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ABSTRACT: The complex dielectric constant, t*, of the high-frequency dielectric relaxation of sodium 
polystyrene sulfonate (NaPSS) in aqueous solutions with no added salts was measured over wide ranges of 
degree of polymerization, N ,  and polymer concentration, C,, from the dilute to  the semidilute region. The 
crossover concentration, C,, between the dilute and the semidilute regions was clearly observed in the Cp 
dependences of the relaxation time, T ,  and the dielectric increment, Ac, of the high-frequency relaxation. 
The C, and N dependences of T and At are summarized as T 0: Cp-2/sp/a,  Ac 0: Cp'/3N2/3 below C,, and 
T 0: C,-"O, Ac 0: C P o p  above C,. This crossover behavior of the high-frequency relaxation is ascribable 
to that of the correlation length, E,  which shows different C, dependences in the dilute and semidilute 
regions, respectively. This leads to the conclusion that the high-frequency relaxations in the dilute and 
semidilute regions are commonly attributed to the localized movement or fluctuation of loosely bound 
counterions spreading over E ,  namely, the average distance between polyions in both the regions. 

Introduction 

A highly charged linear polyion in the dilute solution 
with no added salts has an extended, rodlike conforma- 
tion due to the Coulombic repulsion between dissoci- 
ated groups on the polyion. As the polymer concentra- 
tion Cp increases, there occurs a crossover from the dilute 
region to the semidilute one where the polyions of rod- 
like or semiflexible conformation are entangled with each 
other. Part of counterions in the semidilute region are 
known to be bound to the polyion by a Coulombic attrac- 
tion from the polyion which consequently loses its activ- 
ity. This is the counterion condensation pheno- 
menon,"' typical in the semidilute region. The solution 
of linear polyions in the semidilute region is thus regarded 
as a Coulombic many-body system where a crowd of lin- 
early charged polyions surrounded by the bound coun- 
terions are randomly dispersed in the aqueous medium. 

The dielectric relaxation spectroscopy for measuring 
the complex dielectric constant, e*, as a function of fre- 
quency directly reflects the dynamic properties of the 
polyion-counterion system, highly sensitive to electrical 
stimulus, and is expected to give us useful information 
on the details of the Coulombic interaction between the 
bound counterions and the polyion in the solution.'*3 Such 
information is not obtainable from the usual static mea- 
surements used to determine dc conductivity, osmotic 
pressure, and so on. 

It is well-known that dielectric relaxation spectros- 
copy for the linear polyions in the semidilute region shows 
two kinds of relaxation processes, i.e. the low-frequency 
and high-frequency ones. The former strongly depends 
on the degree of polymerization, N, or the molecular weight 
M, of a polyion"' while the latter is nearly independent 
of N.l0'" The N dependence of the low-frequency relax- 
ation indicates that this relaxation is ascribable to the 
fluctuation of the bound counterions along the polyion 
axis.'*3 

On the other hand, the molecular mechanism for the 
high-frequency relaxation has long been controversial. The 
mechanisms proposed so far are the Maxwell-Wagner ef- 

* Correspondence should be sent to K. Ito, Ph.D. 
Present address: Research Institute for Polymers and Textiles, 

1-1-4 Higashi, Tsukuba, Ibaraki 305, Japan. 

fect,l0 the bound counterion fluctuation along the oly- 
ion within the range of the correlation length, [?"and 
the bound counterion fluctuation perpendicular to the 
polyion axis.1913-16 The correlation length, [, is the param- 
eter that characterizes the concentration regions of the 
polyion solution'' and is identified with the average dis- 
tance between polyions both in the dilute and semidi- 
lute regions in the case of no added salts. Incidentally, 
the C dependence of E is given by [ 0: Cp-lI3 and a 

(&-'/'in the dilute and semidilute regions, respectively. 
The frequency-domain electric birefringence (FEB) spec- 

troscopy has been recently developed and applied to the 
linear polyion solutions in the semidilute region." This 
technique enables us to obtain information on the dielec- 
tric anisotropy, i.e., on the direction of electric polariza- 
tion which contributes to each relaxation process. The 
FEB result for sodium polystyrene sulfonate (NaPSS) 
in the semidilute solution has shown that the direction 
of the polarization in the high-frequency relaxation is per- 
pendicular to that in the low-frequency one. This clearly 
indicates that the high-frequency relaxation in the semi- 
dilute region is ascribable to the counterion fluctuation 
in the direction perpendicular to the polyion axis, namely, 
the interpolyion direction. 

