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ABSTRACT: Light and small angle X-ray scattering measurements have been made on chemically cross-
linked poly(vinyl alcohol-vinylacetate) copolymer hydrogels and on the corresponding semidilute solutions.
The results of these observations are compared with elastic and osmotic measurements performed on the
same networks. The variation of the intensity of the dynamic component of the scattered light was investigated
as a function of the cross-linking density. At low cross-linking density, the observed intensity arising from
concentration fluctuations in the gel exceeds that of the corresponding solution, while at higher cross-linking
density the opposite is true. In the solution, the intensity correlation function exhibits two well-separated
relaxation processes, both of which are diffusive; i.e. the relaxation rates vary as Q2. The fast relaxation
process describes the cooperative motions of the polymer in the solvent.

Introduction

Recently, several investigations have been performed
to determine the scattering and osmotic properties of
various hydrogels.!-6

However, owing to specific interactions in aqueous
solutions, e.g. hydrogen bonding or associations of ionic
groups, hydrogels generally favor the formation of clusters
or other superstructures. Usually such processes are time
dependent, with the result that the equilibrium properties
are poorly defined. The large size range of molecular
superstructures in poly(vinyl alcohol)-water has been
observed by small angle neutron scattering.2

In arecent paperé we investigated the osmotic and light
scattering behavior of poly(vinyl alcohol) hydrogels and
solutions. A comparisonwas made between thestaticlight
scattering response of this system with that of a poly-
(vinyl alcohol-vinyl acetate) copolymer in water. It was
found that presence of the acetate groups significantly
influences the static structure of both gel and solution.
These modifications are accompanied by changes in the
concentration dependence of the elastic modulus. In
contrast to PVA~water, over the time scale of the
observations, the copolymer system exhibits nosignificant
variation in its static scattering properties.

In this paper we report measurements of dynamic and
staticlight scattering, small angle X-ray scattering (SAXS),
as well as osmotic swelling pressure and elastic modulus
in the poly(vinyl alcohol-vinyl acetate) (P(VA-VAc))
hydrogel system, prepared by random chemical cross-
linking. Theeffect of cross-linking density on the intensity
and relaxation rates of the dynamically scattered light
was investigated.

The osmotic and scattering properties of aqueous P(VA-
VAc) copolymer gels are compared with those of P(VA-
VAc) copolymer solutions.
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Theoretical Background

Thermodynamic Description. In agreement with
previous experimental evidence,”12 we adopt the assump-
tion of Flory and Rehner!3that the free energy of a swollen
network can be expressed as the sum of a mixing and an
elastic component

AFy, = AFy,, + AE,,, ey

In distinction to the assumption of ref 13, however, AFp;x
may differ significantly from that of the solution.”!2
Theoretical attempts, based on modifications to the
polymer-solvent interaction in the vicinity of the cross-
link points, have been proposed!!5 to explain such
differences.

In an osmotic experiment, the observable quantities
involve the derivative of AFy;;, which, with a Flory-
Huggins type equation,!6 can be expressed as

AFmix
I=- a(—v—)/an1 =
- (RT/v)[In1 - @) + 1 =P e+ x& + we’l (2)

Here I1 is the osmotic pressure, n; is the number of moles
of solvent, ¢ is the polymer volume fraction, v is the molar
volume of the solvent, x and w are interaction parameters,
and P is the degree of polymerization (for a cross-linked
polymer P = =),

According to scaling considerations,!? the osmotic pres-
sure of a polymer solution in the semidilute regime exhibits
a power law behavior

I=A¢" 3)
where A is a constant, and n =~ 9/4 in good solvent
conditions.

The theory of rubber elasticity!®9 yields for the elastic
modulus G

AF.
G= a( v‘“")/an1 = kT¢e'/? @)
where { is the cycle rank of the network.

Scattering Considerations. At small values of the
transfer wave vectors @ [=(47n/\) sin(8/2), where n is the
refractive index of the medium, A is the wavelength of the
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incident radiation, and 8 is the scattering angle], the elastic
scattering intensity from a neutral polymer solution is’

kT, - p)"¢ 1

K, 1+ Q%
where a is an apparatus constant, £ is the concentration
correlation length, and (pp — ps)? is a contrast factor. In
an X-ray scattering experiment p, and p, are the electron
densities of the polymer and the solvent, respectively. In
a light scattering experiment the contrast factor is given
by 1672n¢2(dn/d¢)% (ap?A), where nyis the refractive index
of the solvent and p is the polymer mass density. The
quantity K, = ¢ (3I1/d¢) is the osmotic compressional
modulus of the solution.

