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Abstract

In this work, the aggregation behavior of polyvinyl chloride/dioxane (PVC/DOA) solution was discussed through light scattering and
viscometric measurements. From the static light scattering results, PVC/DOA solution has a negative value of the second virial coefficient,A2

value (ca.23:65× 1024 cm3 mol g22� at 308C, implying that a repulsive force appeared between PVC chains and DOA. The dynamic light
scattering results indicate that the dynamic behavior of PVC solution could be classified into three regions by increasing the concentration of
PVC. In the infinite dilution region,�h�C , 1; the single relaxation mode is considered related to the translational diffusion of the individual
PVC coil. In the hydrodynamic screen region, 1, �h�C , 4; the relaxation time distribution was divided into two major relaxation modes;
i.e. the fast mode resembled that of the individual PVC coil in the dilute solution, and the slow mode is considered related to the cluster
formed from the aggregation of several individual coils. At higher concentrations,�h�C . 4; the polymer coils start to overlap and entangle
further, then the third relaxation mode due to the transient gel network originated from the aggregation of the clusters in the concentrated
solution was observed. On the other hand, the relative amplitudes of middle and slow modes for semi-dilute solutions decrease with
increasing temperature. At a temperature of about 508C, only a broad relaxation mode was observed indicating that intermolecular
aggregation is disintegrated with increasing temperature, but the intramolecular aggregation of an isolated chain still exists due to the
poor affinity of DOA to PVC chains in this temperature region. The poor solubility of the solvent used should be more favorable to the
intramolecular aggregation of PVC chains, resulting in comparatively complex dynamic behaviors in semi-dilute solutions.q 2000 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

It is well known that many factors affect the dynamic
behavior of polymer solutions, including temperature,
molecular weight and concentration of the polymer, and
the types of the solvent used. Recently, our previous
works [1–3] reported that the physical properties of PVC
gels were as functions of the molecular volume of the
solvent and the degree of the polymer–solvent interaction.
Regarding the results in the gelation behavior of PVA/DOA
solutions, the intramolecular association of PVC chains may
occur first because of the poor affinity of DOA to PVC. Then
the gelation induced by connecting these aggregates must
form a heterogeneous gel. However, we have no other direct
evidence to confirm this mechanism of the aggregation
behavior in PVC/DOA solutions.

In contrast to many techniques applicable to the charac-

terization of the dynamic behavior of polymer solutions, the
dynamic light scattering (DLS) measurement is well known
as an efficient tool to aptly describe the aggregation
behavior of polymer solutions with a wide range of polymer
concentrations [4–16]. Candau et al. [17] reported on the
gelation mechanism of PVC in diethyl malonate solutions.
According to their results, the dynamic structure factor
obtained from the autocorrelation function exhibits an
anomalous scattering vector dependence owing to the intra-
molecular effects. Mutin et al. [18,19] also reported that
PVC chain aggregation with two types of physical links
are formed in PVC dilute solutions. On the other hand,
Brochard and de Gennes [20,21] developed a scaling theory
for theu -condition of a semi-dilute solution. They proposed
two limiting regimes: at a small scattering vector,q, the
restoring force for the concentration fluctuations, leading
to a cooperative diffusion coefficient is linearly proportional
to the polymer concentration. Meanwhile, at a largeq, they
predicted that the correlation function becomes a bimode.
The fast mode characterizes the cooperative diffusion and
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the other mode, which denotes the independence of the
scattering vector, characterizes the structural relaxation of
the transient gel network. Chu and Nose [22–24] also
discussed the dynamic behavior in polystyrene/trans-
decalinu -solutions using DLS. In their investigation, they
employed a histogram method and a bimodal function to
distinguish the fast and the slow relaxation modes. These
assignations were made from the nature of the concentration
dependencies of the separated relaxation rates. In a related
work, Nicolai and Brown [25] reported on DLS experiments
in au -solution of polystyrene over a broad range of polymer
concentrations from the very dilute to semi-dilute region. In
the dilute solutions, the relaxation rate was due to the
diffusion of individual chains. Meanwhile, in the semi-
dilute solutions, the fast mode was due to the cooperative
diffusion of polymer chains between the junction points in
the transient gel network and the slow mode corresponded
to the self-diffusion of the aggregation coils. Their results
also demonstrated that the relaxation time distributions were
a function of solvent quality. The relative amplitudes of the
slow modes decreased with an increasing solvent quality,
thereby increasing the interaction between polymer and
solvent.

