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ABSTRACT: Dynamic light scattering (DLS) and dynamic viscoelastic (DVE) measurements are made
on aqueous borax solutions of three poly(vinyl alcohol) (PVA) samples with weight-average degrees of
polymerization DPW ) 600, 2100, and 2600. The PVA concentration C of the respective samples is chosen
to encompass the threshold concentration C* at which chains start to overlap in pure aqueous solution.
The time correlation function of light intensity scattered from the solutions always exhibits the presence
of two dominant modes. The decay rate Γf of the fast mode is proportional to the square of the scattering
vector q for all samples, from which the dynamic correlation length êH is estimated. êH is found to change
its C and M dependences at the concentration CN close to C*. The q dependence of Γs of the slow mode
varies from Γs ∼ q2-3 below CN to Γs ∼ q0 with a further increase in C. The dynamic scaling law is
applied to the former data. The characteristic time τs (≡Γs

-1) obtained for C > CN increases with M and
is in good agreement with the mechanical relaxation time τM obtained by fitting DVE data to the Maxwell
model with a single relaxation time.

Introduction
In the first paper of this series, hereafter called Part

I,1 we reported that the slowly decaying mode with the
decay rate Γs, in addition to the fast diffusive mode,
appeared in time profiles of the time correlation function
Aq(t) of light intensity scattered from aqueous borax
solutions of poly(vinyl alcohol) (PVA) with the degree
of polymerization DP ) 1750, the degree of saponifica-
tion ) 96 mol %, and a weight ratio of PVA to sodium
borate ) 2/1. At polymer concentration C near but
below the threshold concentration C* at which PVA
chains without sodium borate begin to overlap, the slow
mode was found to be the diffusive one from Γs ∼ q2 as
found for the fast mode. Here q is the magnitude of
the scattering vector q. At higher C, the slow mode
turned out to become the relaxation one characteristic
of Γs ∼ q0, being supported by excellent agreement
between τs ()Γs

-1) and the relaxation time τM. The
latter was obtained fitting dynamic shear modulus data
measured to the same samples to the Maxwell model
with a single relaxation time.
Dynamical coupling between concentration fluctua-

tion and elastic stress has been found for several
systems which form transient viscoelastic networks.2-9

In the case of the PVA/borax solution, a so-called “didiol”
complex is considered to play an essential role for
formation of viscoelastic network as a physical cross-
linking point between PVA chains at higher C. We may
also expect that very large clusters are formed as a
result of complex formation at around C*. If so, the
marked change in the q dependence of the slow mode
with increasing polymer concentration should be dis-
cussed more thoroughly in relation to growth of clusters
due to the complex formation and the evolution to a
physically cross-linked network with an increase in C
above C*. Since C* is dependent on PVA molecular

weight M or DP, simultaneous measurements of dy-
namic light scattering (DLS) and dynamic viscoelasticity
(DVE) using samples with different molecular weights
may provide useful data for elucidation of dynamics of
this associating polymer system.
This paper presents DLS and DVE results on three

PVA/borax solutions with weight-average degrees of
polymerization DPW ) 600, 2100, and 2600 in the dilute
to the semidilute concentration range. The time cor-
relation function of light intensity scattered from the
solutions always exhibited the presence of two dominant
decaying modes. The decay rate Γf of the fast mode was
found to be proportional to the square of the scattering
vector q for all samples, from which the dynamic
correlation length êH was estimated. êH was found to
change its C and M dependences at the concentration
CN from êH ∼ C0M0.25(0.05 to êH ∼ C-(0.40(0.03)M0. Here
CN is defined as the concentration at the inflection point
appearing in the solution viscosity vs C curve. With
increasing C, Γs also changed its q dependence from Γs
∼ q2-3 to Γs ∼ q0 at around CN. The dynamic scaling
law was found to be applicable for q-dependent Γs data
from their superposition to one master curve in a
reduced plot of Γs/q2Ds vs qRs. Here Ds is the value of
Γs/q2 extrapolated to q ) 0 and Rs the characteristic
length of the clusters. In the C region where Γs becomes
independent of q, the characteristic time τs (≡Γs

-1)
increased with M and was in good agreement with the
mechanical relaxation time τM obtained by fitting DVE
data to the Maxwell model with a single relaxation time.

