
work .is probably too crude to allow quantitative esti-
mates. One should observe that for t*=~10"' s one
would derive a value around a ~ 10 ym for the equivalent
pore radius. This is much larger than the average dis-
tance between adjacent crosslinks, which is several hun-
dred A. Even though pore sizes much larger than the
mean value can be expected, the marked departure points
out the oversimplification of the model.

Now we discuss results obtained for the
pseudodiffusion process of the polymer chains (Sec.
III B). We will tentatively apply a model of molecular
diffusion in the presence of an attractive center, by as-
suming that the elastic terms associated with the network
play the role of a restoring force pulling a given chain
segment toward its original position r, at the time ¢.
The probability that a monomer is found at the position r
after a time ¢ is given by the equation

3P, ,
—5. =BV1)Py+DVPg, , %)

where the restoring force is F= —fSfr, with f the friction
coefficient and S also defined through v=—pSr (v is the
monomer velocity). Equation (2) leads to a Gaussian
probability P [11] which gives an echo decay of the
form as in Eq. (1). The effective diffusion constant de-
rived from the G2 dependence of y is then written

0 1—e~BA

Dch:Dch ﬂA

In Fig. 7 the data for D, are fitted according to Eq. (3).
For the swollen gel D% (for the limit A—0) is ~1073
cm?/s, smaller than D, by only a factor of 2. After a
diffusion time of the order of 50 ms, D appears
significantly reduced with respect to D;. The fit accord-
ing to Eq. (3) is rather poor at large A for the swollen gel.
The best fit value for 8 turns out to be 8~300s L.

(3)
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For the gel close to the critical point, a good fit is ob-
tained, which yields D% ~107% cm?/s and 8~200 s~ .
One can note that D% decreases, as occurs for D(t=0)
for the fluid (see Fig. 6), but to a more sizable extent, on
approaching the collapse. The S decrease is consistent
with the slowing-down process: in fact, the local elastic
constant Bf is expected to decrease faster than the fric-
tion coefficient f, in qualitative agreement with the
behavior of the cooperative diffusion constant, measured
by QELS, which is related to the network macroscopic
elastic moduli [19].

Finally we would like to call attention to a striking re-
sult implicit in the data for D discussed above. Taking
into account our experimental conditions and the con-
straints due to the relaxation times T, and T',, one has to
conclude that during a measuring time, typically around
50 ms, the rms displacemerolts of the monomer unit are as
large as several thousand A. This conclusion appears to
disagree with a picture of polymer chains somehow
bounded by mutual crosslinks, or to indicate that a siz-
able fraction of the chains can diffuse almost freely, leav-
ing unaltered the standard macroscopic properties of the
gel.

To summarize, in this paper we have reported the re-
sults of a study of the local diffusion processes in po-
lyacrylamide gels as obtained from the NMR pulse field
gradient technique. The diffusion of the fluid medium
and the polymer chain segments have been measured sep-

arately. The data show a time dependence of the
diffusion process of the fluid with a Fickian diffusion re-
gime occurring for ¢ > 100 ms, while at short times an
effective time-dependent D, is measured. For ¢t —0 one
has Dy=2X 1073 cm?/s, close to the diffusion constant
of free water. At the critical point of the collapse transi-
tion, a changeover in the global behavior of D, vs A is
found. The results have been interpreted in the frame-
work of a model of permeable barriers, and semiquantita-
tive information about the effective permeability of the
polymer network has been extracted.

The process of local diffusion of the polymer chains
does not appear to be Fickian. A pseudodiffusion
coefficient D, from the G2 dependence of the echo at-
tenuation can still be defined. D, depends on the
measuring time. The data are tentatively interpreted in
terms of diffusion in the presence of a restoring force. An
effective local elastic constant is thus derived, which de-
creases on approaching the collapse. Unexpected large
displacements of the polymer chains appear to occur.
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