For gels, owing to their finite elasticity, the osmotic
pressure II is replaced by the swelling pressure, w. The
scattered intensity is then governed by the longitudinal
osmotic modulus?

M,, = pdw/dp + (4/3)G 6)

where ( is the shear modulus of the swollen network.

Inlight scattering experiments the intensity arising from
concentration fluctuations in a polymer solution is ex-
pressed in terms of the Rayleigh ratio R(8)

R(0) = R(0)gpyti0n — RO = RTK¢/(0I1/3¢) (7)

where K = 1672n¢%(8n/d¢)2/ (02A*N,) and Ny is Avogadro’s
number.

Ingels thescattered intensity at small @ is usually greater
than in the corresponding polymer solutions. Excess
intensity is scattered by permanent concentration fluc-
tuations in the network structure resulting from local
variations in cross-linking density. This concentration
polydispersity is an analog of molecular weight polydis-
persity encountered in dilute polymer solutions. The
thermodynamics of polymer gels are, however, principally
governed by the short range concentration fluctuations in
the system.521-23

IQ=a (5

solvent

Experimental Section

Sample Preparation. Gels were prepared in aqueous solu-
tions by cross-linking P(VA-VAc) linear copolymer with gluta-
raldehyde? at pH = 1.5. For the experiments a fractionated
polymer sample was used (M, PVA-Vee) = 128 000), where the
acetate content was 12% (mol/mol). The copolymer was prepared
by equilibrium reacetylation of a fully hydrolyzed poly(vinyl
alcohol) sample which yields the most random distribution of
acetate groups.25 Cross-links were introduced at polymer weight
fractions 3.0, 4.0, 5.0, 6.0, 7.0, and 8.0% (w/w). The molar ratio
of monomer units to the molecules of cross-linker was 200 at
each concentration. For the 6% gel, a series of samples with
different molar ratios (200, 150, and 100) were synthesized.

For the calculation of the polymer volume fractions, ¢, the
densities of the pure components (opva-vae = 1.246 g cm~3 and
pwater = 0.9971 g cm-3) were used.

Swelling and Mechanical Measurements. The swelling
pressure of the gels was obtained as a function of ¢ using a
modified deswelling method,?® whereby gels were equilibrated
with aqueous poly(vinyl pyrrolidone) (M, = 29 000) solutions of
known osmotic pressure.?’” Asemipermeable membrane between
the gel and the solution prevented diffusion of the polymer
molecules into the swollen network.

Theshear modulus measurements were performed on isometric
cylindrical gel specimens prepared in a special mould. Swollen
networks were uniaxially compressed (at constant volume)
between two parallel flat plates.?® The stress-strain data were
determined in the range of deformation ratio 0.7 < A < 1. No
volume change or barrel distortion was detected.

Light Scattering. Static and dynamic light scattering
experiments were performed using an ALV/SP-86 automatic
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Figure 1. Double logarithmic plot of the shear modulus G as
a function of deswelling in six P(VA-VAc) gels prepared at
different concentrations. The dotted straight lines through the
data sets from each gel give the power law behavior of the modulus
in the concentration range ¢ < 0.18. The slope of these lines is
0.33 + 0.01. The steep continuous line shown through the data
at equilibrium swelling with the pure diluent has a slope of 2.3.

goniometer (ALV, Langen, Germany) at 25 °C in the range of
angles 30° < 4 < 150°. A Spectra Physics 2020 krypton ion laser
working at A = 647.1 nm was used at a power level of approximately
300 mW. The intensity correlation functions were accumulated
on an ALV-3000 multibit correlator. The analysis of the
correlation function was performed by inverse Laplace trans-
formation using the CONTIN® routine.

The solution and the gel samples were prepared in Hellma
cylindrical cells of inner diameter 8 mm. Dust was removed by
filtering the homogenized solutions directly into the light
scattering cells through Millipore filters of pore size 0.45 um.
The sample cell in the goniometer was surrounded by a refractive
index-matching bath (decalin), which was thermostated by
circulating water. For the absolute intensity calibration the
scattering from pure toluene was measured.

During the static light scattering measurements the sample
cells were rotated continuously in the goniometer unit to ensure
full averaging of the scattered light intensity. In the dynamic
measurements the intensity correlation function and the static
scattered intensity were determined simultaneously at fixed
positions of the sample.

For the experimental setup the collection optics coherence
factor, 8, was found to be 0.93 % 0.02.