According to above developments, this study investigates
the concentration and temperature dependencies on the
dynamic behavior of PVC chains in the solution state. The
characteristics of the different relaxation modes as well their
dependence on the relative amplitudes of modes with
temperature are discussed in this work.

2. Experimental

2.1. Sample preparation

The PVC used in this work was a laboratory grade
powder with a weight-average molecular weight ofMw �
50:0 × 104 g mol21 (Aldrich Chemical Co. Ltd, USA). The
solvent, dioxane (DOA) was of analytical grade and purified
by distillation and filtered by using a 0.02mm Teflon filter
for removing dust before use. The PVC solutions were
prepared in a pre-cleaned wide mouth bottle with stirring
at 958C for 2 h until it dissolved into a homogeneous
solution. Then, the solutions with various polymer concen-
trations were filtered by using 1.0mm Millipore filters
directly into both a light scattering cell and sealed test
tubes, respectively. Subsequently, the samples were kept
in a thermostat oven at a constant temperature for one day
to stabilize the solutions before DLS measurements.

2.2. Measurements

The light scattering measurements were taken using a
Malvern series 4700 apparatus. The light source was a
2 W argon ion laser operating at a power of 100 mW and
a wavelength of 514.5 nm, which was focused on the sample
cell through a temperature-controlled chamber (the

temperature controlled within̂ 0.18C) filled with distilled
water. The values of the second virial coefficient,A2 value
could be directly obtained from the Zimm plot through the
following equation [26]:
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index, dn/dc the measured refractive index increment for
PVC/DOA solutions,l0 the wavelength of light in vacuum,
NA the Avogadro’s number,Ru the Rayleigh ratio for the
solution,u denotes the scattering angle andC the polymer
concentration. An Optilab DSP interferometic refractometer
was operated under the same conditions of light scattering
measurements for obtaining the refractive index increment
values, dn/dc of PVC solutions. The reduced scattering
intensity, KC/Ru , was derived, whereRu is the Rayleigh
ratio obtained through calibration using toluene,R90 � 18×
1026 cm21

: This value was used to calculate the Rayleigh
ratio of PVC solutions.

The dynamic light scattering measurement was carried
out with the 7032 multiple-t autocorrelator recording on
128-channels. All data, as obtained in the intensity auto-
correlation function, were measured at the scattering
angle,u , in the range from 30 to 1208. 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 functiong�2��t�
is related to the normalized electric correlation function
g�1��t� through the Siegert relation [27]:

g�2��t� � 1 1 bug�1��t�2u �2�
whereb takes into account deviations from ideal corre-
lation. 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 curvesg�1��t�
was performed using a CONTIN [28] to obtain the distri-
bution A(t ) of relaxation times. The Laplace inversion
routine was as follows:

g�1��t� �
Z∞

0
A�t� exp�2t=t� dt �3�

The intrinsic viscosity measurements were made on
dilute PVC solutions at 30̂ 0:18C using an Ubbelohde
capillary viscometer. The intrinsic viscosity, [h ] was
obtained using Huggins equation [29]:

��t 2 t0�=t0�=C � hsp� �h�1 k 0�h�2C �4�
wheret is the time of flow of the dilute solution,t0 the time
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of flow of the pure solvent,C the concentration of polymer,
h sp the specific viscosity andk0 the Huggins constant.