Experimental Section

Materials. The three poly(vinyl alcohol) (PVA) samples
used in this study are a gift from Kurary Co., Ltd. The weight-
average degrees of polymerization, DPW, of the samples are
600, 2100, and 2600 with the same degree of saponification of
88.0 mol %, being characterized by the supplier. GPC mea-
surements showed that the molecular weight distribution was
the most probable type of distribution. Concentrated stock
solutions of PVA and of sodium borate (SB), Na2B4O7‚10H2O,
were separately prepared using dust-free purified water
(resistance > 16 MΩ) and made optically clean by filtration
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by a Millipore filter (nominal pore size, 0.22 µm). Prescribed
amounts of the two stock solutions were poured into the DLS
cell to obtain the solution of desired polymer concentration C
by weight. The SB concentration was always adjusted so as
to be half that of PVA. Finally, the cell was rotated at 0.2
rpm for about 2 h at 80 °C in order to make samples
homogeneous and transparent. More than five solutions with
different C were prepared with this procedure for respective
PVA samples. The sample code PVA X-Y given in Table 1
represents DPW as X and C as Y in weight percent for the PVA/
SB solutions tested.
Methods. Dynamic light scattering (DLS) measurements

were made with a spectrometer (ALV-125) equipped with a
multiple τ digital correlator (ALV-5000FAST). A vertically
polarized single-frequency 488 nm line of an argon ion laser
(Spectra Physics, Beamlock 2060) was used as a light source
with an output power of 300 mW. The normalized time
correlation function, Aq(t), of the vertical component of the light
intensity scattered from the solutions was measured over a
range of the scattering angle θ from 15 to 150° at a temper-
ature T ) 25 °C. It became tremendously difficult to prepare
homogeneous solutions with C higher than that listed in Table
1, especially for the highest molecular weight PVA samples.
Thus, reliable data were only obtained in a rather restricted
C range.
Dynamic viscoelastic (DVE) measurements were made

immediately after DLS measurements with a stress-controlled
rheometer, CSL100 (Carri-MED, ITS Japan) using a cone-and-
plate geometry with a cone diameter of 4 cm and a cone angle
of 2°. The semidilute PVA/SB solutions are reported to exhibit
the shear-thickening phenomenon as revealed in steady flow
and creep measurements.10-14 The complex modulus was
found to be independent of the strain applied when the strain
was less than 0.7. In this study, the storage and the loss shear
moduli, G′(ω) and G′′(ω), of the samples were measured at a
strain of 0.3 over an angular frequency, ω, from 0.07 to 100
rad/s at T ) 25 °C. A humidity chamber was used to prevent
solvent evaporation.
We performed all measurements within 1 or 2 days after

sample preparation. Repeated DLS and DVE measurements
after the first run gave the same results, indicating that
reduction of the shear viscosity with the elapse of storage time
as reported by Maerker and Sinton15 did not occur in our
samples.

Results
DLS Behavior. Data Analysis. The normalized

time correlation function, Aq(t), of scattered light inten-
sity exhibited, at first glance, the presence of two
dominant decaying modes for all solutions studied as
illustrated in Figures 1 and 2. The data in these figures
are those obtained for the samples PVA2100-1.6 and
PVA2600-2.0, respectively, and indicate that the initial
rapid decay of Aq(t) shifts to the left along the delay time

axis with increasing scattering angle θ for both samples,
while the θ dependence of the slowly decaying compo-
nent appears quite different between the two samples.
We applied the inverse Laplace transformation (ILT),
CONTIN, and the multiple exponential function (MEF)
methods to obtain a distribution of the decay rate Γ from
Aq(t), and also the cumulant method for an estimate of
the first cumulant Γe, which was used to assess the
former three methods.
The ILT and the MEF methods were found to give

results consistent with each other and supported by Γe
data, whereas the CONTIN method could not. We
concluded that the decay rate distribution could be best
represented by three characteristic decay rates (Γf > Γm
> Γs) which were obtained from integration of the
respective distributions of the decay rate G(Γi) (i ) f,
m, s). The amplitude of the medium mode correspond-
ing to Γm was always much smaller than those of the
other modes; thus values of Γm are subject to large
experimental uncertainty. Therefore, we shall pay
attention to the dependences of the fast and the slow
modes on the magnitude q ) (4π/λ) sin(θ/2) of the
scattering vector q, polymer concentration C, and mo-
lecular weight in this paper.
The Fast Mode. The q dependence of Γf correspond-

ing to the fast mode is shown as a plot of Γf/q2 against
q in Figure 3, selecting 8 typical data sets from 22 PVA/
SB solutions tested. Γf/q2 is clearly independent of q,
which was also found to be applicable for other PVA
solution data not shown in the figure. This result
indicates that the fast mode is the diffusive mode and
the cooperative diffusion coefficient Dc can be estimated
as an average of Γf/q2. The dynamical correlation length
êH was estimated using the Stokes-Einstein relation-
ship, eq 1.