Synchrotron Radiation Scattering. The X-ray scattering
measurements were made on the D24 instrument on the DCI
‘s&ynchrotron at LURE Orsay. Theincident wavelength was 1.608

The solution and the gel samples were contained in cells
consisting of thin mica windows sealed in an air-tight stainless
steel housing to prevent evaporation of the solvent. The spacing
between the windows was defined by a 1 mm thick stainless steel
washer. An 18 cm linear gas filled detector with a resolution of
512 points was situated at 170 ¢cm from the sample, and an
evacuated tube with Kapton windows was placed in the inter-
vening space. To minimize the possibility of radiation damage
to the samples, short exposure times (ca. 900 s) were used.

The sample blanks for background subtraction consisted of
pure water contained in the same cell as was used for the sample
measurement; this procedure ensured that sample and back-
ground had identical thickness.5%2

All the experiments were conducted at 25 °C.

Results and Discussion

Swelling and Mechanical Results. In Figure 1 the
shear moduli of the P(VA-VAc) gels are displayed as a
function of polymer volume fraction in a double logarithmic
plot. In this representation, according to eq 4, the slopes
of the straight lines through data sets from each sample
(dotted lines in Figure) should display a slope of 1/3. The



Macromolecules, Vol. 26, No. 13, 1993

log II / kPa

25

o W+G (gels)
+ Il(solution)

-2.0 -1.0 0

log ¢
Figure 2. Double logarithmic plot of the osmotic pressure of
the P(VA-VAc) solutions (crosses) and the sum (w + Q) for the
gels (circles) as a function of polymer volume fraction ¢. The
continuous line is the fit of eq 2 to the gel data points and the
dotted line is that of eq 3.
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Figure 3. Zimm representation of the SAXS spectrum for a
P(VA-VAc) solution at ¢ = 0.1026. The continuous straight line

is the fit to eq 5 of the data points from the region inside the
vertical bars shown.

experimental results are in agreement with this value. The
continuous curve connecting the lowest concentration
points of each data set has a slope 2.3, in close agreement
withlshe scaling exponent 9/4 expected for fully swollen
gels.

With the additivity assumption for the elastic and
mixing free energy terms asin eq 1, the osmotic component
of the swelling pressure, I1;, in the swollen network can
be expressed as

N.=o+G ®

where the measured values of G are shown in Figure 1. In
Figure 2,* both the osmotic pressure II of the un-cross-
linked P(VA-VAc)/water solutions and (v + G) for the
gels are plotted as a function of ¢. The data from the
solutions lie higher than those of the gels. In this figure,
the results from all the gel samples prepared at different
polymer concentrations are represented by the same
symbol (open circles). Within the experimental error, all
these points fall on a single master curve. Theleast-squares
fits of (w + G) to eqs 2 and 3 are shown (continuous line,
eq 2, with® x = 0.479, w = 0.379; dotted line, eq 3, with 4
= 4602 kPa, n = 2.22). Note that for the gels, the
experimental data are represented quite well by both the
Flory-Huggins and the scaling expressions.

SAXS and Static Light Scattering Results. In
Figure 3, the SAXS scattering spectrum from a P(VA-
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Figure 4. Plot of ¢/(9I1/d¢) for four P(VA-VAc) solutions as a
function of polymer volume fraction: crosses, dynamic light
scattering data; circles, SAXS data. The continuous curve is
calculated from eq 2, using the parameters determined from the
fit shown in Figure 2. The dotted line is calculated from the fit
toeq 3.
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Figure 5. Double logarithmic representation of the normalized

scattering intensity I(Q) vs Q for a P(VA-VAc) gel at ¢ = 0.0321:

X, static light scattering; +, SAXS; O, dynamic light scattering.

The dotted line is the least-squares fit of eq 5 through the SAXS

data points.

VAc) solution (¢ = 0.1026) is displayed in a Zimm
representation. The correlation length determined from
this spectrum is 20.4 A. The straight line through the
experimental points is the least-squares fit to eq 5 in the
Guinier region (@£ < 1). The vertical bars indicate the
limits of the data points used in the fitting procedure.
According to eq 5, the intensity at @ = 0 is inversely
proportional to the osmotic compressional modulus of the
solution. At the concentration of this sample the value of
this modulus, calculated from the solution data of Figure
2, is K, = 64.5 kPa.

In Figure 4 the normalised SAXS (circles) and dynamic
light scattering (crosses) intensities are displayed for
P(VA-VAc) solutions at four concentrations. The con-
tinuous line shows the variation of ¢/(dI1/d¢) calculated
from eq 2 with the parameters x = 0.463 and w = 0.411
obtained from the osmotic pressure data. The dotted line
is the corresponding function calculated from eq 3, with
parameters A = 5791 kPa and n = 2.11 from the fit to the
same osmotic data.

