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Abstract

The present study elucidates the effects of solvent quality and polymer concentration on the aggregation behavior of polyvinyl alcohol
(PVA) solutions from the dilute solution to semi-dilute solution regions. Combination of the results in static and dynamic light scattering
indicates that in dilute solution the thermodynamic driving forces primarily dominate the dynamic behavior of PVA/N-methylpyrrolidone
(PVA/NMP) solution. In contrast with PVA/water solution, the hydrodynamic interaction would dominate the dynamic behavior of the
solution. The concentration dependence on the dynamic behavior of semi-dilute solution has also been studied through DLS measurement.
For PVA/water solutions, the hydrodynamic correlation length of fast mode has a concentration dependence given by &p = [n]C70'42, and
the value of exponent is close to the predicted value from scaling theory in the marginal solvent. On the other hand, for PVA/NMP solutions
the value of exponent is close to the predicted value from the scaling theory in good solvent limit: —0.75. However, contrary to the
expectation, the gelation behavior could not occur in PVA/water solutions at the same condition of gelation in PVA/NMP solution even
though the affinity of water to PVA is much lower than that of NMP. In this work, we considered that the PVA/NMP solution might possess a
character that could form a homogeneous network structure. The intermolecular associations must play a dominant role as soon as the chains
start to overlap in PVA/NMP solution. On the other hand, combining the DLS result with our previous work, the gelation of PVA/NMP
solutions is considered due to complex formation in the transient network junctions, i.e. the formation of molecular complex is crucial to the

physical gelation in a good solvent system. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Physical polymer gel is a three-dimensional network of
polymer chains cross-linked by physical association. It is
well known that many factors affect the gelation behavior
of the polymer solution, such as the temperature, concentra-
tion of polymer, and the type of solvent used. In our
previous paper [1], we confirmed that the effects of the
phase separation and crystallization on gelation of poly-
vinylidene fluoride/tetra (ethylene glycol) dimethyl ether
solutions in terms of thermodynamic and kinetic aspects,
and at the onset elucidated that the gelation in phase separa-
tion system could be divided into two regions by a kinetic
transition concentration, Cjy,, . On the other hand, we also
explain the characteristics of PVC solutions at various
concentration regions and their influence on the structural
formation of gels with spinodal decomposition process [2].
Moreover, in order to understand the nature of gelation in
phase separation system, we have studied the aggregation
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behavior of polyvinyl chloride/dioxane solution [3], and
pointed out that the polymer—solvent interaction plays an
important role in the dynamic and aggregation behaviors of
polymer chains in solution states. The dynamic light scatter-
ing (DLS) results indicate that the dynamic behavior of PVC
solution could be classified into three regions by increasing
the concentration of PVC. The poor affinity of the solvent
used should favor the intramolecular aggregation of
polymer chains, resulting in comparatively complex
dynamic behaviors in semi-dilute solutions.

Polyvinyl alcohol (PVA) is well known as a crystalline
polymer, and it has been generally suggested that the gela-
tion originates from phase separation and crystallization in
the semi-dilute solutions prepared from various solvents
[4-9]. In the previous papers [4,5], we have studied the
structure and properties of PVA gels from N-methylpyrro-
lidone (NMP) solutions, and pointed out that the transparent
PVA/NMP gels have a homogeneous and stable network
structure. Meanwhile, the gelation could not occur in
PVA/water solution at the same experimental conditions
even though the attractive interaction between PVA and
water is much lower than that between PVA and NMP.
Experiments for semi-dilute solutions with various degrees
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of solvent quality, such as 6, good, and marginal solvents,
have been reported by many groups [10—20]. It is doubtless
that the solvent quality must dominate the chain aggregation
in the solution state.

In this work, the relation between the chain aggregation
and the polymer—solvent interaction for PVA solutions
from the very dilute into the semi-dilute regimes was first
studied through the dynamic light scattering experiments.
Then effects of solvent quality on the mechanism of chain
aggregation were investigated to explain the gelation beha-
vior of PVA solution in good solvent system.

2. Experimental section
2.1. Materials

A PVA powder (M,, = 155,000, M, /M, = 1.95, Aldrich
Chemical Co. Ltd, USA) with a high degree of hydrolysis
(about 99 + %) was used in this work. The distilled water
and analytical grade solvent NMP were repeatedly filtered
using a 0.02 wm Teflon filter for removing dust. The PVA
solutions were prepared in a precleaned wide mouth bottle,
with stirring at 95°C for 2 h until they dissolved into homo-
geneous solutions. The PVA solutions with the concentra-
tion of 0.1-1 g dl™", were filtered using a 0.45 wm Teflon
filter, then cooled into a thermostat oven at constant
temperature 30°C for one day to stabilize the solutions
before the measurements.

