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ABSTRACT: Poly(vinyl alcohol)-congo red (PVA-CR) complexes in aqueous solutions undergo a reentrant
sol-gel transition with respect to Ccg [Shibayama; et al. Macromolecules 1994, 27, 1738). This transition
was investigated from the structural viewpoints in terms of small angle neutron and X-ray scattering techniques.
The static scattered intensity, I(qg), was observed as functions of PVA and CR concentrations, Cpva and Ccg,
and temperature, where g is the magnitude of the scattering vector. The contribution of the CR cluster
scattering was successfully subtracted from I(g), and the corrected scattered intensity function, I.on(q), was
analyzed in terms of a so-called Kratky plot, i.e., ¢2I(q) vs g. A scattering maximum due to cluster formation
and/or gelation was observed in the Kratky plot. Ieq(q) was decomposed to Lorentz-type and Gauss-type
scattering functions, where the Lorentz function represents the liquidlike fluctuations and the Gauss function
indicates the presence of the static inhomogeneity created by complexation and/or gelation. The mechanism
of the reentrant type sol-gel transition was discussed in terms of the structural parameters obtained by a

curve fitting with this function.

Introduction

Polymer-ion complexes are formed by complexation
between polymer chains and ions, mostly in an aqueous
solution under a delicate balance among competing effects,
i.e., complexation equilibria, polyelectrolyte effects, and
reversible cross-linking. Because of a wide range of
application, such as petroleum, food, photography, and
cosmetics, polymer—ion complexes have attracted much
attention inthe past decades.! Poly(vinylalcohol) (PVA)
is one of the most popular polymers which is capable of
ion complexation.2-? Particularly, PVA-borate complexes
have been extensively studied by many workers. Sakurada
applied the complex to PVA fiber manufacturing.? Re-
cently, this technique was employed to prepare high-
strength PVA fibers.1® Ochiai et al.4 studied the intrinsic
viscosity behavior of PVA-borate ion complexes in aqueous
solutions, which were theoretically explained by Leibler
et al.” Sinton® and Shibayama et al.® studied the structure
of the PVA-borate complexes with 1B NMR. The sol-
gel transition temperature of PVA-borate ion complexes
was studied as functions of the degree of polymerization,
polymer concentration, and cross-linker concentration.®
Not only borate ions, but also several kinds of ions are
known as cross-linkers for PVA gelation, such as cupric
ions,!! vanadate ions,!213 and Congo Red (CR).1415

In the first paper of this series,! a viscosity behavior of
PVA-CR ion complexes was investigated with a capillary
viscometer. The reduced viscosity changed drastically by
addition of CR to PVA solutions, which was interpreted
by complexation equilibria and electrostatic screening
effects. Then,areentrantsol-gel transition was discussed
from thermodynamic points of view. Figure 1 shows the
sol-gel phase diagram for PVA-CR complexes in aqueous
solutions. The solution was aged at 20 °C for 120 h after
sample preparation. Open circles and open squares
indicate that samples are in the sol and gel state,
respectively. All the samples were clear in all concentra-
tions studied here, implying that the systems were
homogeneous and no phase demixing occurred in this
concentration regime. The solid curve and the dashed
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Figure 1. Sol-gel phase diagram of PVA-CR ion complexes.
The open circles and squares indicate the state of the sample
aged at 20 °C for 120 h. The solid curve indicates the sol-gel
transition curve. All the samples were clear, and no demixing
transition was observed. The dashed curve with Cpy, indicates
the estimated chain overlap concentration. The arrow indicates
the path where a reentrant sol-gel transition is observed.

line with Cpy, indicate the sol-gel phase boundary and
the chain overlap concentration, respectively. Cpy, is
estimated for the corresponding PVA aqueous solution in
the unperturbed state.l¢ It should be noted here that the
phase diagram has a reentrant sol-gel transition behavior
at Cpva = 0.68 mol/L (30 g/L). This kind of sol-gel
transition behavior was not found in PVA-borate ion
complexes.®1418 This is due to the fact that the ionic
atmosphere of PYA-CR is very different from that of PVA-
borate ion complexes. The PVA-CR ion complexes are
formed around pH 7. This means that the electrostatic
screening effect is much smaller than that of other systems
such as PVA-borate ion complexes. It is also noteworthy
that the reentrant sol-gel transition takes place exclusively
near Cpy,.