This type of interpolyion fluctuation of bound coun- 
terions is expected to be observed in the dilute region as 
well as in the semidilute one. The purpose of the present 
paper is to obtain a detailed picture of the high- 
frequency dynamics of the bound counterions in the poly- 
ion solution by measuring e*  of aqueous NaPSS with dif- 
ferent N over a wide Cp range from the dilute to the 
semidilute region. 

Experimental Section 
The NaPSS samples used in this measurement are listed in 

Table I. Seven kinds of monodisperse NaF'SS samples with 
different N were purchased from Pressure Chemical Co. The 
NaPSS solutions were all dialyzed against freshly deionized water, 
passed through a mixed-bed ion-exchange column, neutralized 
by adding a freshly prepared NaOH solution, and used after 
dilution with pure water. 

The c* measurement in the high-frequency range of 1 MHz 
to 1 GHz was carried out by using the RF impedance analyzer 
(HP 4191A). The specimen cell used was a coaxial type of cylin- 
drical condenser with platinum-plated stainless steel elec- 
trodes. We performed the comparative measurements between 

0024-9297/90/2223-0857$02.50/0 0 1990 American Chemical Society 



858 Ito et al. Macromolecules, Vol. 23, No. 3, 1990 

Table I 
Degree of Polymerization (N) of NaPSS Samples Used in 

the Present Measurement 
samples N 

P1 
P2 
P3 
P4 
P5 
P6 
P7 

3800 
2000 
lo00 
500 
350 
170 
87 

the polyion solution and the KCl one with the same conductiv- 
ity as the polyion solution to eliminate the influence of resid- 
ual resistance between the cell and the test port of the imped- 
ance analyzer. 

On the other hand, the measurements below 1 MHz were 
carried out by the multifrequency simultaneous measurement 
technique using a sum of sinusoidal waves with a geometrical 
frequency series of the common ratio 2. The cell used in the 
measurements was a parallel-plate condenser type with black- 
platinized platinum electrodes. The outline of this technique 
was described in previous papers.’p20 

The C, range of the polymer solutions was 0.05-60 g/L, which 
covered dilute and semidilute regions. All the measurements 
of E* were performed at 20.0 f 0.1 O C .  

Results 
As a typical example of the results, Figure l a  shows 

the complex dielectric constant e* = t’ - it” of a solution 
of NaPSS of the sample P3 with Cp = 0.4 g/L, where 
the contributions of both the dc conductivity, a(O), and 
the dielectric constant, ts, of the solvent have been sub- 
tracted. The Cole-Cole plot obtained from the data in 
Figure l a  is given as Figure lb. In parts a and b of Fig- 
ure 1, closed circles represent the observed data points 
and the solid curves are the best fitting ones obtained by 
an iterative type of nonlinear least-squares method with 
the semiempirical formula of Havriliak-Negamk21 

where to is the vacuum permittivity equal to 8.854 X 
F/m and €(a) is the high-frequency limit of E*. The first 
and second terms on the right-hand side of eq 1 corre- 
spond to the low-frequency and high-frequency relax- 
ations, respectively. In these terms, A€ is the dielectric 
increment and T’ is the nominal relaxation time. The 
average relaxation time, T,  is calculated from the peak 
frequency, f,, of t” in each relaxation as T = 1/(27rfm). 
The parameters a and 0 represent asymmetry and broad- 
ness in the distribution of relaxation times. The suffix 
L in eq 1 stands for the low-frequency relaxation, while 
no suffix means the high-frequency relaxation. Parts a 
and b of Figure 1 indicate that the observed data are in 
a good’agreement with the best fitting curves using eq 1, 
which give us the optimum values of relaxation parame- 
ters At, T ,  a, and P. 

The high-frequency relaxation data and the best fit- 
ting curves are shown in Figure 2 over a C, range of 0.05- 
29 g/L for the sample P2. The figure indicates that the 
peak frequency, f,, increases with increasing C, while 
the dielectric increment Ae is nearly independent of C, 
for a wide range of Cp’s, i.e., from 0.05 to 29 g/L. 