The viscosity of PVC semi-dilute solution was measured
using a CJV1000 vibroviscometer [30] (Tohoku Densi Co.
Ltd, Japan). PVC solutions were heated at 958C until they
dissolved into a homogeneous solution, then the solutions
were quickly cooled to 308C.

3. Results and discussion

The second virial coefficient,A2, which is obtained from
the SLS measurement, denotes the degree of the polymer–
solvent interaction in the dilute solution. Fig. 1 shows the
Zimm plot of PVC/DOA dilute solution at 308C. TheA2 is
about23:65× 1024 cm3 mol g22 at 308C. The negativeA2

values are still found at the whole range of the measuring
temperature in this work. As concluded in our previous
work [3], the PVC/DOA solution exhibited a larger degree
of the liquid–liquid phase separation or the spinodal
decomposition than that of the PVC solution from a good
solvent (bromobenzene). This result might be considered
owing to fact that the poor affinity of the solvent used
might be more favorable to the intramolecular aggregation
of PVC chains, resulting in a comparatively heterogeneous

solution. Generally, the chain aggregation in polymer
solutions should take place above the chain overlapping
concentration (Cp). The intrinsic viscosity, [h ], is a
characteristic function for the single polymer chain in
solution, depending much on the molar mass, the structure
and conformation of the polymer, the polymer–solvent
interaction and the temperature. Furthermore, the dimension
of [h ] is volume per unit mass so that the intrinsic viscosity
has been aptly reflected by the effective hydrodynamic
volume of the polymer chain in solution [31]. Then the
overlapping concentration is generally defined by the
reciprocal of the intrinsic viscosity,Cp � 1�h�: Fig. 2
shows theh sp/C versusC for the PVC/DOA solution at
308C. From the linear relationship in Fig. 2, the intrinsic
viscosity could be obtained from the intercept ofh sp/C at
C � 0: The Cp value is about 12.4 g l21 for the PVC/DOA
solution at 308C in this work.

The concentration dependence on the dynamic behavior
of polymer solutions has been extensively studied through
DLS measurements. Owing to the various mechanisms of
chain aggregation in polymer solutions, the origins of the
relaxation modes in DLS results become very complex [32–
39]. Herein, we also try to investigate the aggregation beha-
vior of PVC/DOA solutions from the dilute�C , Cp� to
the semi-dilute�C . Cp� solution regions through DLS
analyses. Fig. 3(a) and (b) shows the intensity time corre-
lation functions,g�2��t�2 1; as functions ofC and q for
PVC/DOA solutions at 308C, respectively. According to
these results, the decaying of the correlation function shifts
to a longer time along the relaxation time axis with
increasingC; meanwhile, it shifts to the shorter time region
with increasingq. The inversion Laplace transformation
method was applied to obtain a distribution of the relaxation
time,tA�t� from the autocorrelation function. Fig. 4(a)–(d)
shows the distribution of thetA�t� as a function ofq for
various concentrations of PVC/DOA solutions at 308C,
respectively. The distribution of thetA�t� was obtained
using a parallel program that had been permitted to analyze
the autocorrelation function with very wide time distri-
bution. ThetA�t� results indicate that the PVC/DOA dilute
solutions, in which the concentration is below theCp, only
exhibit a single relaxation mode related to the translational
diffusion of individual PVC coil. At the region above theCp,
two or three relaxation modes denoted as the fast, middle
and slow modes from thetA�t� distribution at the shortt to
the longt in order were observed. This result indicates that
the chain aggregation behavior is much dependent on the
polymer concentration for PVC/DOA semi-dilute solutions.
Fig. 5(a) and (b) shows the plots of the relaxation rate,
G�G � 1=t�; versus the square of the scattering vector,q2.
TheG value is obtained from thet value at the maximum in
thetA�t� distribution. According to these,G value increases
linearly withq2, indicating that the PVC chains are formally
diffusive in the PVC/DOA solutions sinceG � Dq2

