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ABSTRACT: Small-angle X-ray scattering (SAXS) measurements are reported for semidilute poly(vinyl
acetate) (PVAc) solutions and gels in good solvent conditions. The results for the solutions are in agreement
with the predictions of scaling theory and consistent with the osmotic properties of these solutions obtained
from the literature. The correlation length & follows a power law behavior in polymer volume fraction ¢, where

E = (22 + 0.2)¢-0.75*0.03 A

The gel spectra are compared to those of the solutions, and the second moments describing the static
concentration fluctuations are evaluated. A solution-like component is distinguished in the gel signal, the
intensity of which is close to that calculated from independent osmotic measurements performed on the same
samples. The effective concentration of this component proves to be smaller than the mean concentration

of the swollen network.

Introduction

In recent years much effort has been devoted to the
study of the structure and behavior of swollen network
systems. Among the techniques used, small-angle neutron
and dynamic light scattering have been prominent.!-$
Although small-angle X-ray scattering has been used for
the study of polymer solutions,’® rather fewer investiga-
tions have applied this method to gels. Synchrotron
sources have made available high-intensity X-ray beams
whose incident wavelength is known with great precision.
In combination with muiltidetectors, this permits mea-
surements of high signal-to-noise ratio to be made in a
relatively short time.

In the present investigation our aim is to examine the
X-ray scattering properties of a set of polymer solutions
at different concentrations in a good solvent and to
compare these spectra with those of gels fully swollen in
thesamediluent. Thesolutionspectraare used tocalibrate
the intensities of the gel spectra. An attempt is made to
derive the macroscopic osmotic and swelling properties
from the results and to compare these with the corre-
sponding data determined independently by macroscopic
methods.

Theoretical Background

Scattering. For a polymer solution at volume fraction
¢, the scattering intensity is governed by the amplitude
of the concentration fluctuations, (A¢?), which is inversely
proportional to the osmotic compressional modulus Ko,.
The resulting X-ray scattering intensity I(&) is given by®

kT(o, - )¢
1@ = a2t Vg g M

o8
where @ is a constant that depends on the incident
wavelength and on the scattering geometry used, & is the
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Boltzmann constant, T is the absolute temperature, pp
and p; are the electron densities of the polymer and the
solvent, respectively, Ss(Q) is the structure factor of the
solution, and @ = (4=/)\) sin (8/2) is the transfer wave
vector for an incident wavelength A and scattering angle
6.

For semidilute solutions at small values of @ the
structure factor can be approximated by an Ornstein-Zer-
nicke type equation

Ss(@) =1/ + @*%) )

where £ is the density-density correlation length in the
solution.

In a cross-linked system, on account of the finite elastic
modulus G, the expression for the intensity scattered by
the concentration fluctuations is determined not just by
K but also by the longitudinal osmotic modulus, M, =
Ko +4G/3.19 Insuch systems, however, diffusion of the
polymer segments is partially restricted, and regions of
excess polymer content build up that appear as permanent
departures from uniformity. The mean square amplitude
of such static excursions is denoted (d¢?), and their
existence renders eq 1 incomplete as a description of the
gel scattering spectrum. The polymer distribution may
be viewed as a static structure, with movements of limited
amplitude occurring around some average (or slowly
varying) position. Thus the total mean square amplitude
of the concentration fluctuations may be approximated
by the sum of two parts, a dynamic plus a static part:

(A¢%) = (A¢%) gy + (86°) 3)

For the structure factors of each of these contributions,
it has been previously suggested!! that the dynamic part
be represented by a solution-like response analogous to eq
1 (with M,, replacing K,,), where the structure factor has
the same form as eq 2. The structure factor of the static
component depends upon the type and distribution of the
nonuniformities and hence on the details of the gelation
procedure. Cross-linking of the polymer solution is
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accompanied by rearrangements of the polymer within
the volume V of the sample but usually introduces only
marginal changes in the overall composition of the system.
Consequently, although the shape of the scattering func-
tion I(Q) will in general be modified by the changes in
configuration, the total second moment

M, =4 J.71Q exp(iQr) dQ,, =
1@ 4@ = 22V, - 0) AP @)

remains invariant.!2

According to eq 3, M; contains two components, whose
separation requires the independent determination of
either the static or the dynamic contribution to the
spectrum. As a first approximation, we assume that the
dynamic part of the spectrum can be identified with that
of a solution of the same concentration. This assumption
implies that the osmotic properties of the network chains
are identical with those of the polymer in solution and
also that (6¢2?) is much smaller than (A¢?). Knowledge
of (8¢2) obtained via this procedure is of importance in
the characterization of gels, since it is one of the rare
quantitative criteria that define the nonuniformity of the
network structure.