Compared with a large number of rheological studies
on polymer—ion complexes,+7-213-18 gtrycture investiga-
tions on these systems have not been extensively
studied.l’-19 Inthe case of chemically cross-linked polymer
gels, small angle X-ray (SAXS) and/or neutron scattering
(SANS) proved to be powerful tools to elucidate the
microscopic view of the gel.?0-2¢ However, in the case of
polymer-ion complexes, strong electrostatic interaction
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and reversible complexation make it difficult to develop
a theoretical scattering function to account for these gels.
We examine the scattered intensity function, I(g), of the
PVA-CR complexes so as to clarify the origin of the
reentrant sol-gel transition behavior.

Theoretical Background

Structure factors for the gel, covering a wide range of
the g space, have not been established yet. This is mainly
due to the complexity of the cross-linking inhomogeneity
introduced during the cross-linking process. Since a gel
is a frozen system at least by the topological points of
view, the structure factor of gels is greatly dependent on
the method of preparation. A gel ataswelling equilibrium
is described with an assembly of thermal blobs, which is
the same as that of the corresponding polymer solution
having the same concentration. Therefore, the scattered
intensity, 1(g), of gels at ¢ ~ 1/{ is given by20:29

1
Ig) = © ¢y

—1+52q2

where § is the correlation length. However, for ¢ « 1/¢,
I(q) deviates from that for the corresponding polymer
solution, as reported by Bastide et al.?0

In order to take account of the static inhomogeneity
created by cross-linking, Geissler and co-workers?l-2%
decomposed I(q) to Gauss-type and Lorentz-typestructure
factors, Ig(q) and I1.(q),

g) = I5(@) + I (@) (2)

I(q) represents the static (frozen) inhomogeneity and is
given by

-2 2
Io(g) = I5(0) exp[— “‘—39-] @)

where E is the characteristic mean size of the static
inhomogeneity.?5? I1(g), on the other hand, represents
liquidlike (dynamic) fluctuations and is given by

IO

L(q) = 4)

where § is the correlation length. The net structure factor
is then given by

=242 I (0
:q_].;. L0

5
3 1+ &g (5)

I(g) = 1,40) exp[—

Analyses of gel inhomogeneities using eq 5 were success-
fully conducted in several kinds of gels, particularly for
nonionized gels (neutral gels), where observed scattered
intensity functions were curve fitted with eq 5 and the
structure parameters £ and £ were estimated.26-28

Experimental Section

1. Sample Preparation. PVA powder with the degree of
polymerization P = 1800 and the degree of saponification 99.96
mol % was dissolved in deionized hot water by stirring. After
complete dissolution, the solution was mixed rigorously with an
aqueous solution of reagent grade Congo Red and then gradually
cooled toroom temperature. For SANS experiments, deuterated
water was used instead of deionized water. The details of the
sample preparation were described elsewhere.!

2. SAXS, Small angle X-ray scattering (SAXS) experiments
were performed at the Photon Factory of the National Laboratory
for High Energy Physics, Tsukuba, Japan. The X-ray beam
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Figure 2. SAXS scattered intensity profiles of a CR aqueous
solution, PVA aqueous solution, and PVA-CR ion complex gel:
(a) linear plots; (b) Kratky plots.

produced by synchrotron orbital radiation was monochromatized
and collimated with a couple of Si(111) crystals and two sets of
incident collimators. The wavelength of the incident beam was
1.488 A. Samples were sealed in a stainless steel cell having a
5 um thick polyester film window. The sample thickness was
about 1 mm. The sample cell was mounted in a water-circulated
temperature-controlled chamber. The scattered X-ray photons
were counted with a one-dimensional position sensitive propor-
tional counter, placed 1.9 m apart from the sample. Thesampling
time was 5 min each. The observed scattered intensity was
corrected for absorption and cell scattering. The details of the
equipment are described elsewhere.®* Because of uncertainty of
the sample thickness, the SAXS data were used only for
qualitative discussion.