:

Frisch and Simha [40] reported that the dynamic behavior
of polymer solution can be classified into several regions
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Fig. 1. Zimm plot of PVC/DOA solution at 308C.
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Fig. 2. Plot of theh sp/C versusC for PVC/DOA dilute solutions at 308C.



using the semi-empirical rules according to the interaction
degree of the polymer with its environment. According to
their classification the effects of change in concentration is
usually separated into four different concentration regions,
i.e. the infinite dilution limit, hydrodynamic screening limit,
polymer–polymer contact region and polymer chain
entanglement region. In the infinite dilution limit, defined
as a concentration below�h�C , 1; the polymer chain acts
as an isolated coil. If the concentration of polymer in
solution is raised, the hydrodynamic screening limit will
be reached when the relative proximity of neighboring
chains allows polymer–polymer intermolecular interactions
to influence the motion of the polymer chains. Perturbation
of the polymer motion by this mechanism is expected to
occur above a concentration defined by�h�C . 1: The
effects may be expected to be cumulative up to concen-
trations corresponding to the chain overlapping concen-
tration, which is the close-packing of polymer coils in
solution, �h�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 raises above limit�h�C , 10;
the interpenetration of the polymer coils or the pseudo-

matrix-gel will be formed. In order to obtain more detailed
information on the characteristics of the PVC/DOA solution
over a wide concentration region, including both dilute and
semi-dilute solutions, the values of [h ]C can be employed
as a simple, approximate, overlap criterion for the dynamic
behavior of polymer solution.

According to the semi-empirical rules proposed by Frisch
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and Simha, Fig. 6(a) and (b) shows the value of the diffusion
coefficient,D, and the hydrodynamic radius,Rh, which is
evaluated from the diffusion coefficient using the
Stokes–Einstein relationship:Dc � KBT=6ph0Rh for each
relaxation mode as a function of the [h ]C value,
respectively. At concentrations below�h�C , 1; which is
in the infinite dilution region, theD value and the hydro-
dynamic radius have no remarkable change with increasing
concentration, indicating that the translational diffusion of
the individual chain and the hydrodynamic radius in the
dilute solution are difficult to change because of the poor
affinity of DOA to PVC chains. As stated earlier, there are
two or three relaxation modes at the semi-dilute region. It is
important to make clear the origins of these relaxation
modes for understanding the aggregation behavior of
PVA/DOA solutions. The two major relaxation modes
(fast and slow) are observed in the concentration region,
1 , �h�C , 4: According to the classification proposed by
Frisch and Simha, this concentration range is located within

the hydrodynamic screening region. In this region, the
polymer–polymer intermolecular interactions will begin to
influence the dynamic behavior of polymer chains in
solution. The value of the diffusion coefficient for the fast
mode in this concentration region shows no remarkable
change with the concentration. Moreover, these values are
still closed to those in the dilute solution, indicating that the
relaxation mode resembling the individual PVC coil in the
dilute region is still clearly observed. Similarly, the value of
the Rh of the fast mode in this concentration region shows
the same result. On the other hand, the slow mode observed
in the hydrodynamic screening region slightly decreases by
increasing the concentration of polymer. This fact is con-
sidered related to the cluster formed from the aggregation of
several individual coils; besides, the cluster formation must
make the hydrodynamic radius larger. On the other hand,
three relaxation modes denoted as the fast, middle and slow
modes appeared at the concentration above�h�C , 4: This
concentration region corresponds to a condition where the
polymer coils start to overlap, the aggregation behaviors of
polymer solutions become more complex. At this region,
both the middle, which is the same as the slow mode
observed in the hydrodynamic screening region, and the
fast mode is still observed. TheD values of the middle
and slow mode decrease rapidly as the concentration is
further increased. The decrease rate in theD values with
the concentration for the slow mode is larger than that for
the middle mode. The significant decrease in theD values of
the middle mode indicates the formation of the clusters
further proceeds with increasing concentration. At the
�h�C . 4 region, the appearance of the slow mode is
considered owing to the transient gel network originated
from the aggregation of the clusters in the concentrated
PVC/DOA solutions. The remarkable decrease in theD
values with concentration suggested that the gelation
becomes more pronounced with increasing concentration.
At the same time, the change in theD value for the middle
mode become much less, implying that the larger clusters
may be connected with each other to form a microgel
domain. It is interesting that the fast mode related to
individual PVC coil still appears and theD value shows
only a slight increase compared with theD values at the 1,
�h�C , 4 region. If the gelation takes place when the physi-
cal crosslinks are mainly formed from the intermolecular
association, theD value of the fast mode should obviously
increase with increasing the concentration at this concen-
trated region. This is because the relaxation rate of polymer
chains between junction points should be faster than that of
the individual chain in the dilute solution. However, theD
values of the fast mode shows no remarkable change even at
the high concentration region for the formation of the
microgel structure. It may be considered that the inter-
molecular association is not the main mechanism to
dominate the gelation of PVC/DOA solutions.