2.2. Dynamic light scattering

The measurements were performed on a Malvern series
4700 apparatus, in combination with a 2 W argon ion laser
operating at a power of 100 mW and a wavelength of
514 nm. The measurement was carried out with the 7132
multiple-7 autocorrelator recording on 128-channels. All
data, as obtained in the intensity autocorrelation function,
were measured at the scattering angle, 0 in the range of
30-120°. DLS is a highly effective tool for probing the
dynamic behavior of polymer chains, on different length
and time scales, in solution states. When the polymer
chain obeys Gaussian statistics, the measured normalized
intensity correlation function g®(¢) is related to the normal-
ized electric correlation function g'"(r) through the Siegert
relation [21]:

g2 =1+ g0 (1)

where 3 takes into account the deviations from the ideal
correlation. Consider a system exhibiting a distribution of
collective motions, which can be represented by a super-
position of exponential decays, and allowing the monitoring
of very widely spaced decays in the same investigation.
Laplace inversion routine of the correlation curves g(l)(t)
was performed using a CONTIN [22] to obtain the distribu-
tion A(7) of relaxation times. The Laplace inversion routine

was given as follows:

¢V = Jm A(7) exp(—t/7) dT )
0

2.3. Viscosity

The intrinsic viscosity measurements were made on
dilute PVA solution at 30 £ 0.1°C using an Ubbelohde
capillary viscometer. The intrinsic viscosity, [n] was
obtained using the Huggins equation [23]:
=)ty My o2

c  — ¢ — ke 3
where ¢ is the time of flow of the dilute solution, 7, the time
of flow of the pure solvent, C the concentration of polymer,
My specific viscosity and k' is the Huggins constant. The
viscosity of PVA semi-dilute solution was measured using a
CJV1000 vibroviscometer [24] (Tohoku Densi Co. Ltd,
Japan). PVA solutions were heated at 95°C until they
dissolved into a homogeneous solution, and then were
quickly cooled to 30°C.

3. Results
3.1. Dilute solution

Recently, in our previous study [25], we reported the
results from the Zimm plots of PVA solutions, and mani-
fested that the values of second virial coefficient, A,, for
PVA/NMP and PVA/water solutions are 23.3 X 10~ and
1.8 10 *mlmol g% at 30°C, respectively. This result
illustrates that the interaction between PVA and water is
much lower than that between PVA and NMP. Moreover,
it may be considered that the water is marginal solvent for
PVA molecules, i.e. there are only weak excluded-volume
interactions and the PVA chains are nearly ideal on all
length scales [10,42]. The results inferred form the Zimm
plot also showed that the R, value (ca. 47.8 nm) for PVA/
NMP solution is much larger than that (ca. 21.3 nm) for
PV A/water solution.

Fig. 1 shows the reduced viscosity, ,/C, as a function of
the PVA concentration, C, consequently obtaining k' = 0.23
and [n] = 2.40dl g~ in PVA/NMP solution and k' = 0.53
and[n] = 1.01dl g_l in PVA/water solution. Itis well known
that the value of the Huggins constant, k', could also be used
to predict the degree of the polymer—solvent interaction. In
6 solvent (k' =0.52), the polymer chains exhibit
unperturbed coils. In a good solvent (k' < 0.52), the poly-
mer chains should exhibit relatively extended conforma-
tions, and in a poor solvent (0.8 < k' < 1.3), the polymer
chains collapse and the intramolecular aggregation occurs
easily. Therefore, the final interpretations simultaneously
manifest that NMP is a good solvent (k' =0.23; A, =
23.3% 10" * ml mol g~ ?) for PVA but water is quite close
to a 6 solvent (k' = 0.53; A, = 1.8 x 10~* ml mol g~ ?) for
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Fig. 1. The reduced viscosity, 1/C, as a function of C at 30°C.