3. SANS. Small angle neutron scattering (SANS) experi-
ments were conducted at the researchreactor, SANS-U, Institute
of Solid State Physics, The University of Tokyo, which is located
at the Japan Atomic Energy Research Institute, Tokai, Japan.
Cold neutrons from the reactor were monochromatized with a
velocity selector to a flux of neutrons, having the wavelength A
= 5 A and the wavelength distribution AN\ = 0.1, which was
used as the incident beam. Sample solutions were transferred
into a quartz cell having optical path lengths of 1-4 mm. The
observed scattered intensity was corrected for cell scattering and
transmission and then rescaled to the absolute intensity with the
incoherent scattering from a Lupolen standard’! and with the
elastic scattering from a blend film of deuterated and protonated
PVA studied at the research reactor of the National Institute of
Standards and Technology.??

Results

1. Congo Red Scattering. Figure 2ashows the SAXS
scattered intensity profiles of a CR aqueous solution of
Ccr = 0.03 mol/L, Icr(g), a PVA aqueous solution of Cpya
= 0.91 mol/L, Ipva(q), and a PVA-CR ion complex gel of
Ccr = 0.03 mol/L and Cpva = 0.91 mol/L, IPVA/CR(Q)- The
dotted curve is the sum of Ipya(q) and Icr(g). Asshown
in the figure, CR has a broad peak maximum at ¢, = 0.09
A-1whereas no peak maximum is detected for PVA, Note
that (=Ipva,cr(g)) cannot be expressed by the sum of
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Figure 3. SANS Kratky plots for PVA-CR complexes of Cpya
= (.23 mol/L at 26 °C.
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Figure 4. SANS Kratky plots for PVA-CR complexes of Cpya
= (.68 mol/L at 26 °C.

Ipya(g) and Icg(q). This indicates a rearrangement of
concentration fluctuations induced by complexation. For
PVA-CR, I(q) (=Ipva/cr(q)) seems to have broad shoulders
around 0.03 and 0.09 A-1, However, the presence of these
shoulders is not clearly resolved.

Figure 2b is the so-called Kratky plot, i.e., a ¢2I(q) vs
g plot, of the same sets of data. This figure clearly shows
the presence of concentration fluctuations around 0.03
and 0.1 A-! for PVA-CR. The peak maximum at 0.1 A-!
indicates CR ion clusters which are spaced about 60 A
(=27/qm). The other peak at 0.03 A-! is obviously due to
the PVA-ion complexation in aqueoussolutions. Asshown
in Figure 2b, the Kratky plot seems to be a relevant way
to examine a modulation of the structure factor from that
for a neutral polymer solution. Thus we discuss the
scattered intensity functions with a Kratky plot.

2, Concentration Dependence. Figure 3 shows the
SANS Kratky plots for Cpya = 0.23 mol/L having several
Congo Red concentrations at 26 °C. All the samples were
inthe sol state, as shown in Figure 1. For Ccgr = 0.0 mol/L,
g%I(q) is a monotonous increasing function of g. However,
an addition of a small amount of CR, such as 0.002 and
0.004 mol/L, leads to creation of a hump at around q =
0.03 A-1, This hump gradually disappeared upon further
addition of CR.

Figure 4 shows the SANS Kratky plots for Cpya = 0.68
mol/L having several Congo Red concentrations at 26 °C.
When Ccg = 0 mol/L, the q2I(q) curve gradually increases
with q. However, by adding only 0.001 mol/L of CR, it
starts to have a peak at 0.02 A-l. This peak grows and
moves to gn = 0.03 A-! by further addition of CR up to
Ccr = 0.01 mol/L and then gradually decreases with Ccg.
The appearance of this peak indicates formation of static
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Figure 5. SANS Kratky plots for PVA-CR complexes of Cpya
= 0.68 mol/L at 60 °C.
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Figure 6. Time evolution of the SAXS intensity profiles for
Crva = 0.91 mol/L and Ccgr = 0.04 mol/L at 26 °C.

inhomogeneity due to complexation between PVA chains
and CRions. The upturn at higher g for Cog 2 0.03 mol/L
isdue to the scattering of CR clusters, having the scattering
maximum at g = 0.1 A-1, as shown in Figure 2b.