Here the viscosity of pure water was used as ηs, because
C of the polymer solutions studied was low in the range
of 1.2-4.5 wt % and also êH corresponds to the short-
time behavior of concentration fluctuation. Values of
Dc and êH are listed in Tables 1-3.
A plot of êH against C shown in Figure 4 reveals that

its C andM dependences are different in the two regions
which are unambiguously distinguished by a jump of
êH at some critical concentration CN dependent on PVA
molecular weight. êH depends onM but is independent
of C in the low-C region, whereas it becomes indepen-

Figure 1. Time profiles of the normalized time correlation
function, Aq(t), of light intensity scattered from the PVA/SB
system with DPW ) 2100 and C ) 1.6 wt %. Scattering angles
θ are 15, 30, and 150° as indicated. The curves exhibit the
presence of two dominant decaying modes, both of which shift
to the left along the delay time axis with increasing θ.

Figure 2. Time profiles of the normalized time correlation
function, Aq(t), of light intensity scattered from the PVA/SB
system with DPW ) 2600 and C ) 2.0 wt %. Scattering angles
θ are 15, 30, and 150° as indicated. The curves exhibit the
presence of two dominant decaying modes, in which the fast
mode shifts to the left along the delay time axis with increasing
θ, while there appears to be no shift in the slow mode.

êH ) kBT/6πηsDc (1)

1446 Nemoto et al. Macromolecules, Vol. 29, No. 5, 1996



dent ofM but decreases with increasing C in the higher
C region. These dependences are empirically repre-
sented as eqs 2 and 3, though the exponent of the M
dependence in eq 2 should be reexamined from mea-
surements of other PVA samples with different M.

Values of CN have been determined based on the C
dependence of the steady flow viscosity as discussed
later.
The Slow Mode. The decay rate Γs characteristic

of the slow mode showed quite different q dependences
below and above CN. Figure 5 gives typical data
obtained for solutions with C less than CN in a loga-
rithmic plot of Γs/q2 against q. The data of other
solutions showed a similar trend, though not shown for
clarity of the figure. Γs/q2 appears to be almost inde-
pendent of q at the lowest C of 1.2 wt % studied for three
PVA samples with different M. As C increases toward
CN, Γs/q2 still remains constant at low q but starts to
increase with q at higher q, and asymptotically becomes

Table 1. Experimental Results of the PVA/SB System with DPw ) 2600

sample
code

C/wt
% pH

Dc/10-7

cm2 s-1 êH/nm τs/s τM/s GN/Pa
Ds/10-8

cm2 s-1
Rs/
nm η0/Pa s

As/
(Af + As)

PVA2600-1.2 1.2 8.8 5.6 ( 0.2 4.3 ( 0.2 3.5 ( 1.0 0.009 ( 0.001
PVA2600-1.3 1.3 8.8 5.7 ( 0.2 4.3 ( 0.2 1.5 ( 0.5 33 0.020 ( 0.002
PVA2600-1.4 1.4 8.8 5.7 ( 0.2 4.3 ( 0.2 0.28 ( 0.10 93 0.060 ( 0.005
PVA2600-1.5 1.5 8.9 5.0 ( 0.2 4.9 ( 0.3 0.067 ( 0.015 0.070 ( 0.015 10 ( 1 0.50 ( 0.02 0.30 ( 0.02
PVA2600-1.8 1.8 8.8 5.2 ( 0.2 4.7 ( 0.2 0.14 ( 0.015 0.16 ( 0.04 72 ( 5 9.2 ( 0.2 0.34 ( 0.02
PVA2600-2.0 2.0 8.8 5.6 ( 0.2 4.4 ( 0.2 0.29 ( 0.10 0.29 ( 0.10 200 ( 10 35 ( 1 0.37 ( 0.03
PVA2600-2.5 2.5 8.7 6.1 ( 0.2 4.0 ( 0.2 0.53 ( 0.15 0.50 ( 0.20 800 ( 30 260 ( 10 0.50 ( 0.04
PVA2600-3.0 3.0 8.6 6.6 ( 0.2 3.7 ( 0.1 0.91 ( 0.20 1.0 ( 0.20 1500 ( 50 650 ( 50 0.54 ( 0.05