PVA at 30°C. The interaction between PVA and NMP (or
water) could be comprehended by the donor—acceptor elec-
tron properties. NMP, a typical dipolar aprotic solvent,
could either be a strong electron donor or a hydrogen accep-
tor to enhance the affinity between PVA and NMP. The
double bond between the oxygens of NMP could form
more stable H-bonding with the hydroxyl groups of PVA,
and broke the H-bonding within the PVA hydroxyl groups;
therefore the ‘C=0’ group of NMP is a ‘strong site’ for
PVA. On the other hand, the ‘O-H’ group of water is
only a ‘weak site’ for PVA which just products weak
H-bonding between PVA and water. On the other hand,
the chain overlapping concentration C” is frequently defined
by the reciprocal of the intrinsic viscosity, 1/[n]. The C*
values are about 0.42 g dl~' for PVA/NMP solution, and
0.99 g di™' for PVA/water solution, respectively.

Fig. 2(a) and (b) shows, respectively, the intensity time
correlation functions, g(z)(t) — 1, for the PVA/water and
PVA/NMP solutions at 30°C together with the correspond-
ing relaxation time distributions obtained by using the inver-
sion Laplace transformation. The distribution of the T7A(T)
results indicated that the PV A dilute solutions, in which the
concentration is below the C*, exhibited a single relaxation
mode, and the decay rate, I'= 1/7 (inset of Fig. 2), for both
the relaxation modes showed a linear dependence with the
square of the scattering vector, ¢*. These single modes are
attributed to the translational diffusion of individual PVA
coil in solutions. When qR, < 1, the mutual diffusion
coefficient is defined as D = I /qz. The values of the mutual
diffusion coefficient of PVA as a function of concentration
for PVA/water and PVA/NMP solutions at 30°C are shown
in Fig. 3. Clearly, at a given temperature the mutual diffu-
sion coefficient varies with the polymer concentration and
solvent quality.

Generally, the mutual diffusion coefficient at a finite
concentration can be characterized by the concentration
coefficient, kp, as follows [26—28]

D = Dy(1 + kpC + ) “4)

where D, is the mutual diffusion coefficient at infinite
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Fig. 2. The normalized intensity—intensity autocorrelation function,
g(z)(t) — 1, for dilute solutions of PVA in: (a) water (0.56 g dr [n]C =
0.56); and (b) NMP (0.2 g dart [1]C = 0.48) at 30°C and a scattering angle
6 = 90°, along with their corresponding distributions of relaxation times,
obtain by using the inversion Laplace transformation. Inset: ¢> dependence
of the corresponding decay rate, I

dilution, D the value of concentration function, and kp is
the second virial coefficient of the diffusion coefficient. In
this expression the kp can be separated into two parts: the
first contribution is from the thermodynamic interaction,
which is involved the second virial coefficient, A,; and the
second contribution is related to the hydrodynamic friction,
which is involved the linear term in the concentration
expansion for the friction coefficient, k;. These parameters
incorporated in kf, are related according to: k¥, = 8X> — k¢,

N
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Fig. 3. The diffusion coefficient D as a function of PVA concentration at
30°C: (@) PVA/water; (¢) PVA/NMP.
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Table 1

Characteristic parameters of diluted PVA solution in various solvents at 30°C

A, (X 10" ml mol g %) kp (g™ kS 8x* k¢ R, (nm) Ry, (nm)
PVA/water 1.8 -0.33 -0.6 1.15 1.75 21 15
PVA/NMP 23.3 145 1.72 8.83 7.13 48 17

where the superscript is expressed in volume fraction unit,
and X = S/R, and § is a fictive radius of the equivalent
thermodynamic sphere which is defined in terms of the
second virial coefficient by § = (3M2A2/ 167TNA)]/ 3. On the
other hand, the hydrodynamic radius R}, can be also evalu-
ated from the diffusion coefficient at infinite dilution, D,
using Stokes—Einstein relation: R;, = kg7/67mm3D,, where
kg is the Boltzmann constant, and 7 is the solvent viscosity.
These calculated parameters are summarized and shown in
Table 1. From Fig. 3 and Table 1, in the good solvent region
kp takes a positive value and the diffusion coefficient
increases with the concentration. It may be concluded that
the thermodynamic driving forces primarily dominate the
dynamic behavior of dilute PVA/NMP solution. In contrast
to that of the PVA/water solution, the negative value of kp is
in agreement with the theoretical calculation that predicts a
nonzero negative value near the 0 region, indicating that the
hydrodynamic interaction would dominate the dynamic
behavior of PVA/water solutions.