As shown in parts a and b of Figure 3, the Cp depen- 
dences of T and At of the samples P3, P4, P5, and P6 
have a slope change a t  some concentration CG that is 
different for each sample. This turning point concentra- 
tion, C,, which decreases with increasing degree of poly- 
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Figure 1. (a) Real part, e’, and imaginary part, e”, of the com- 
plex dielectric constant, e*, of a NaPSS solution of the sample 
P3 with Cp = 0.4 g/L. (b) Cole-Cole plot obtained from the 
data in Figure la. In both the figures, the closed circles repre- 
sent the observed data points and the solid curves are the best 
fitting ones by eq 1. 

FREQUENCY i H z  
Figure 2. High-frequency relaxation data of e’ and e” for the 
sample P2. Each symbol represents C,: 0, 0.05 g/L; A, 0.2 g/ 
L; A, 1 g/L; 0,4 g/L; 0 , 2 9  g/L. The solid curves are the best 
fitting ones by eq 1. 
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Figure 3. (a) Doubly logarithmic plot of T against C,; the solid 
straight lines have a slope of -1 or -2/3. (b) Doubly logarith- 
mic plot of At against C,; the solid straight lines have a slope 
of 0 or 1/3. In both the figures, each symbol represents a sam- 
ple difference: M, P1; A, P2; 0, P3; V, P4; 0, P5; A, P6; 0, P7. 
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Figure 4. Doubly logarithmic plot of u(0) against C,. Each 
symbol represents the sample difference as in Figure 3; the solid 
straight line has a slope of unity. 

merization, N ,  can be identified with the crossover con- 
centration from the dilute region to the semidilute one. 
As extreme examples, the samples P1 and P2 with the 
largest N always belong to the semidilute one while the 
sample P7 with the smallest N always belongs to the dilute 
one. The Cp dependences of 7 and Ac for all the sam- 
ples in Figure 3 are summarized as 7 0: Cp-2/3, Ac a Cp1I3, 
for the dilute region and 7 a CP-', Ac 0: Cpo, for the semi- 
dilute one, respectively. The dependence for the semid- 
ilute region is not in agreement with that obtained by 
van der Touw and Mande1.l' 

The N dependences of r and Ae are found only in the 
dilute region and not in the semidilute one, as seen in 
parts a and b of Figure 3. Incidentally, the parameters 
a and /3 for the high-frequency relaxation were nearly 
unity (a 1 0.95 and /3 1 0.9) for all the solutions of NaPSS, 
which indicates that the high-frequency relaxation pro- 
cess is close to Debye type. 

Figure 4 shows that the dc conductivity, do), increases 

Dilute Semldilute 

Dilute Semidilute 

\ '  \ 

Figure 5. Polyions distributed with the average distance or 
the correlation length, 6, in the dilute and semidilute regions. 
(a) The profiles of the electrostatic potential, q, in both regions 
are considered to have an approximate periodicity of 5. (b) The 
cell models with the spherical free volume in the dilute region 
and with the cylindrical free volume in the semidilute one where 
np is the number concentration of polyions and L, the polyion 
contour length. 

linearly with Cp for samples P4, P5, and P6 and that the 
crossover behavior found in Figure 3 is not observed in 
do). 
Discussion 

As mentioned in the Introduction, the FEB result shows 
that the high-frequency relaxation in the semidilute region 
is ascribable to the counterion fluctuation in the direc- 
tion perpendicular to the polyion axis. The present results 
of the dielectric measurements indicate that 7 has a strong 
C, dependence in both the dilute and semidilute regions, 
which cannot be explained by the independent contribu- 
tion from the isolated polyions. In other words, we have 
to take into account the interpolyion interaction in the 
high-frequency relaxation process. We will then discuss 
the electric potential profile between polyions. 

Figure 5a schematically shows the dilute and semidi- 
lute regions with no added salts where the polyions are 
distributed in solution with the average distance equal 
to the correlation length, 5. To consider the electric poten- 
tial exerted on counterions in such systems, we can use 
the cell which assumes, for each polyion, a spher- 
ical free volume in the dilute region or a cylindrical one 
in the semidilute region with a diameter equal to the aver- 
age distance between polyions as shown in Figure 5b. The 
electric potential calculated from the cell model (or free- 
volume model) in both the dilute and semidilute regions 
should have an approximate periodicity of 5 as shown in 
Figure 5a; in fact, the theoretical results for the semidi- 
lute region predict a spatial profile of the potential strongly 
dependent on The bound counterions producing the 
high-frequency relaxation move or fluctuate in such an 
electric potential affected by the interaction between poly- 
ions. 