3. Temperature Dependence. Whenthe temperature
was increased above the sol-gel transition, a homogeneous
solution of sol was obtained. As was confirmed in the
previous paper,* PVA-CR complexes become a sol at 60
°C, irrespective of PVA and CR concentrations. Figure
5 shows the SANS Kratky plots for Cpys = 0.68 mol/L
having several Congo Red concentrations at 60 °C. By
comparing with Figure 4, it is obvious that the peak
observed at 0.03 A-1 in Figure 4 is greatly suppressed by
temperature elevation up to 60 °C. Thus, the change of
the structure factors upon a temperature change is clearly
resolved by the Kratky plot. The gradualincrease in g2I(q)
with g results again from the CR cluster scattering.

4. Time Dependence. In the preceding sections, we
have not discussed the time course of complexation,
although it was noted that the phase diagram in Figure
1 was obtained by aging for 120 h. Here we briefly discuss
the time dependence of the complexation.

Figure 6 shows time evolution of the SAXS intensity
profiles for Cpya = 0.91 mol/L and Ccg = 0.04 mol/L at
26 °C quenched from 60 °C. The experiment was
conducted every 10 min up to 60 min. Experiments for
longer aging times were not conducted because of the
limitation of the beam time. The SAXS profile after 720



6386 Shibayama et al.

Table 1. Contrast Factors of CR/Water and PVA/Water
for SANS and SAXSs#

SANS SAXS

i/j Kg (cm1) Ki)j( (mol electrons?/cm$)
CR/water 0.021 0.022
PVA/water 0.095 0.017

¢ The following mass densities were used for the calculation of the
contrast factors: PVA, 1.26 g/cm?® (amorphous density), CR, 1.62
g/cm3 (measured by pycnometry).

min (12 h) is indicated with closed circles. This shows
that the complexation process lasts on the order of hours,
which is again in accord with the time evolution of the
reduced viscosity for PVA-CR complex solutions in the
dilute regime.!*

Discussions

Based on the experimental evidence shown above, we
discuss the structure factor of the PVA-CR ion complexes
in aqueous solutions in detail. One should bear in mind
the following facts: (1) The PVA~CR ion complex solution
is a ternary system consisting of PVA, CR, and water. (2)
The structure factor of PVA chains is strongly modulated
due to the ion complexation and cross-link formation
(gelation and/or clustering).

1. Contrast Factor. The contrast factors of neutron

and X-ray scattering, Kg and Ki)j(, respectively, are given

by
N _ g a\?
Kij = NAUj ;)_l_‘l;; (6)
K3 = (of - p)* )

where N, is Avogadro’s number and ay, vy, and p;, are the
scattering length, the molar volume, and the electron
density of the k (=i or j) component, respectively. Table
1showsthe contrast factors of neutron and X-ray scattering
for CR/water and PVA/water. In the case of X-ray
scattering, Kcs (EK%‘S) is larger than Kpg (EK%‘S) by a
factor of 1.3. Therefore the contribution of CR scattering
to the net scattering is about 30% larger that of PVA. In
the case of SANS, on the other hand, Kpg is about 4.3
times as large as Kpg, indicating PVA scattering is much
stronger than CR scattering. Thus it is clear that the
inhomogeneity of the PVA-CR complexes due to rear-
rangement of PVA chains is detected much better by SANS
than by SAXS.

2. Subtraction of the CR Cluster Scattering. The
scattered intensity function for a ternary system composed
of PVA, CR, and solvent is given by

(@) = dpdcKpcSpc(q) + ¢pdsKpsSps(q) +
¢c¢chsScs(Q) (8

where Sj;(q) is the structure factor betweeniandj. P,C,
and S denote the polymer (PVA), cross-linker (CR), and
solvent (water), respectively. Kj; usually depends on the
geometry and the kinds of radiation (X-ray or neutron)
unless I(q) is rescaled to the absolute intensity. In the
case of ¢p < 1 and ¢¢ « 1, the first term of the right hand
side in eq 8 can be neglected. Thus,

= Ips(Q) + Ics(q) (9

If the two kind of solutes, i.e., P and C, do not interact
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Figure7. SANS Kratky plots of the corrected scattered intensity,
Ior:(@), for PVA-CR complexes of Cpya = 0.68 mol/L at (a) 26
°C and at (b) 60 °C. The solid curves are the fitted curves with
the Gauss—Lorentz function (GL fit) or with the Lorentz function
(L fit).