A typical light scattering spectrum of a gel (¢ = 0.0321)
is shown in Figure 5 (denoted by the symbol X) together
with the SAXS spectrum of the same sample (+). In this
figure, the absolute intensity scale of the SAXS spectrum
was obtained by normalization with the osmotic com-
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Figure 6. Normalized dynamic light scattering intensity cor-
relation functions G(r) - 1 from P(VA-VAc) solution (O) and gel
(+) at ¢ = 0.0402. Scattering angle, § = 90°.

pressibility® of the P(VA-VAc) solution for which the
SAXS spectrum is shown in Figure 3. The dotted line is
the least-squares fit of the SAXS data points in the Guinier
region toeq 5. It can also be seen from the figure that the
static light scattering data points lie significantly above
the value of I(Q) extrapolated from the SAXS spectrum.
The pronounced angular dependence of the scattered light
intensity betrays the presence of structural nonunifor-
mities, the characteristic size of which is comparable with
the incident wavelength. As the light scattering spectra
are increasingly dominated at smaller @ vectors by large
static superstructures that scatter light more strongly than
the dynamic concentration fluctuations,33! the static
scattering intensity cannot be related to the thermody-
namic properties in a straightforward way. The fitting
procedure to the SAXS data assumes that the large scale
static nonuniformities do not make their influence felt in
the high @ region, i.e. in the region where the scattering
spectrum is dominated by the polymer-polymer corre-
lation length.

Quasielastic Light Scattering. In Figure 6 the
intensity correlation functions G(r) - 1 at scattering angle
8 = 90° are shown for a P(VA-VAc) solution and the
corresponding gel (¢ = 0.0402). In this figure, it can be
seen that the initial amplitude of the correlation function
G(0) - 1 for the gel spectrum is severely reduced and that
only one relaxation mode is present.

Analysis of the intensity correlation function G(&,7) for
asolution of diffusing particles can be performed according
to the homodyne scheme whereby32

G@Q,7) =1+ 8lg@,n}* 9)

where g(Q,7) is the normalized field correlation function
and B is the coherence factor (8 < 1).

In a system containing static nonuniformities, the
detection mode becomes heterodyned, with a resulting
intensity correlation function given by3334

G@Q,n =1+ B[2X(1 - X)g@Q,n) + X*2(Q,n%] (10)

where 7 is the delay time and X = Iyyn(Q)/1:,t(Q). Here,
I3m(Q) is the time average of the intensity of the dynamic
component and I:(@) is that of the total scattered
intensity. As mentioned above and illustrated in Figure
5, the static light scattering intensity from the P(VA-
VAc) hydrogels is much stronger than that due to
concentration fluctuations. A visible consequence of this
heterodyning is the reduction of the initial amplitude of
intensity correlation function G(Q,0), as is apparent for
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Figure 7. Double logarithmic plot of the collective diffusion
coefficient D, as a function of polymer volume fraction ¢ for
P(VA-VAc) solutions (O) and gels (+). The lines shown are the
least-squares fits through the respective experimental points.

the gel spectrum displayed in Figure 6. For this particular
spectrum the ratio X = 0.12. Thus the analysis of the gel
correlation functions requires the use of eq 10. It was
found that the gel spectra could be satisfactorily repre-
sented by a single relaxation time. The analysis, based
either on CONTIN coupled with a correction for hetero-
dyning according to eq 10 or on a single exponential fitting
procedure, yielded identical values of the relaxation rates
to within 5%.

In Figure 6, for the solution, two relaxation processes
can be seen, differing by more than 3 orders of magnitude.
Both of these relaxation rates, I'tst and I'yow, are propor-
tional to Q2 i.e. both are diffusive processes.

The collective diffusion coefficient D, is related to g
through?®

D, = T4, /@1 - ¢)? (11)

where the factor (1 - ¢)-2 takes account of center of mass
motion and the symmetry of the kinetic coefficients.36 The
resulting values of D, for the gels and solutions are
displayed as a function of polymer volume fraction in a
double logarithmic representation in Figure 7. Within
the experimental accuracy, both solutions and gels exhibit
similar behavior. The slopes of the least-squares straight
line fits through the data points are 0.87 and 0.91,
respectively. These values are in excess of the scaling
prediction (slope = 0.77) for polymer solutions in good
solvent conditions.!” Theratio D#/Dlis approximately
1.5 for the present system. A similar ratio between the
collective diffusion coefficients has been reported recently
for PDMS gels and solutions.3” Since the diffusion
coefficient for the gel can be expressed in the form?20