3.2. Semi-dilute solution

In a dilute solution, it is well known that the dynamic
behavior of the polymer coil is highly sensitive to the solvent
quality. At high concentrations the effects of chain entangle-
ments become more important and the solvent effect on poly-
mer aggregation may be weakened. However, the effects of
solvent and concentration on chain aggregation are reflected
primarily at the semi-dilute concentration region and have
been demonstrated by a scaling theory [10]. The present
study primarily explains the dynamic characteristics of PVA
solutions at the various concentration regions and the influence
of the solvent used on the aggregation behaviors. The con-
centration dependence on the dynamic behavior of polymer
solutions has been extensively studied through DLS measure-
ments. Owing to the various mechanisms of chain aggregation
in polymer solutions, the origin of the relaxation modes in
DLS results become very complex [29-36]. Herein, we try
to investigate the effect of the polymer—solvent interaction on
the aggregation behavior of PVA chains from dilute to semi-
dilute solution regions through DLS analyses.

Generally, the chain aggregation in polymer solutions
should take place beyond the chain overlapping concentra-
tion. Frisch and Simha [37] reported that the dynamic beha-
vior of the polymer solution could be classified into several
regions using the semi-empirical rules according to the
interaction degree of the polymer with its environment.
According to their classification the dynamic behavior of
the polymer solution is usually separated into four different

concentration regions, i.e. the infinite dilution limit; hydro-
dynamic screening limit; polymer—polymer contact region;
and polymer chain entanglement region. In the infinite dilu-
tion limit, defined as a concentration below [1n]C ~ 1, the
polymer chain acts as an isolated coil. If the concentration of
the polymer in the solution is raised, the hydrodynamic
screening limit will be reached when the relative proximity
of the neighboring chains allow polymer—polymer intermo-
lecular interactions to influence the motion of the polymer
chains. Perturbation of the polymer motion by this mechan-
ism is expected to occur above a concentration defined by
[7]C > 1. The effects may be expected to be cumulative up
to concentrations corresponding to the chain overlapping
concentration, which is the close packing of polymer coils
in solution, [1]C ~ 4. Once the overlapping concentration
has been reached, the polymer motion will be dominated by
the presence of direct polymer—polymer interactions. If the
increasing concentration rises above the limit [n]C ~ 10,
the interpenetration of the polymer coils or the pseudo-
matrix-gel will be formed. To obtain more detailed informa-
tion on the characteristics of the PVA solution over a wide
concentration region, including both dilute and semi-dilute
solutions, generally the product [n]C is made equivalent to
the reduced concentration, and can be employed as a simple,
approximate, overlap criterion for the dynamic behavior of
polymer solution.

3.3. PVA/water solution

Fig. 4 illustrates typical intensity time correlation functions,
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Fig. 4. The normalized intensity—intensity autocorrelation function,
g(z)(t) — 1, for semi-dilute PVA/water solutions (6 g il [n]C = 6.1) at
30°C and 6 = 90°, along with the corresponding distributions of relaxation
time. Inset: ¢° dependence of the corresponding two decay rates, fast (@)
and slow (A).
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g(z)(t) — 1, measured at semi-dilute concentration, [n]C =
6.1, together with the corresponding relaxation time distri-
butions obtained by using the inversion Laplace transforma-
tion. Distinct change in the shape of the correlation function
is found with an increasing concentration beyond []C = 1.
Two relaxation modes denoted as the fast and slow modes
from the 7A(7) distribution at short 7 to the long 7 in order
were observed. This result indicates that the chain aggrega-
tion behavior is dependent much on the polymer concentra-
tion for PVA/water semi-dilute solutions. The decay rate,
I' = 1/7 (inset of Fig. 4), for both the relaxation modes are
formally diffusive shown as a linear dependence with the
square of the scattering vector. To obtain more detailed
information on the characteristics of the PV A/water solution
over a wide concentration region, Fig. 5 shows the value of
relaxation rate for each relaxation mode as a function of the
[7]C value. At a concentration below [1]C ~ 1 in the infi-
nite dilution region, I slightly decreases with the increasing
concentration, indicating that the hydrodynamic interaction
would dominate the dynamic behavior of PVA/water solu-
tions. Then the two major relaxation modes are first
observed in the hydrodynamic screening region,
1 <[7n]C < 4. In this region, the polymer—polymer inter-
molecular interaction will begin to influence the dynamic
behavior of the polymer chains in solution.