Table 2. Experimental Results of the PVA/SB System with DPw ) 2100

sample
code

C/wt
% pH

Dc/101-7

cm2 s-1 êH/nm τs/s τM/s GN/Pa
Ds/10-8

cm2 s-1
Rs/
nm η0/Pa s

As/
(Af + As)

PVA2100-1.2 1.2 8.8 6.0 ( 0.2 4.1 ( 0.2 5.0 ( 1.8 0.0056 ( 0.0002
PVA2100-1.3 1.3 8.9 6.0 ( 0.2 4.1 ( 0.2 2.9 ( 1.0 40 0.0063 ( 0.0002
PVA2100-1.4 1.4 8.8 6.1 ( 0.2 4.1 ( 0.2 1.1 ( 0.4 68 0.011 ( 0.001
PVA2100-1.5 1.5 8.7 5.9 ( 0.2 4.2 ( 0.3 0.018 ( 0.007 0.32 ( 0.10 111 0.017 ( 0.002
PVA2100-1.6 1.6 8.8 6.1 ( 0.2 4.0 ( 0.2 0.022 ( 0.004 0.27 ( 0.10 118 0.063 ( 0.003
PVA2100-1.8 1.8 8.9 5.3 ( 0.2 4.6 ( 0.2 0.063 ( 0.010 0.066 ( 0.007 24 ( 2 1.0 ( 0.1 0.28 ( 0.03
PVA2100-2.0 2.0 8.8 5.6 ( 0.2 4.4 ( 0.2 0.13 ( 0.02 0.13 ( 0.02 80 ( 5 6.5 ( 0.5 0.46 ( 0.03
PVA2100-2.5 2.5 8.7 6.0 ( 0.2 4.1 ( 0.2 0.22 ( 0.03 0.20 ( 0.02 390 ( 20 65 ( 2 0.49 ( 0.03
PVA2100-3.0 3.0 8.6 6.4 ( 0.2 3.8 ( 0.1 0.48 ( 0.04 0.48 ( 0.03 1200 ( 100 300 ( 10 0.56 ( 0.05

Table 3. Experimental Results of the PVA/SB System with DPw ) 600

sample
code

C/wt
% pH

Dc/10-7

cm2 s-1 êH/nm τs/s τM/s GN/Pa
Ds/10-8

cm2 s-1
Rs/
nm η0/Pa s

As/
(Af + As)

PVA600-1.2 1.2 8.8 8.2 ( 0.2 3.0 ( 0.2 11 ( 2 0.0023 ( 0.0002
PVA600-2.0 2.0 8.8 8.6 ( 0.2 2.9 ( 0.2 2.3 ( 0.8 40 0.0055 ( 0.0005
PVA600-2.5 2.5 8.7 7.9 ( 0.2 3.1 ( 0.2 0.50 ( 0.15 70 0.015 ( 0.002
PVA600-2.7 2.7 8.7 8.1 ( 0.2 3.0 ( 0.2 0.027 ( 0.015 0.36 ( 0.10 90 0.055 ( 0.003
PVA600-3.0 3.0 8.6 6.6 ( 0.2 3.7 ( 0.2 0.040 ( 0.005 0.038 ( 0.003 40 ( 2 0.9 ( 0.1 0.48 ( 0.05
PVA600-3.5 3.5 8.7 7.2 ( 0.2 3.4 ( 0.1 0.083 ( 0.015 0.076 ( 0.015 390 ( 20 15 ( 1 0.48 ( 0.04
PVA600-4.5 4.5 8.8 7.9 ( 0.2 3.1 ( 0.1 0.21 ( 0.04 0.20 ( 0.04 2900 ( 200 270 ( 10 0.56 ( 0.03

Figure 3. Dependence of the characteristic decay rate, Γf, of
the fast mode on the magnitude q of the scattering vector
shown as a plot of Γf/q2 against q for the eight PVA/SB
solutions. From top to bottom: PVA2600-3.0, PVA2600-2.0,
PVA2600-1.3, PVA2100-3.0, PVA2100-1.6, PVA2100-1.8, PVA-
2600-2.0, and PVA600-3.0.