Osmotic Properties. The thermodynamic properties
of polymer solutions are defined by the osmotic pressure
II. Inthe theory of Flory and Huggins,!3 IT is given by the
expression

O=-RT/v)In(1-¢)+(1-Pe+xfl (5

where x is the polymer—solvent interaction parameter, v,
is the partial molar volume of the solvent, and P is the
degree of polymerization. Scaling theories of polymer
solutions®141% predict a power law behavior for the
concentration dependence of the osmotic pressure in the
asymptotic semidilute regime (i.e., P — =, ¢ « 1):

n= Aoﬂpn (6)

where n =~ 2,31 in agood solvent and n = 3in © conditions.
The numerical constant Ao depends on the particular
polymer-solvent pair.

In solutions the immediate vicinity of a given polymer
segment is not uniform in concentration: due torepulsion
of other polymer segments the region is locally depleted
in polymer. The correlation length £ appearing ineq 2 is
the distance beyond which the solution returns to its
average concentration. For dilute solutions, £ is propor-
tional to the size of the polymer coil. In the semidilute
regime where different coils overlap, £ defines the mean
distance of approach between polymer segments. II, which
in scaling theory is proportional to kT/£3, thus provides
a measure of this distance in semidilute systems. From
eq 6 it follows that in good solvent conditions

a0l (7)

The principal difference between an un-cross-linked
polymer and a network is that the latter cannot be diluted
indefinitely by continued addition of solvent. Network
swelling is limited by the opposing pressure of the elastic
response that tends to shrink the network and expel the
solvent.!131617 In general the swelling pressure w is

w=Hg—G (8)

where, I; is the osmotic contribution of the cross-linked
polymer (mixing pressure) and G is the elastic modulus
of the gel. In classical rubber elasticity theory,!817 G, the
shear modulus, varies with polymer volume fraction ¢ as
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G= Goﬁom 9)

G, is a constant that depends on the given network and
m=1 / 3

The compressional modulus for the gel, Ko = ¢(dw/d¢),
is obtained from the concentration dependence of the
swelling pressure w.

Experimental Conditions

The PVAc gels were made from chemically cross-linked poly-
(vinylalcohol) networks by acetylation, using a method described
elsewhere.!81® Aqueous solutions of poly(vinyl alcohol) were cross-
linked with glutaraldehyde at polymer concentration 6% w/w.
Gel samples were prepared with two different molar ratios of
monomer units to the molecules of the cross-linking agent, 50
and 200. The solutions were made in the concentration range
0.025 < ¢ < 0.13 by dissolving a fractionated PVAc sample of
molecular weight M, = 122 000 (Mw/M, < 1.1) in acetone at 25
©

C

The X-ray scattering measurements were made on the D24
instrument on the DCIsynchrotronat LURE Orsay. Theincident
white beam is focused by a curved monochromator through a
Bragg angular deflection that selects the wavelength required
for the experiment. The wavelength used here was 1.608 A. The
useful beam size is defined by a set of slits prior to the mono-
chromator and two sets of antiscattering slits, one placed
immediately after the monochromator and the other just before
the sample. In the present experiments, the beam size was 3 X
0.5 mm?.

The gels and solutions were contained in cells consisting of
thin mica windows sealed in an air-tight stainless steel housing
that prevented evaporation of the solvent. The spacing between
the windows was defined by a 1-mm-thick stainless steel washer.
The sample cells, which were lodged in a holder occupying 1.5
cm of air space in the X-ray beam, could be quickly replaced at
the end of each run. A 6-cm linear gas-filled detector with a
resolution of 256 points was situated 120 cm from the sample,
and an evacuated tube with Kapton windows was placed in the
intervening space. The beam stop, consisting of a 4-mm-wide
tantalum rod of rectangular cross section, was positioned in the
evacuated tube just in front of the detector.

The sample blanks for background subtraction consisted of
pure acetone contained in the same cell as was used for the sample
measurement; this procedure ensured that sample and back-
ground had identical thickness. Each runlasting 2 X 2000 s was
preceded and followed immediately by a measurement of the
sample transmission. This consisted of placing a thin sheet (ca.
1 mm) of amorphous carbon in the beam downstream of the
sample for a preset time (50 s); the strong signal in the wings
scattered from the carbon is proportional to the intensity of the
incident beam transmitted by the sample, i.e., the product of the
intensity incident on the sample I and the sample transmission
T. Excellent consistency was found between such transmission
measurements and the independent primary beam monitor count
from anionization chamber. The corrected scattering signal from
the sample thus becomes

Icorr(Q) = Is(Q)/(Isttl) - Ib(Q)/(IObTbtb)

where the subscripts s and b refer to the sample and background,
respectively, and t is the corresponding counting time.