The recent theoretical calculations based on the Pois- 
son-Boltzmann (PB) equation have shown23124 that the 
bound counterions in the semidilute region are classified 
into two groups: the tightly bound counterions in the clos- 
est vicinity to the polyion and the loosely bound ones 
distributed around the tightly bound ones. On the other 
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hand, it is expected that there exist loosely bound coun- 
terions also in the dilute region, though a theoretical cal- 
culation has not been carried out because of the diffi- 
culty imposed by the boundary conditions. Now the ques- 
tion is which one of the two groups of bound counterions 
contributes to the high-frequency relaxation. 

The tightly bound counterions are densely distributed 
around the polyion within a narrow range of the same 
order as the polyion radius and are trapped in a strong 
electric potential due to the charges of the dissociated 
groups on the polyion. The distribution of the tightly 
bound counterions in the semidilute region is nearly inde- 
pendent of C, because they are hardly affected by the 
ionic atmosphere arising from the other groups of coun- 
terions (i.e., the loosely bound counterions and free coun- 
terions) whose concentration is proportional to Cp.23,24 

The loosely bound counterions, on the other hand, are 
sparsely dispersed in a shallow electrostatic potential, \k, 
which has a depth on the order of thermal energy kT, 
owing to the shielding effect of the tightly bound coun- 
terions on the polyion charges, and has an approximate 
periodicity of 4, as shown in Figure 5a. The loosely bound 
counterions in such a shallow potential valley (basins or 
troughs) can move locally or fluctuate within the range 
of 4 and would cause the polarizability in the direction 
perpendicular to the polyion axis in the semidilute region. 
Since 5 depends on C,, the polarizability due to the loosely 
bound counterions should have a strong C, dependence 
in its magnitude and relaxational behavior. The present 
experimental result that r has a strong C, dependence 
in both the dilute and semidilute regions suggests that 
the high-frequency relaxation is ascribable to the local- 
ized movement or fluctuation of the loosely bound coun- 
terions within the range of E. 

Now we estimate the C, dependence of T from that of 
4 in both of the two regions. In the case of the dielectric 
relaxation due to the counterion fluctuation within the 
range of 4, T is given by 

(2 )  
where D is the diffusion constant of counterions. 

Through a simple geometrical consideration based on 
the cell models for the dilute and semidilute regions as 
shown in Figure 5b, we obtain the Cp and N depen- 
dences of 4 in both regions as 

r - E2/2D a 4' 

4 = nP -1/3 0: Cp-1/3Nl13 dilute (3) 

4 N (npL,)-"2 a CP-'/'fl semidilute (4) 
where np is the number concentration of polyions and 
L, the polyion contour length. By substituting 4 in eq 3 
and 4 into eq 2, we obtain the C, and N dependences of 
r as 

7 a C,-2/3N2/3 dilute (5) 

r a Cp- ' f l  semidilute (6) 
These dependences in the dilute and semidilute regions 
agree well with the experimental results, as shown by solid 
lines in Figure 3a. 

The dielectric increment, A€, on the other hand, can 
be estimated for the mechanism of the counterion fluc- 
tuation as follows. The electrical polarizability a, due 
to a loosely bound counterion is given by 

= ( p 2 ) / k T  (7) 
where ( p 2 )  is the mean-square fluctuation of dipole 
moment, p, produced by the counterion. The dielectric 

/ I  0 1  

- 1  0 1 2 
l o g  ( C d g l l - 1 )  

Figure 6. Doubly logarithmic plot of eOAE/r against C,. Each 
symbol represents the sample difference as in Figure 3; the solid 
straight line has a slope of unity. 

increment, At, is expressed in terms of a, as 

At = nLae/eo (8) 

At = nL(p2)/(cokT) (9) 

where nL is the number concentration of the loosely bound 
counterions. Introducting eq 7 into eq 8, we have 

Since the loosely bound counterion fluctuates within the 
range of 4, ( p 2 )  is estimated as 

b2) - e2t2 (10) 
where e is the elementary charge. Substitution of eq 10 
into eq 9 yields 

(11) 
Theoretical calculations23324 have shown that nL is pro- 

portional to C, in the semidilute region. From eq 2 and 
11, we have an expression for nL as 

At - nLe2[2/(tokT) a nLl2 

nL 0: toAt/7 (12) 
Figure 6 shows €,A€/ r calculated from the observed r and 
At, which indicates that nL is proportional to C, and inde- 
pendent of N in the dilute region as well as in the semi- 
dilute region. Then, the C, and N dependences of A6 
are obtained from eq 11, 3, and 4 as 

At 0: Cp1/3fl/3 dilute (13) 

At 0: C:fl semidilute (14) 
which agree well with the experimental results, as shown 
by solid lines in Figure 3b. 