êH ∼ C0M0.25(0.05, C < CN (2)

êH ∼ C-(0.40(0.03)M0, C > CN (3)

Figure 4. Plot of the dynamical correlation length êH esti-
mated fromDc using the Stokes-Einstein relationship against
C. Symbols for DPW of the PVA samples are (O) 2600, (])
2100, and (0) 600. C and M dependences of êH become
different at some critical concentration CN dependent on PVA
molecular weight as given by eqs 2 and 3.
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proportional to q at C close to CN. We estimated the
characteristic quantity, Ds ) (Γs/q2)qf0, from linear
extrapolation to q ) 0, and give Ds values in the three
tables.
A similar q dependence of the decay rate was obtained

for a single chain of very high molecular weight and was
interpreted as intramolecular motions following Rouse-
chain dynamics with dominant hydrodynamic inter-
action.16-22 Even in the semidilute regime, we obtained
a similar result for molecular motions between two
adjacent entanglement points of long threadlike micelles
which formed a viscoelastic network at very low sur-
factant concentration.23 The chain length of the PVA
samples used in this study is not long enough for the
intermolecular motion to be observed. For the PVA/SB
system, instead, we should take into account the pos-
sibility of formation of large clusters in this fairly dilute
range as a result of intermolecular association due to
the didiol complex. Interpretation of the observed q
dependence of Γs as the relaxation motion inside the
cluster may be considered reasonable when the time
domain of the slow mode probed by DLS is comparable
to the characteristic time τad of the association-dis-
sociation kinetics of the complex. This will be discussed
later after results of dynamic viscoelastic (DVE) mea-
surements are described.

Γs of the solutions with C > CN is plotted against q in
Figure 6. As is clear from the figure, Γs is independent
of q over the whole measured range of the scattering
angle from 15° to 150°, though experimental uncertainty
designated by error bars is relatively large. Indepen-
dence of Γs on qwas confirmed for seven other solutions,
and the characteristic time τs as the reverse of averaged
Γs values are listed in the tables. In Part I of this series
of papers, we described that appearance of the relax-
ation mode in the time correlation function was ascribed
to dynamical coupling between concentration fluctuation
and elastic stress of the transient network. If this were
indeed the case, a uniform viscoelastic network must
be formed above CN, and the characteristic time τs )
Γs

-1 should be equal to the mechanical relaxation time.
DVE Behavior. Frequency Dependence. We

attempted to measure the storage and loss shear moduli,

G′(ω) and G′′(ω), for all solutions but were only success-
ful in measuring the steady-state viscosity η for the
solutions far below the respective CN in the ω range
from 0.10 to 102 rad/s. Figure 7 shows typical viscoelas-
tic behaviors of the solutions above CN and of the
PVA2100-1.6 solution. G′ and G′′ are proportional to
ω2 and ω1 in the low-ω region, respectively, which are
characteristic of the steady flow behavior as given by
G′′ ) ηω and G′ ) Jeη2ω2. The η and Je are estimated
from the two slopes, and the mechanical relaxation time
τM is also conveniently evaluated as τM ) Jeη. Alter-
natively, we may use a Maxwell model with a single
relaxation time τM and the plateau modulus GN for data
fitting, since the frequency dependences of G′ and G′′
of the solutions above CN are characterized by a leveling-
off and a maximum of G′′.

Values of τM, GN, and η thus obtained are listed in the
tables.
The Steady-State Viscosity. The concentration

dependence of η is shown for three PVA samples in
Figure 8. The sigmoidal shape type of increase in η is
characteristic of this associating system. In referring
to the DLS results already mentioned, we see that the
inflection point in η appears to be located at around CN

Figure 5. q dependence of the characteristic decay rate, Γs,
of the slow mode observed for the PVA/SB solutions with C <
CN shown as a plot of Γs/q2 against q. From top to bottom:
PVA2600-1.2, PVA2600-1.4, PVA2100-1.2, PVA2100-1.4,
PVA2100-1.6, PVA600-1.2, PVA600-2.0, and PVA600-2.7.

Figure 6. q dependence of the characteristic decay rate, Γs,
of the slow mode observed for the PVA/SB solutions with C >
CN. Symbols are from the top ([) PVA600-3.0, (9) PVA2100-
2.0, (b) PVA2600-2.0, (0) PVA2100-3.0, and (O) PVA2600-3.0.

Figure 7. Angular frequency ω dependence of the storage and
the loss shear moduli, G′(ω) and G*(ω), of the three solutions
whose DPW and C are given in the figure.