In principle, absolute scattering intensities of the samples can
be calculated from the intensity scattered by density fluctuations
of pure acetone, whose compressibility is known.?02! This signal,
however, is weak and masked by scattering from the air in the
gap housing the sample holder. In practice, the requisite
calibration is achieved more readily by comparing the scattering
signal of the polymer solutions with their measured osmotic
pressure.

The swelling pressure was obtained by deswelling the swollen
network surrounded by PVAc solutions of known toluene
activity.22 To prevent penetration by the polymer molecules the
gels were enclosed in dialysis bags.®

The shear modulus of the gels G was determined at 25 °C as
a function of the concentration, by uniaxial compression per-
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Table I
Swelling Pressure and Elastic Parameters of
PVAc-Acetone Gels at 25 °C

sample ¢ n m A/kPa Koo /kPa®
6/50 0.106 2.24 0.328 4452 72.4
6/200 0.053 2.25 0.330 4386 14.7

8K = A(n - m)eh.

1/1(Q) {arb. units)
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Figure 1. Zimm representation of corrected scattering spectra
for the five PVAc—-acetone solutions listed in Table II.

Table II
Characteristics of PVAc-Acetone Solutions and Gels
Measured by SAXS
equiv
sample ¢ §/A  I(0)/103  vol fract  10%(5¢2)

sol 1 0.0251  30.2 37.7
sol 2 0.0426 223 32.4
sol 3 0.0585 18.2 30.6
sol 4 0.0880 14.3 26.2
sol 5 0.1305 9.7 20.4
gel 6/200 0.0530 35.9 43.5 0.023 0.25
gel 6/50 0.1060 134 26.2 0.088 8.3

formed at constant volume, in an apparatus described elsewhere
The stress-strain data in the range of deformation ratio 0.7 < A
< 1 were evaluated by using the Mooney-Rivlin equation, which
yielded C; equal to zero.

The mixing pressure II; was obtained by analyzing the swelling
pressure data by using eq 8. The results are listed in Table I.

Results and Discussion

In Figure 1 the scattering spectra of PVAc-acetone
solutions at five different concentrations are displayed in
aZimm representation. Intheregion Q¢ < 1, straight line
behavior is observed for all concentrations. The correlation
lengths { and intensities /(0) resulting from the least-
squares fits through the experimental points are listed in
Table II. The concentration dependence of ¢ is displayed
in a double-logarithmic representation in Figure 2. The
data through the four points of highest concentration obey
a power law relation with an exponent close to that
predicted by scaling theory (eq 7).

£= (2.2 £0.2)p 0700 § (10)

The point of lowest concentration in the figure, which lies
slightly below the calculated straight line, has been omitted
from the fit because its concentration is smaller than the
overlap concentration® ¢* ~ Pm/pR? = 63/2P-4/5 where m
is the mass of the monomer unit, p is the density of the
pure polymer, and R is the radius of gyration of the coil.
In the present case P is approximately 1500, so that ¢* is
in the vicinity of 0.04.

In polymer solutions the scattering intensity is given by
eq 1, where the factor a(o, - p,)? is a constant for a given
polymer—-solvent system, and the only concentration-de-
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Figure 2. Double-logarithmic representation of the correlation
length { as a function of polymer volume fraction ¢. The straight
line is a least squares fit through the four highest concentration
points.
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Figure 3. Values of ¢/(dI1/d¢) (kPa™!) calculated from ref 20
(continuous line) on a logarithmic scale versus polymer volume
fraction ¢. Circles: observed SAXS intensity data for PVAc—
acetone solutions, shifted down the vertical axis by a constant
factor 0.00589 = 10-2.23,

pendent quantity is ¢/ K. The compressional modulus
K, can be calculated from the variation of the osmotic
pressure with concentration, the latter being available for
the system PVAc-acetone in the literature.??

Figure 3 shows the calculated dependence of ¢?/Ko,
versus ¢ (continuous curve) in a logarithmicrepresentation.
According to eq 1, measurement of I(0) allows the constant
proportionality factor a(p, — p,)? to be determined. This
is done by shifting the intensities I(0) (open circles) down
the vertical logarithmic scale of this figure to give
coincidence with the calculated curve. The best fit was
found by applying a shift factor of -2.23 with respect to
the arbitrary SAXS intensity scale. It can be seen that
both I(0) and ¢?/K, display the same concentration
dependence.