To demonstrate the N dependence of T and A€ more 
clearly, parts a and b of Figure 3 are replotted as parts 
a and b of Figure 7 by using reduced (i.e., dimensionless) 
parameters 2Dr/L,2 and npL;, which correspond to r 
and C,, respectively. As seen in parts a and b of Figure 
7, the experimental data points are all on two master 
curves (straight lines) and the crossover concentration, 
CG, is found independently of N as an inflection point 
between the two lines. This clearly indicates that the 
crossover behavior in the C, dependence of r and At results 
from that o f t  given by eq 3 and 4. Then, it is concluded 
that the high-frequency dielectric relaxation in the dilute 
and semidilute regions is ascribable to the localized move- 
ment or fluctuation of the loosely bound counterions within 
the range of 5 in both the regions. 

Figure 7c shows that the reduced parameter A L C 2 /  
2 0 7  corresponding to A c / r  is proportional to npLC3 and 



Macromolecules, Vol. 23, No. 3, 1990 

- 1  

m3800 

- 1000 
- 2  A 2000 

cu 
0 
1 
\ 
b - 3  n 
2 
[5) 
0 - 

-4 

2 

h 

W 

3 1  
0) 
0 - 

9 

6 

- 2 5  
0 
c\i 
\ 
0 
J 
N 

w 4  
2 
n, 
- 

3 

2 

I I I I 
0 1 2 3 

l og  ( n p ~ c ~ )  

(C) 

I I I 
0 1 2 3 

P I  
l og  (npLc3) 

Figure 7. (a) Doubly logarithmic plot of 2D7/L,2 against n&:; 
the solid straight lines have a slope of -1 or -2/3. (b) Doubly 
logarithmic plot of Ac against n&2 the solid straight lines have 
a slope of 0 or 1/3. (c) Doubly logarithmic plot of Ad,2/2D7 
against n&:; the straight lines have a slope of unity. In these 
figures, each symbol represents the sample difference as in Fig- 
ure 3. 

that the proportional constant At/2DrnpL, is larger in 
the dilute region than it is in the semidilute one. This 
can be interpreted as follows: in the dilute region, the 
movement of the loosely bound counterions in all three 
directions contributes to the high-frequency relaxation 
while, in the semidilute region, only the motion in the 
two directions perpendicular to the polyion axis contrib- 
utes. Thus, even if the number ratio of the loosely bound 
counterions to the total ones is the same in both regions, 
Ac12D7npL, in the dilute region should be 1.5 times as 
large as it is in the semidilute region. This ratio roughly 
agrees with the experimental value 1.3 obtained from the 
limiting values of the dilute and semidilute regions in 
Figure 7c, which indicates that nearly the same ratio of 
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the loosely bound counterions to the total ones contrib- 
utes to the high-frequency relaxation in both regions. 

The experimental result% by the small-angle X-ray scat- 
tering (SAXS) has revealed the correlation peak corre- 
sponding to in the wavelength dependence of the scat- 
tering intensity and the crossover behavior for the Cp 
dependence of the peak in the dilute and semidilute regions 
of the NaPSS solution. The existence of the correlation 
peak, which is understood in terms of the correlation hole 
concept,2e means the narrow distribution of the inter- 
polyion distance resulting from the electrostatic (Cou- 
lombic) repulsion between polyions. The present result 
that the high-frequency relaxation process is close to Debye 
type may be ascribed to this narrow distribution. 

The value of np corresponding to the crossover con- 
centration, CG, is estimated from parts a and b of Fig- 
ure 7 as 

npL,3 N 10 (15) 

which is almost independent of N and in a good agree- 
ment with the observed results by SAXS.26 These results 
mean that dielectric relaxation spectroscopy is useful for 
obtaining information about 4 over a wide Cp range from 
the dilute region to the semidilute, since the high- 
frequency relaxation process is closely related to [ and 
has a sufficiently large dielectric increment to be detected 
even in a very dilute region. 