First, I" for the slow mode observed in the hydrodynamic
screening region decreases slightly with an increasing
concentration of the polymer. This fact can be attributed
to either the dust or the cluster formed from the aggregation
of several individual coils. A similar phenomenon has been
obtained by numerous DLS experiments on semi-dilute
systems [38—41]. At a concentration beyond [1]C ~ 4,
the concentration region corresponds to a condition where
the polymer coils begin to overlap, the intermolecular
aggregation behavior becomes more conspicuous. The
relaxation rate of the slow mode decreases rapidly as the
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Fig. 5. log—log plots of the relaxation rate, I, versus [1]C for PVA/water
solutions at 30°C and 0 = 90°: (@) fast mode; and (®) slow mode. Inset:
concentration dependence of the hydrodynamic correlation length of the
fast mode for semi-dilute PVA/water solutions.

concentration is further increased. It may be considered to
be because of the heterogeneous transient gel network origi-
nated from the aggregation of the clusters in the concen-
trated PVA/water solutions.

It is interesting that there is a dramatic change in the slope
at [n]C ~ 4 for the fast mode in Fig. 5. When ¢gé < 1 <
qR,, the cooperative diffusion coefficient, D, is obtained
as [42]

— L
(1 — ¢)q?

where (1 — ¢) is the solvent backflow, and ¢ is the polymer
volume fraction. Moreover, the hydrodynamic correlation
length, &p, can be evaluated from the relationship: ép =
kT/67nyD, for each concentration as also shown in Fig. 5.
At a concentration beyond the coil—coil interpenetrations,
the hydrodynamic correlation length of the fast mode has a
concentration dependence given by & ~ [7]C~***. This
value of the exponent is close to the predicted value from
scaling theory in the marginal solvent: —0.5 [10,42] and a
similar value has been obtained in the earlier reports on
polystyrene in marginal solvents [38,43].

D, ®)

3.4. PVA/NMP solution

Figs. 6 and 7 show the time correlation functions,
g(z)(t) — 1, measured at semi-dilute concentrations, [n]C =
2.4 and [n]C = 7.2, respectively, together with the corre-
sponding relaxation time distributions obtained by using the
inversion Laplace transformation. It is very interesting that
the distribution of the TA(7) results for the PVA/NMP solu-
tions in the hydrodynamic screening region still exhibit two
relaxation modes, and both the decay rates, I', showed linear
dependencies with g°. On the other hand, three relaxation
modes denoted as fast, middle and slow modes in Fig. 7
were found at the concentration region where the polymer
coils begin to overlap. Generally, when the viscoelastic

1.0
30
< 151 e
% 0 radl
] % 041 —4
- e} 4] ‘/‘/
] % 0.0 =TT Q
= 05 4 0,2 4 6 8 10| 2
s %, X10°*° (o) =
o 2 ~
0.0 —f

0 1 2 3 4 5 6
logt; logT (Us)

Fig. 6. The normalized intensity—intensity autocorrelation function,
g?(m) — 1, for semi-dilute PVA/NMP solution (1 gdl™!; [7]C = 2.4) at
30°C and 6 = 90°, along with the corresponding distributions of relaxation
time. Inset: q2 dependence of the corresponding two decay rates, fast (@)
and slow (A).
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Fig. 7. The normalized intensity—intensity autocorrelation function,
¢®(7) — 1, for semi-dilute PVA/NMP solutions (3 g dl”'; [5]C = 7.2) at
30°C and 0 = 90°, along with the corresponding distributions of relaxation
time. Inset: q2 dependence of the corresponding two decay rates.

effect of the pseudogel is negligible the observed correlo-
gram in a good solvent system is found to be consistent with
a single-exponential decay, and the relaxation mode should
relate to the hydrodynamic correlation length [44,45].
However, in the present study, the complexity of the relaxa-
tion time distribution was found in PVA/NMP semi-dilute
solutions. In Fig. 7, the relaxation time of the major peak is
plotted as a function of ¢ It is clear that both the fast and
slow modes are diffusive but the middle mode is essentially
independent of the scattering vector. Brown et al. [39,41]
suggested that the g-independent mode might be related to
the disentanglement time; in other words, it derives from a
structural relaxation characterizing the lifetime of transient
gels. According to this viewpoint, we may postulate that the
middle mode is related to the viscoelastic properties of the
transient network. However, our present study does not have
enough evidence to infer the source of this mode.