The relation between the dynamic behavior and proper-
ties of polymer solutions is commonly investigated in terms
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of the viscometric study. As the concentration of polymer is
increased, the viscosity is mainly governed by the degree of
the intermolecular interaction, which is connected, with the
overlapping of polymer chains [41]. Fig. 7 shows the log–
log plot ofh spversus [h ]C of PVC/DOA solutions, in which
h sp is defined byhsp� h=h0 2 1 usingh and h0 corre-
sponding to the viscosity of polymer solution and pure
solvent, respectively. The viscometric result shows that
the viscosity of the solution has no significant change with
the concentration below the�h�C , 1: In this region, the
polymer is sufficiently isolated and the other chains could
not perturb the flowing behavior on polymer chains. Then
the viscosity increases slightly at the concentrations
between about�h�C , 1 and �h�C , 4: As mentioned
above, the polymer–polymer intermolecular interactions
will be allowed to influence the polymer motion in this
region. These interactions can be considered to be of two
types, i.e. the relatively close proximity of neighboring
chains described by the hydrodynamic screening interaction
and the collision of the chain coils for the cluster formation.
The poor affinity of DOA to PVC chains must increase the
hydrodynamic friction, resulting in the increase in the vis-
cosity of polymer solution. When the concentration is

further increased more than the overlapping concentration,
�h�C , 4; the viscosity increases markedly. Furthermore, at
much high concentrations,�h�C , 10; the viscosity rises
very rapidly, indicating that the polymer chains entangle
with each other and, ultimately, infinite junction points
are formed over the whole solution, resulting in a three-
dimensional network structure.

Combining the DLS result with that in the viscometric
measurement, Fig. 8 shows the aggregation mechanism of
PVC/DOA solution. These facts let us consider that the
individual PVC coils in the dilute solution first associates
with each other to form several clusters with an increasing
concentration above�h�C , 1 in hydrodynamic screening
region. These clusters are assumed to become larger,
absorbing the surrounding free PVC chains with an increas-
ing concentration. Finally, these clusters should form a tran-
sient gel network when the concentration is above the chain
overlapping concentration,�h�C , 4: The poor affinity of
the solvent used should be more favorable to intramolecular
aggregation of PVC chains, resulting in comparatively
complex dynamic behaviors in semi-dilute solutions. In
our previous work [3], the logarithm of the light scattering
intensity atu � 908 was found as a function of scattered
time for PVC/DOA solutions at 308C. The increment of
scattering intensity with scattered time for semi-dilute
PVC/DOA solutions was found at initial liquid–liquid
phase separation. On the other hand, the scattering profiles
(I(q) versusq) revealed that a distinct scattering maximum
appeared in the more concentrated PVC/DOA solutions and
the intensity of scattering maximum increased with
increasing time. The appearance of a scattering maximum
is attributed to the significant degree of the phase
separation or of the chain aggregation in PVC/DOA
solutions.