G′(ω) )
GNτM

2ω2

1 + τM
2ω2

, G′′(ω) )
GNτMω

1 + τM
2ω2

(4)

1448 Nemoto et al. Macromolecules, Vol. 29, No. 5, 1996



of the respective samples. Since the CN value could not
be definitely located from the DLS results, we put CN
equal to the concentration at the inflection point here-
after. It is to be noted that η seems to take a constant
value of 0.2 ( 0.05 Pa s at CN irrespective of the PVA
molecular weight and also that, when the reduced plot
of η against C/CN is made, all data may be superposed
on one composite curve. These findings will be through-
ly discussed after DLS and DVE results are obtained
on a couple of PVA samples with different molecular
weights. It should be noted that superposition of η data
was already discussed for PVA solutions in a mixture
of boric acid and sodium hydroxide.24
The Mechanical Relaxation Time. We show the

concentration dependence of the mechanical relaxation
time τM in Figure 9, where the data of the solutions
below CN are subject to large experimental uncertainty
because of large data scattering of G′ values in the flow
region. The τM of the three solutions above CN indicated
as arrows, respectively, increases concavely to the
horizontal axis with C and apparently depends onM at
the same C. However, if we attempt to reduce τM and
C using the corresponding value at CN and the CN value,
respectively, there seems a possibility that one compos-
ite curve may be obtained once again. It seems un-
necessary to show the C dependence of GN because of
the relationship of η ) GNτM for the single Maxwell type

of viscoelasticity. We see from Figures 8 and 9 that η
of the three PVA samples increases with C by more than
five decades over the C range measured, while τM
increases with C by less than two decades in the same
C range. Therefore the C dependence of GN is stronger
than that of τM. The characteristic time τs from DLS is
also plotted in the same figure for comparison. Excel-
lent agreement between τs and τM indicates that dy-
namical coupling between concentration fluctuation and
elastic stress of the network is surely present for this
associating system.

Discussion

Dynamical Correlation Length. In dilute solu-
tions of neutral polymers, the characteristic length is
the radius of gyration RG (or the hydrodynamic radius
RH), being proportional to M0.5-0.6, which only slightly
decreases with C. Above the threshold concentration
C*, the static correlation length ê begins to decrease
with C as ê ∼ C-(0.65-1.0). Only one characteristic length
is present in good solvent systems, i.e., ê ∼ êH. How-
ever, we must take into account the presence of the
another length which is equal to the average distance
between two successive binary contact points in Θ
solvent systems, as Adam and Delsanti pointed out.4 In
solutions of associating polymer systems like the PVA/
SB solution, didiol complexes are continuously formed
and destroyed with the characteristic time τad even in
the very dilute solution. Therefore, the average distance
between the two successive complexes is considered to
determine the spatial scale of the pair correlation
function between monomeric units and consequently the
decay rate of concentration fluctuation in the short-time
domain for the PVA/SB system.
Let us consider a PVA chain with the coil size RG and

DP ) N in a borax solution with polymer concentration
C. The chain is confined in a volume proportional to
RG

3 and associates with other chains with an association
number density AN proportional to CN/RG

3. We here
assume that a stable cluster including this chain is
formed when AN exceeds some critical number with an
increase in C, like formation of spherical micelles above
the critical micelle concentration, and that the clusters
are in thermodynamic equilibrium with free PVA chains.
Those clusters are supposed to grow larger and larger
absorbing surrounding free PVA chains with further
increase in C, while keeping the number of complexes
per chain constant. This implies that complex formation
is assumed to occur on the cluster surface. Various sizes
of clusters will be formed and finally those clusters form
a viscoelastic network that is uniform over the whole
sample volume at CN. The average monomer numbers
between two successive complexes are proportional to
RG

3/N ∼M0.5-0.8 for RG ∼M0.5-0.6; thus êad ∼M0.25-0.4C0

at low C, being consistent with eq 2, if êad ∼ êH and the
chain takes the unperturbed dimension. Formation of
the network which behaves elastically at short time
results in a decrease in Dc given as a ratio of the
longitudinal bulk modulus to the friction factor per unit
volume, which may explain a sudden increase of êH at
CN. êH is no longer dependent onM, but only a function
of C for C > CN. Its C dependence should be weaker
than that observed for semidilute solutions of neutral
polymers, since a number of complexes are already
present among overlapped chains.
The above conjecture is not contradictory with values

of C* estimated as the reciprocal of the intrinsic viscos-
ity of PVA in water without sodium borate.25 We

Figure 8. C dependence of the steady-state viscosity η for
the three PVA samples. Symbols for DPW are (b) 2600, (9)
2100, and ([) 600. An arrow indicates the inflection point in
the η vs C curve and is put equal to CN.