Fig. 8 shows the individual decay rate, I, as a function of
the [n]C for PVA/NMP solutions at 30°C in a log—log
diagram. As stated above, there are two or three relaxation
modes at the semi-dilute region. The two major relaxation
modes (fast and slow) are observed in the concentration
region close to [n]C ~ 2, and three relaxation modes
denoted as fast, middle and slow modes appeared at a
concentration beyond [n]C ~ 4. Owing to the fact that the
fast mode is diffusive, the hydrodynamic correlation length
can be evaluated for each concentration as shown in Fig. 8.
At the concentration beyond [1]C ~ 4, the hydrodynamic
correlation length of the fast mode has a concentration
dependence given by & ~ [9]C ~%7. This value of the expo-
nent is very close to the predicted value from the scaling
theory in the good solvent limit: —0.75 [10,44,45]. On the
other hand, the relaxation rate of the slow mode exhibits a
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Fig. 8. log—log plots of the relaxation rate, I, versus [n]C for PVA/NMP
solutions at 30°C and 6 = 90°: (@) fast mode; (A) middle mode; and ()
slow mode. Inset: concentration dependence of the hydrodynamic correla-
tion length of the fast mode in semi-dilute PV A/water solutions.

negative dependence on concentration. Although NMP is a
thermodynamically good solvent for PVA, from the ¢°
dependence of its relaxation rate, it may also imply that
the slow mode is related to the translational diffusion of
clusters. Brown et al. [39,41,46] has also reported a similar
phenomenon in semi-dilute solutions, and then concluded
the cluster formation to be a source of slow mode represent-
ing the precursor stage in network formation.

It is interesting that the gelation occurs in the concentra-
tion beyond [1n]C ~ 12 at our experimental conditions for
PVA/NMP solution and the gel exhibits only a single
relaxation mode, which corresponds to the fast cooperative
mode in the PVA semi-dilute solutions. This phenomenon
has also been found for the gel prepared from chemically
cross-linked PVA aqueous solution using glutaraldehyde
[46]. On the other hand, one might expect that the slow
mode would be vanished because of the gel formation by
the aggregation of clusters or the transient networks associ-
ate and the middle mode corresponding to a structural
relaxation process would be restricted by a process of physi-
cal cross-linking. Under these considerations, we may
suggest that the PVA/NMP gels should exhibit a character
of homogeneous network structure.

4. Discussion

The relation between the dynamic behavior and the pro-
perties of polymer solutions is commonly investigated in
terms of the viscometric study. As the polymer concentra-
tion is increased, the viscosity is mainly governed by the
degree of the intermolecular interaction, which is usually
connected with the overlapping of polymer chains [52-56].
Fig. 9 shows the log—log plot of ng, versus [n]C of PVA
solutions, in which 7y, is defined by ny, = n/ny — 1,  and
M, are the viscosity of polymer solution and pure solvent,
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Fig. 9. The log—log plots of 7, versus [n]Cand the corresponding models
of chain aggregation: (a) PVA/water; (b) PVA/NMP solutions.

respectively. Two asymptotic lines can fit the data and the
exponential values are obtained from the slope of each
concentration region are 1.08 and 4.07 for PVA/NMP
solution, and 1.11 and 4.86 for PVA/water solution,
respectively.

According to the characteristics of viscoselastic behavior
and the semi-empirical rules proposed by Frisch and Simha,
the relationship between the viscosity and reduced concen-
tration could be divided into two or three distinguishing
regions. In Fig. 9(a), the viscosity of the PV A/water solution
has no significant change with concentration below the
[7]C < 1 region. In this region, the polymer is sufficiently
isolated and the other chains could not perturb the flowing
behavior on polymer chains, and then the exponential value
‘1’ represents a common behavior of dilute solution, which
can be expressed by Huggins equation. Subsequently, the
viscosity increases slightly at the concentrations between ca.
[n]C ~ 1 and [n]C ~ 4. As mentioned earlier, the poly-
mer—polymer intermolecular interaction will be allowed
to influence the polymer motion in this region. These inter-
actions can be considered to be of two types, i.e. the rela-
tively close proximity of neighboring chains described by

the hydrodynamic screening interaction and the collision of
the chain coils for the cluster formation. The relatively poor
affinity of water to PVA chains must increase the hydro-
dynamic friction, resulting in the increase in the viscosity of
polymer solution. This fact could also be confirmed by DLS
results.