Fig. 9 shows theA2 value as a function of temperature.
The result indicates that theA2 value slightly increases with
an increasing temperature in the measuring range. This
further implies that the degree of PVC/DOA interaction
only slightly increases with an increasing temperature.
The repulsive interaction force balances the attractive
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force between PVC chains and the solvent, i.e. theA2 value
becomes zero at theu-temperature. Theu-temperature of
PVC/DOA solution determined from the slope extrapolated
to A2 � 0 in Fig. 9 is about 688C. Polymer chains in a poor
solvent must easily collapse and then aggregate. Mean-
while, those in a good solvent must be favorable to exhibit
extended coil conformation. As discussed earlier, the intra-
molecular aggregation is first considered to occur in the
dilute PVC/DOA solutions. Owing to the affinity of DOA
to PVC still poor with increasing temperature below 688C,
the dimension of individual coil should be not changed with
temperature. However, the aggregation behavior between
chain coils in the semi-dilute solution may show various
relaxation modes by changing the temperature. Fig. 10(a)
and (b) shows the relaxation time distributions as a function
of temperature for PVC/DOA solutions at the concen-
trations of 1 g l21 ��h�C , 0:08� and 100 g l21 ��h�C ,
8�; respectively. The result shows clearly that the tempera-
ture dependence in these two concentration regions is quite
different. The relaxation time distribution is independent of
temperature in the dilute solution, whereas it becomes
dependent in a semi-dilute solution��h�C . 4� with
increasing temperature. The relative amplitudes of the
middle and slow modes decrease with increasing tempera-
ture, which might be due to the fact that the clusters or the
transient gel networks have been dissolved with an
increasing temperature in the semi-dilute solutions. Only
a single relaxation mode with a broader distribution could
be observed at 508C as compared with that in dilute solu-
tion, indicating that various sizes of entanglement coils
exist in semi-dilute solutions at higher temperatures.
These facts mean that the intermolecular aggregation or
the phase separation domains of PVC chains is disinte-
grated with an increasing temperature, but the intra-chain

aggregation (the collapsed coil) still exists due to the
negativeA2 values in this temperature region.

4. Conclusions

This work investigated the concentration and temperature
dependencies on the dynamic behavior of PVC/DOA
solutions from the dilute solution to semi-dilute solution
regions through light scattering and viscometric measure-
ments. Static light scattering results indicated that the PVC
solution exhibited a repulsive force between PVC chain and
DOA within the measuring temperature in this work.
Combination of the DLS and viscometric results indicate
that the dynamic behavior of polymer solutions could be
classified into three regions. In the infinite dilution region,
�h�C , 1; a single relaxation mode, independent of the
temperature, is observed which is derived from the trans-
lational diffusion of individual coil in the dilute solution. In
the hydrodynamic screening region, 1, �h�C , 4; the two
major modes are observed. Firstly, the fast mode resembled
that of the individual PVC coil in the dilute region, and
secondly, the slow mode is considered related to the cluster
formed from the aggregation of several individual PVC
coils. At even higher concentrations,�h�C . 4; the polymer
coils start to overlap and entangle; then, the third relaxation
mode is observed. This mode is considered owing to the
transient gel network originated from the aggregation of
the clusters in the concentrated solution. On the other
hand, the relative amplitudes of the middle and slow
modes decrease with an increasing temperature. Moreover,
only a broad relaxation mode was found at 508C. These
results indicate that intermolecular aggregation between
chain coils is disintegrated with an increasing temperature.
As a result of the affinity of DOA to PVC being poor below
theu temperature, the dynamic behavior of an isolated PVC
chain has no remarkable change in the dilute region. The
temperature effect on the dynamic behavior only exhibits at
the much-concentrated region where the aggregation of
chain coils or the gel network is formed.
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