Figure 9. The mechanical relaxation time τM and the
characteristic time τs of the slow mode above CN indicated as
an arrow for each sample are compared. τM of three solutions
below CN is also estimated as τM ) Jeη and shown in the figure.
Symbols for DPW are the same as in Figure 8.
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obtained C* ) 1.4, 1.6, and 3.5 wt % for DPW ) 2600,
2100, and 600, respectively. As is clear from Figure 4,
these values are close to the concentrations where the
transition in êH from the eq 2 type of the behavior to
the eq 3 type was observed. Eventually, CN values
estimated from the viscosity behavior are found to be
very close to C*.
In order to confirm that the PVA solutions without

sodium borate belong to the dilute regime below C*, we
made DLS measurements on pure aqueous solutions of
PVA with DPW ) 600 in the range of C ) 1.2-3 wt %.
We observed a very slight increase of RH with C and
obtained the value at infinite dilution RH,0 ) 7.1 nm,
being reasonable judging from the end-to-end distance
of the single PVA chain in the literature.26 Addition of
sodium borate induces association among PVA chains
and contraction of the coil size to some extent. Once
stable clusters are formed in the dilute regime, the
clusters grow in size with increasing C. However, the
restriction that AN is kept constant in the growth
process may yield CN ∼ C* after all. In this connection,
it may be noted that CN roughly decreases with M as
CN ∼ M-(0.45(0.05), being in harmony with the M depen-
dence of C* as expected.
As already shown, Γs of the slow mode changed its q

dependence from q2-3 to q0 at around CN, and the single
Maxwell type of viscoelasticity was observed above CN.
Therefore, we propose that CN be taken as the charac-
teristic concentration at which the solution structure
changes from a collection of large clusters (or microgels)
with various sizes, slightly interconnected to each other,
to a uniform network extending over the whole sample
volume. Recently, we started static and dynamic light
scattering measurements as well as viscosity measure-
ments on dilute aqueous solutions of five different
molecular weight PVA samples with and without so-
dium borate, which will provide more information on
the effect of complex formation on solution properties
and also on the validity of our above-mentioned idea.
The Dynamic Scaling Law. In a previous section,

we suggested that the strong q dependence of Γs
observed for the PVA/borax solutions below CN was
related to the relaxation motions of the PVA chains
physically cross-linked by didiol complexes inside the
clusters with various sizes and that Ds, a value of Γs/q2
extrapolated to q ) 0, might represent an average of
their translational diffusion coefficients. Thus it seems
worthwhile to examine the applicability of the dynamic
scaling law to the Γs behavior in terms of a reduced plot
of Γs/q2Ds vs qRs, where Rs is the characteristic length
of the clusters dependent on C and M. Before making
this kind of an attempt, we compared the frequency
domain of the slow mode probed by DLS with that of
the viscoelastic response spanned by our dynamic vis-
coelastic instrument. For example, Γs of the PVA2100-
1.6 solution for which a very strong q dependence was
observed ranged from 6 s-1 at θ ) 15° to 1600 s-1 at θ
) 150°. The same solution was found to be an es-
sentially viscous fluid with very small elasticity in the
measured ω range of 1-100 rad s-1 as characterized
by τM ) 0.02 s or ω0 ) 50 rad s-1. Since the lifetime of
the didiol complex, τad, should be comparable to τM, it
is very probable that the observed slow mode originates
from concentration fluctuations associated with the
consecutive association-dissociation process of the com-
plexes in the clusters.
We need the value of the characteristic length Rs in

order to make the reduced plot of Γs/q2Ds vs qRs. First,

Rs was calculated, using the Stokes-Einstein relation,
from Ds and the viscosity of pure water, ηw, whose use
might be valid far below CN as an energy dissipation
factor representing local friction. With this estimate of
Rs, we could superpose all reduced data on one compos-
ite curve. However, Rs used for reduction exceeded 1
µm for the samples with C near CN, casting some doubt
on the use of ηw in the case where clusters with various
sizes are connected to one another with a few complexes
and are coexistent in the solutions. Alternatively, we
may treat Rs as an adjustable parameter and superpose
Γs/q2Ds vs q curves shifting horizontally on the theoreti-
cal curve eq 5, which makes it possible to estimate
values of Rs from each shift.