with each other, Sjj(g) can be replaced by S°ji(g), the
structure factor of P (or C) in the solvent S without C (or
P). Since the estimated contrast factors in Table 1 were
not precise enough to directly estimate Scs(q) from the
SAXS and SANS results, we assumed that Scs(q), the
structure factor for CR/water in a PVA/CR/water ternary
system, was the same as S°cg(q), the structure factor for
CR/water in a CR/water binary system. Thus we evaluated
the polymer—solvent structure factor, Irg(q), by subtracting
Ics(g) from I(q),

Icorr(q) = IPS(q) = I(Q) - Ics(Q) (10)

This assumption may not be valid when Ccp is low since
a significant redistribution of PVA chains as well as CR
ions may occur due to complexation. However, for high
Ccr’s, free CR ions exceed PVA-chain-bound ions and
the free ions shield electrostatic interactions between
bound ions, which results in recovering a neutral chain
behavior of PVA chains. Therefore scattering from free
CR ions can be easily removed by subtraction,

3. Quantitative Analysis of the Structure Factor.
Figure 7 shows the Kratky plots of the corrected scattered
intensity, lcorr(q), for Cpya = 0.68 mol/L, having several
CR concentrations at (a) 26 °C and (b) 60 °C. Compared
with Figures 4 and 5, it is clear that the contribution of
the CR scattering is effectively removed. Figure 7aclearly
discriminates the samples with strong static inhomoge-
neities (Ccr = 0.001, 0.01, and 0.02 mol/L) from others
(Ccr = 0.0, 0.03, and 0.04 mol/L) by the appearance of the
peak at 0.02-0.04 A-L.

The solid curves in Figure 7a denote the reconstructed
scattered intensity functions with eq 5, i.e., the Gauss—
Lorentz (GL) type function. The fitting region was 0.016-
0.081 A-1. However, for the cases of Ccg = 0.0 mol/L at
26 °C and all at 60 °C, the curve fitting was conducted by
using only the Lorentz component, I1.(q), since the system
was in the sol state (L fit). Asshown in the figures, all the



Macromolecules, Vol. 27, No. 22, 1994

sol I
¢ gell sol II gel I
H }

| |
IT i t 1

80

CPVA = 068 mOI/L

LE ()

20+ 76°C 60°C
g 5 ox- &
o &
| il L
(9.00 0.01 0.02 0.03 0.04
Ceg (mol/L) (a)
4

26°C 60°C
0= 1.(0) % 1,.(0)
o 10

14(0), I (0) (cm™)
[\ ]

L 1 Il
(9.00 0.01 0.02 0.03 0.04
Ceg (mol/L) (b)

Figure 8. Variation of the structure parameters obtained with
the GL or L fit: (a) = and §; (b) Ig(0) and [1.(0). The scale on
the top indicates the state of the system at 26 °C.

observed scattered intensity curves are well reproduced
with the fitted ones.

Figure 8 shows the variation of the structure parameters
of (a) E and £ and of (b) I(0) and Ip(0) as a function of
Ccg for PVA-CR complexes of Cpys = 0.68 mol/L. The
solid and dashed curves indicate the values of £ taken at
26 and 60 °C, respectively. The scale on the top of the
figure indicates the state of the system at 26 °C. It should
be noted here that the state of the sample, i.e., sol or gel,
was observed by the flow behavior of the sample and thus
it does not necessarily agree to the change of the
microscopic structures. Theoretically, the gelation is
characterized as a formation of an infinite cluster and is
observed as the lack of flow.33 On the other hand, the
scattering cannot distinguish the infinite clusters from
finite clusters near the gelation threshold. Furthermore,
it is known that the sol-gel transition of a thermoreversible
gel is rather smooth (not discrete) and it is difficult to
determine precisely the transition temperature. It is
obvious that even in the samples at Ccr = 0.02 and 0.03
mol/L (“sol” from the phase behavior), PVA chains are
heavily complexed with CR ions. Thus the GL-type
function fitting was employed even though those samples
flowed (“sol™).