In conclusion, the dielectric relaxation spectroscopy for 
the polyion solutions has revealed that the crossover behav- 
ior of the high-frequency relaxation in the dilute and semi- 
dilute regions is well explained in terms of the correla- 
tion length, 4, which has a different Cp dependence in 
both the regions, and that the molecular mechanism of 
the high-frequency relaxation is ascribed to the local- 
ized movement or fluctuation of the loosely bound coun- 
terions within the range of t ,  namely, the average dis- 
tance between polyions. The dielectric relaxation spec- 
troscopy can afford the information not only on the profile 
of Coulombic potential in which the bound counterions 
fluctuates but also on 4 over a wide range of Cp from the 
dilute to the semidilute. 
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ABSTRACT: The concentration dependence of the porosity of aqueous amylose gels was determined using 
two complementary experimhntal approaches. In the first, the volume of the gel accessible to probe spe- 
cies was investigated and an average pore size calculated. The probe species included globular proteins, 
flexible coil polysaccharides, and latex spheres. In the second, the effect of the gel network on retarding 
the diffusion of a globular protein (bovine serum albumin) was examined. The retardation in diffusion 
was considered to be due to hydrodynamic screening. The observed concentration dependence of screen- 
ing length was compared to that predicted by recent theoretical approaches. 

Introduction 
The diffusion of solutes through porous media, includ- 

ing polymeric matrices, has many practical applications 
including the controlled release of pharmaceuticals and 
agro~hemicals.l-~ Usually the solute is a low molecular 
weight species. The rate of release may be manipulated 
by controlling the extent and rate of swelling of the matrix 
and hence the pore size. I t  is also of interest to study 
the diffusion of macromolecular species in similar matri- 
ces. In some applications, the controlled release of enzymes 
may be an objective; in others, enzymes may be used to 
degrade the polymer matrix which contains the active 
ingredient. In either case, in order to manipulate the 
rate of release, it  is necessary to understand the relation- 
ship between the pore size of the matrix and the diffu- 
sion rate and accessibility of the macrom~lecule.~'~ 

The study of the diffusion of probe species in semidi- 
lute macromolecular solutions and gels is a topic of con- 
tinuing resear~h."~ An early theoretical approach mod- 
eled the polymer solution or gel as a random collection 
of fixed rigid rods. A diffusive step was not allowed if it 
would have involved collision with obstacle.1° More 
recently, hydrodynamic screening has been thought to 
be a more appropriate description of the physical ro- 
cess responsible for the retardation of diffusion."-la) In 
these approaches, semidilute solutions were considered 
as a three-dimensional fishnet characterized by an aver- 
age mesh size, [, which corresponds to the distance between 
two entanglement points. The hydrodynamic behavior 
of a probe molecule depends strongly on the ratio of the 
probe hydrodynamic radius, RH, to the mesh size, [. When 
RH << [, the matrix appears as a continuum, and the 
Stokes-Einstein relationship 

D = k , T / 6 ~ v R ,  (1) 
may be used to describe the diffusion process, where D 
is the diffusion coefficient of the probe, kB and T have 
their usual meanings, and q is the macroscopic viscosity 
of the polymer solution. When RH and E are of compa- 
rable scale, the hydrodynamic behavior of the probe mol- 
ecule diverges from eq l and shows a strong dependence 
upon polymer concentration. There has been recent inter- 
est, both t h e o r e t i ~ a l l ~ ~ ~ ~  and e~per imenta l ,~*~***~ on the 
influence of polymer concentration on mesh size and on 
the diffusion of probe particles in polymer networks. There 
have been fewer studies on probe diffusion in gel matri- 
ces, although the diffusion of dextrans in agarose gels 
has recently been examined by quasi elastic light scat- 
tering (QELS)." Polymer gels are usually pictured as 
infinite three-dimensional networks, within which the poly- 
mer molecules mobility is rather small. In this case, when 
RH >> E, the probe particle is totally excluded from the 
gel. Usually the mesh size varies over a quite wide range, 
and the gel may be more or less accessible to probe spe- 
cies of a varying size range. 

The study of the effect of networks on diffusion and 
accessibility of macromolecular probes is important to 
understanding factors that might limit the enzymic deg- 
radation of porous biopolymeric materials and is thus 
relevant to biotransformations, nutrition, and some con- 
trolled release applications. In this study the porosity 
of a gel network of the starch polymer amylose was exam- 
ined. 

Amylose is an essentially linear polysaccharide com- 
posed of a-( l-U-linked D-glucose units. Concentrated 
aqueous solutions of amylose form turbid gels on cool- 
ing to room temperat~re. '"~'~ The turbidity of the gels 
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