It can be concluded that the results from the solutions
are consistent with scaling predictions and that the
independent macroscopic osmotic pressure data provide
an absolute calibration of the scattering intensity.

In Figure 4 the scattering spectrum of a fully swollen
gel (6/200) is compared with that of a solution of almost
the same concentration (g = 0.053, ¢yt = 0.0585). The
qualitative difference between these two spectra is patent,
the two curves crossing over in the region @ ~ !/g Al At
lower @ values the gel signal greatly exceeds that of the
solution, while at higher @ values the opposite is true.
This disparity demonstrates clearly that there is nosimple
correspondence between the solution-like behavior of the
network polymer and that of the polymer solution at the
same overall concentration. We are forced to conclude
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Figure 4. Comparison between scattering spectra of PVAc-
acetone gel 6/200 (¢ = 0.053) with that of solution at ¢ = 0.0558.
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Figure 5. Spectra of gels 6/50 and 6/200 (experimental points).
Continuous lines: spectra of solutions with ¢ adjusted so that
the high-@ region of the spectra match the gels. The two dotted
bars on the left vertical axis are the values of ¢/ K, calculated
from the swelling pressure data of each gel.

that the dynamic part of the spectrum resembles a solution
at a different concentration. Inspection of Figure 4
suggests that in order to obtain agreement between the
twospectra in the higher @ range, the effective correlation
length (cf., eq 2) must be larger in the gel. This implies
that the effective concentration of the solution that controls
the scattering intensity of the network is lower than the
average concentration.

Figure 5 shows how the solution-like part of the two gels
investigated is estimated from their scattering signal. By
varying ¢, the values of I,(0) are calculated from eq 5,
while £ is calculated from eq 10. The continuous curves
in Figure 5 are the resulting calculated solution spectra
I(Q) for concentrations ¢ = 0.023 and 0.088, respectively:
only at these ¢ values was asymptotic coincidence between
the solution and the gel scattering spectra found in the
high @ region, i.e., where the static contribution to the gel
signal becomes negligible. For both gels, these effective
concentrations are considerably lower than the mean gel
concentration. This result is consistent with the intuitive
picture that the polymer concentration is enhanced around
the cross-links points where movement is restricted and
depleted elsewhere in the sample where the polymer
segments are freer.

The extent of the permanent concentration deviations
from uniformity is given by (8¢?). This quantity is
calculated from Figure 5 by numerical integration of the
difference in scattering intensities between the gel signal
I;and that of the effective corresponding solution I,, using
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the relation

202V (p, - p)%0¢7) = (1@ - 1(Q)Q*dQ (11)

The values obtained for {§¢?) are shown in T'able II. These
results, which are close to those found by SANS for similar
gelsswollen in toluene, suggest that the static concentration
fluctuations have a relative mean square amplitude (6¢?) /
{¢)? of about 10% for sample 6/200 and 70% for sample
6/50. This shows that the extent of inhomogeneity
strongly increases with cross-linking density. It has been
shown previously? that such static fluctuations increase
the intensity of the dynamically scattered light.

The independent swelling pressure data can be used to
compare the forward scattering intensity of the solutions
with the osmotic response of the gels. From the parameters
listed in Table I the values of ¢?/Ku(gel), calculated for
the two gel samples, are shown in Figure 5 as broken
horizontal lines intersecting the vertical axis. Agreement
with the estimated solution curves is striking.

These results seem to favor the presence of a solution-
like component in the gel. For the PVAc-acetone gels
investigated here, the scattering intensity of this compo-
nent is effectively described by ¢2/Ku(gel).

Conclusions

The SAXS measurements reported here for semidilute
PVAc-~acetone solutions are in agreement with the pre-
dictions of scaling theory and display scattering behavior
that is consistent with the osmotic properties of these
solutions obtained from the literature. The osmotic data
are used to normalize the SAXS spectra to yield absolute
scattering intensities.

The gel scattering spectra are compared to those of the
solutions, and the second moments describing the static
concentration fluctuations are evaluated. For the two
samples studied, these depend strongly on the cross-linking
density. Asolution-like component can be separated from
the gel signal, the intensity of which is close to that
calculated from independent osmotic measurements per-
formed on the same samples. In both cases, the effective
concentration of this component proves to be smaller than
the mean concentration of the swollen network.
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