Although £ at 60 °C decreases gradually with Ccg, £ at
26 °C increases in the limited region where gelation was
observed (gel I) and then decreases with Ccr. The region
where £ at 26 °C is smaller than £ at 60 °C is in accordance
with the sol Il region. The decrease in £ at 60 °C with Ccr
corresponds to the increase of the electrostatic screening
effect with Ccr. The positive and negative deviations of
£at 26 °C from { at 60 °C may indicate the chain expansion
due to monocomplexation (ionization of PVA chains) and
chain contraction due to intramolecular cross-linking,
respectively. This is supported by the experimental
evidence on the Ccr dependence of the reduced viscos-
ity.1415 =, on the contrary, does not depend strongly on
Ccr.

Regarding Figure 8b, we expect an increase of I¢(0) and
a decrease of J1(0) in a gel state since the static inhomo-
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geneity is significant in the gel region. However, the
variations of the estimated Ig(0) and I1,(0) are different
from our expectation. This may be explained as follows:
The Gaussian component is inevitable to reproduce the
observed scattered intensity function from a system having
concentration fluctuations by complexation and/or gela-
tion. However, it is verified by a simulation that Ig(0) is
not necessary to be larger than I1.(0) to represent such
fluctuations. For example, only 20% addition of the
Gaussian component gives rise to a definite scattering
maximum in the Kratky plot.3* However this is the case
when Z is equal to £, When either Z or ¢ changes, the
criterion of a peak appearance in the Kratky plot in terms
of the relative magnitude of I(0) and I1.(0) is no longer
valid. The apparent increase in Ir.(0) in the gel I region
is due to the significant increase in £, since it affects I1,(0)
with the following relation:2®

L) ~ Coy B ~ T ~ 3 (11)

where E and II are the bulk modulus and the osmotic
pressure of the system, respectively. Thus the variation
of the structure parameters indicates the change of the
phase from sol I to gel I (appearance of the Gauss
component) and gel I tosol II. However these parameters
do not seem to be sensitive to the successive transition
fromsol IT to gel II. This may be due to a strong screening
effect of CR ions.

4. Reentrant Phase Behavior. On the basis of the
facts disclosed in the preceding section, the reentrant sol-
gel transition seen in Figure 1 is explained as follows: The
first sol-to-gel transition occurs by chain expansion, which
is initiated by monocomplexation of CR ions to PVA
chains. This lowers Cpy, and leads to another complex-
ation, i.e., dicomplexation, to another PVA chain. Cross-
links are thus formed (gel I). By increasing Ccg, elec-
trorepulsive interaction becomes dominant, resulting in
gel melting (sol II). A further increase of Ccg suppresses
the repulsive interaction, and dicomplexation (cross-link
formation) is recovered (gel II). This kind of sol-gel
transition is on a delicate balance among monocomplex-
ation, dicomplexation, and the electrostatic screening
effect. In addition, the transition requires a polymer
concentration close to the chain overlap concentration,
C*. This explanation is consistent with the results
obtained by the thermodynamic considerations of gel
melting!4 and the capillary viscosity measurement.!5

Concluding Remarks

The structure factors of PVA-CR ion complexes in
aqueous solutions were investigated by SANS and SAXS
techniques so as to elucidate the microscopic origin of the
reentrant sol-gel transition (sol I-gel I-sol II-gel II
transition with Ccr). It was found that CR ions form
clusters by themselves in an aqueous solution, giving rise
to a Bragg peak at about g = 0.1 A-1. By addition of PVA,
an additional peak (or shoulder) appears in the Kratky
plot at about ¢ = 0.02-0.04 A-l, which is due to the
modulation of the chain conformation from that in a
neutral polymer solution by complexation and/or gelation.
The structures of the PVA-CR ion complexes in both sol
and gel states were analyzed by employing the combination
of the Lorentzian and Gaussian scattering functions. The
curve fitting of the observed scattered intensity with the
Gauss—-Lorentz-type function indicates that the structure
parameters are sensitive to the sol-gel (sol I to gel I) and
gel-sol (gel I to sol II) transitions as an increase and
decrease in £, respectively. However the structure factors
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are insensitive to the successive transition, i.e., sol Il to gel
11, due to a strong electrostatic screening effect of the CR
ions.
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