D& = M,Jf

the results of ref 37 were interpreted in terms of the ratio
of the osmotic moduli in the gel and in the solution, M./
K. Thisinterpretation, applicable only to fully swollen
gels, was based on the assumption that the difference
between M, and K.*! arises solely from the presence of
the finite elasticity. As we shall see below, and has been
reported for other systems,21-23 the osmotic compres-
sibility of the solution is, however, generally larger than
in the corresponding gel. In other words, the assumption
that K8 = K *! is an oversimplification.38

The slow relaxation process, I'sow, which decreases with
increasing polymer volume fraction (Figure 8), has been
identified with the translational motion of clusters of
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Figure8. Doublelogarithmic plot of the slow diffusion coefficient
Dyow a8 a function of polymer volume fraction ¢ for the P(VA-
VAc) solutions. The straight line is the least-squares fit through
the experimental points.
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Figure 9. Plot of the osmotic compressional moduli K, of the
solutions (circles) and of the longitudinal osmotic moduli M,, of
the gels (squares) as a function of polymer volume fraction ¢ for
the P(VA-VAc) system.

macromolecules through the entangled polymer matrix.239
In the observed concentration range Dgow coincides with
a power law dependence, with an apparent exponent 3.
For the gel, absence of a slow relaxation process results
from the fact that network chains no longer undergo
translational diffusion.

Integrated Intensity Measurements. Analysisofthe
correlation function using eq 10 allows the determination
of the ratio X and, thereby, yields the intensity of the
scattered light associated with the dynamic concentration
fluctuations, Igyn(€Q). The error in the resulting estimate
for the osmotic modulus is not better than 5%.

The value of I4yn(Q) obtained from the correlation
function at § = 90° of the gel sample with ¢ = 0.0321 is
shown as an open circle in Figure 5. This point lies close
to the plateau of the theoretical (Lorentzian) curve
calculated from X-ray scattering. In view of the exper-
imental uncertainties involved in the different measure-
ments, the agreement between the dynamic light scattering
result and that of SAXS is acceptable.

From the intensity I3,,(Q) scattered by concentration
fluctuations, eq 5 allows the osmotic modulus, Ko, or M,
of the system to be calculated. In Figure 9 the values of
Ko of the solutions and M, of the gels, obtained from
dynamic light scattering, are plotted as a function of
polymer volume fraction. It can be seen that K > M,
over the whole concentration range studied.
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Figure 10. Variation of the longitudinal modulus M, of a P(VA-
VAc) gel (¢ = 0.0482) with cross-linking density. The dotted
horizontal line designates the value of the osmotic compressional
modulus K. for the solution at the same concentration.

In the gel, M, contains two contributions,’® K. and
G. The latter is absent from the solution and, therefore,
cannot be the cause of the shortfall in M, with respect to
Ko The observed reduction of M, upon cross-linking
can therefore only be attributed toa decrease in the osmotic
component. Gelsystems ingeneral exhibitlocal variations
in cross-linking density which on swelling generate poly-
dispersity in the concentration. Consequently the move-
ment of polymer segments belonging to more densely cross-
linked regions cannot participate fully in the concentration
fluctuations that control the thermodynamic properties.
Therefore the apparent value of K.#® becomes smaller
than K. It is expected that K.#¢ will depend not only
onthe polymer—solvent interaction but also on the density
and the distribution of the cross-links in the network.

In Figure 10 are shown the values of M, for the gels at
¢ = 0.0482 at three different degrees of cross-linking. The
horizontal straight line denotes the osmotic compressional
modulus of the corresponding solution (K*! = 20.6 kPa).
M increases with cross-linking density and, at the highest
cross-linking density investigated, exceeds K.

Conclusions

In the P(VA-VAc) gels investigated, the osmotic pres-
sure of the polymer in the network is slightly smaller than
that of the corresponding polymer solution at identical
concentration.

In the gels the presence of large scale nonuniformities
heterodynes the light scattered by the concentration
fluctuations. In the solutions, two relaxation processes
can be discerned, both of which are diffusive. The
cooperative diffusion coefficient of the gels follows a similar
concentration dependence to that of the solutions but their
numerical values are about 50% larger.

At the lowest cross-linking density explored, the lon-
gitudinal osmotic modulus M of the gels is systematically
smaller than the osmotic compressional modulus K! of
the solution at the same concentration. The difference
(Kos*! — M,;) depends on the cross-linking density and
changes sign for high cross-linking densities.
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