As the concentration is further increased more than the
chain overlapping concentration, [n]C ~ 4, the viscosity
increases markedly, indicating that the polymer chains
entangle with each other. The viscosity follows a power
law of the reduced concentration with an exponential
value close to a theoretical value ‘5’ predicted by Adam
et al. [56]. Experimentally rather used C*and C™ to
distinguish these concentrations regimes: (1) the dilute
regime C < C* ([5]C < 1); (2) the hydrodynamic screen-
ing or the semi-dilute unentangled regime C* < C < C*
(1 <[n]C < 4); and (3) the semi-dilute entangled regime
C > C™ ([n]C > 4) where the polymer coils are strongly
overlapped.

Fig. 9(b) shows the viscometric result for PVA/NMP
solution and the viscosity rises very steeply beyond a critical
concentration [n]C > 5. The viscosity property could be
described by the reptation model in good solvent for semi-
dilute solution following a power law of the reduced
concentration with an exponential value close to a theo-
retical value ‘4’ [56]. However, the crossover between the
two viscosity regimes is well defined and much sharper than
that of PV A/water solution. At the intersection point of two
asymptotic lines, the infinite dilution limit C* was con-
sidered identically to be the chain overlap threshold concen-
tration or the concentration at the semi-dilute entangled
regime. Thus, the results of Fig. 9(b) suggest clearly that
the intermolecular associations play a dominant role as soon
as the chains start to overlap for PVA/NMP solution.

The results as mentioned above indicate that the forma-
tion of PVA/NMP gel with a homogeneous network struc-
ture takes place in the concentration region beyond
[7]C ~ 12. A similar behavior has been reported by
Brown et al. [46] who compared the dynamic correlation
length in PVA solutions and permanent gels prepared by
chemical cross-linking using glutaraldehyde. Their results
pointed out that the dynamic behavior of PVA gels would be
essentially unaffected by the presence of the sparse cross-
links. Then the relationship between the dynamic correla-
tion length and the concentration in the permanent gels
gives a value of exponent in accordance with scaling predic-
tion for semi-dilute solutions. The dynamic correlation
length for this permanent gel is almost twice that for the
corresponding solution. However, it does not resemble the
system in the gels formed by physical association such as
PVA/NMP gels in this work. In the present case, the
dynamic correlation length evaluated respectively from
the PVA/NMP gel and solution is almost the same, as
shown in Fig. 8. This discrepancy may be considered due
to the average distance between the spatial neighbor junc-
tion points, which are enlarged by a bridging mechanism
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with a fixed length and larger size of the glutaraldehyde
molecule. The assumption that is generally made is that
the physical gels differ from the chemically cross-linked
gels because of the diversity of the essence at the junction
point.

Our earlier studies [4,5] have indicated that the X-ray
diffraction result in the PVA/NMP gels only showed a
broad amorphous scattering peak even though PVA is
well known as a crystalline polymer. Hence, we may
consider that the gelation of PVA/NMP solutions was not
induced by crystallization to form homogeneous and trans-
parent gels. NMP is a typical dipolar aprotic solvent,
because of the doubly bound oxygen is a strong electron
donor or, in other words, a good hydrogen acceptor [47—
49]. On the other hand, King et al. [50] and Guven et al. [51]
have discussed the aggregation behavior in semi-dilute
poly(N-vinyl-2-pyrrolidone)/water system which the mole-
cular interaction is similar to this work. Although the func-
tional groups of the polymer and solvent are just the reverse
of this work. Their results strongly suggested a mechanism
for the complex formation between poly(N-vinyl-2-pyrroli-
done) and water molecules. In other words, the tetrahedral
hydrogen bond network of water could effectively link the
polymer chains together. On the other hand, we recently
reported [25] that one NMP molecule could bind with two
water molecules to form NMP(water), ter-solvency
complex in PVA/NMP/water solution. According to the
reasoning from analogy among these solution systems, we
may consider that the gelation of PVA/NMP solutions is
induced by the formation of polymer—solvent complexes,
which act the junction points in the transient gel network.
The mechanism of polymer—solvent complex in PVA/NMP
solutions is also schematically illustrated in Fig. 9(b). As
compared with the physical gelation through phase separa-
tion or crystallization in other poor solvent systems, the
formation of the polymer—solvent complex must be crucial
for gelation in a good solvent system.
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