Equation 6 was originally derived for critical dynamics
of low molecular weight liquids by Kawasaki27 and
further applied for chain dynamics of linear flexible
polymers in the semidilute regime.22 It should be kept
in mind that there is no justification for eq 5 being
applicable to clusters composed of PVA chains associ-
ated with physical cross-links, even if reasonable sup-
port will be given later for this procedure. Equation 5
may be considered as a simple guide for making
superposition.
Figure 10 shows that superposition was successfully

achieved for all data except those of the three solutions
with C ) 1.2 wt %, for which it was impossible to find
an Rs value because of constant Γs/q2 over the whole q
range. Rs values thus obtained are listed in the tables.
Hydrodynamic theory predicts that the product of the
translational diffusion coefficient DG and the rotational
relaxation time τR is only related to the radius of the
sphere if the cluster keeps its spherical shape in the
flow region and is given by eq 7.28

R was estimated for the three solutions, PVA2100-1.5
and -1.6 and PVA600-2.7, putting DG ) Ds and τR )
τM from the tables. Estimated values of R agreed with
Rs within experimental accuracy. If the agreement is
not fortuitous, the cluster size would become larger than

Figure 10. The dynamic scaling law is tested using Γs data
of the solutions with C below CN. One composite curve is
obtained from superposition of Γs/q2Ds vs q curves on the
theoretical curve given by eqs 5 and 6.

Γs/q
2Ds ) F(qRs) (5)

F(x) ) (3/4x2){1 + x2 + (x3 - x-1) tan-1 x} (6)

DGτR ) 0.667R2 (7)
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100 nm near CN irrespective of molecular weight of the
PVA samples used.
Dynamical Coupling between Concentration

Fluctuation and Stress. In Part I, we interpreted
such DLS data as shown in Figure 2 in terms of the
Doi-Onuki theory,29 which explicitly took into account
dynamical coupling between concentration fluctuation
and elastic stress of an entangled network. This
phenomenological theory has been developed on the
basis of an idea30 that mass flow or concentration
fluctuation in the system creates deformation of the
viscoelastic network, which produces a gradient of the
elastic stress, and then this gradient affects the diffusive
motion of the polymer chain, resulting in slow decay of
concentration fluctuation as the network stress relaxes.
In a case where the viscoelastic response of the network
is described by the Maxwell type of the model with a
single relaxation time τM and the conditions ΓfτM . 1
and ΓfτM . êve2q2 are satisfied, where êve is a charac-
teristic length which determines the strength of dy-
namical coupling, the time profile of the normalized time
correlation function of scattered electric field, Eq(t), can
be simply expressed as a sum of two exponential
functions with three independent variables, Γf, τM, and
As (or Af) as given by eq 8,

When physical cross-links due to complex formation can
be regarded as entanglement points which impart
topological restriction to global chain motions, eq 8 may
be also applicable for the DLS behavior of the PVA/borax
system. Indeed, eq 8 correctly explained the previous
DLS data in that the fast mode and the slow modes are
the diffusion mode (Γf ) Dcq2) and the relaxation mode
(Γs

-1 ) τs ) τM), respectively. However, the relative

amplitude of the slow mode, As, decreased with q at low
q and asymptotically approached a constant value at
high q, whereas the theory predicted a q-independent
value.
This work once again confirms the validity of eq 8 to

Eq(t) for all the PVA/SB solutions with C > CN. As
Figure 11 shows, As was found to be independent of q,
in agreement with the theoretical prediction. However,
As calculated from eq 9 increased with C rapidly and
the largest value attained was 0.15 for PVA2100-3.0,
which is smaller than the corresponding experimental
value by a factor of 4. This discrepancy may suggest
that an estimate of êve should be done in a different way,
which seems to be the only problem left to be solved.
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Figure 11. Relative amplitude of the slow mode with q-
independent Γs, As/(As + Af), plotted against q for the seven
PVA/SB solutions. From top to bottom: PVA2600-3.0,
PVA2600-2.0, PVA2600-1.5, PVA2100-3.0, PVA2100-2.0,
PVA2100-1.8, PVA600-4.5, and PVA600-3.0.

Eq(t) ) Af exp(-Γft) + As exp(-t/τM) (8)

As ) (êve
2q2/ΓfτM)(1 + êve

2q2/ΓfτM), Af ) 1 - As (9)
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