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ABSTRACT: This paper presents dynamic light scattering (DLS) and dynamic viscoelasticity (DVE) 
studies on transparent aqueous solutions of poly(viny1 alcohol) (PVA) and sodium borate (SB) with a 
ratio of 2 to 1 by weight fraction. The PVA concentrations, C, of the samples tested are 1.5, 1.8, and 2.0 
wt %. The time correlation function, A&), of light intensity scattered from the samples always exhibits 
a bimodal distribution of the decay rate, r. The fast and the slow modes are the diffusive modes for the 
sample with C = 1.5 wt %, slightly higher than the overlapping concentration at 25.0 "C. At higher 
concentrations of C = 1.8 and 2.0 wt %, where the samples behaved like weak gels, the fast and the slow 
modes are found to  be a cooperative diffusion and a relaxation mode, respectively. The characteristic 
relaxation time, t8, estimated for the slow mode is in good agreement with the mechanical relaxation 
time, t ~ ,  obtained by fitting DVE data to the Maxwell model with a single relaxation time. The agreement 
is also gratifying at T = 35.0 and 40.0 "C for the sample with C = 2.0 wt %. The results confirm the 
presence of dynamical coupling between concentration fluctuation and elastic stress in this viscoelastic 
network system. 

Introduction 

Semidilute aqueous solutions of PVA are viscoelastic 
liquids, and concentrated solutions behave as a physical 
gel at low temperatures. Remarkable enhancement in 
viscosity by addition of a small amount of sodium borate 
(SB) occurs in aqueous solutions of poly(viny1 alcohol) 
(PVA1.l This is due to formation of a complex between 
01s and a borate anion, which plays the role of a 
transient cross-linker among the PVA chains. Similar 
behavior by addition of SB has been reported for several 
other polyhydroxy polymers such as poly(glycery1 meth- 
acrylateI2 and  polysaccharide^.^,^^^ Most of the experi- 
mental studies concerning these systems have been 
aimed at either elucidating the 01-borax complex 
formation mechanism by 11B-NMR5-7 or at drawing the 
phase diagram of the sol-gel transition.8-10 In these 
studies, the effects of polymer and borate concentra- 
tions, ionic strength, pH, and temperature were dis- 
cussed. Viscosity measurements were also made for 
investigation of a relationship between the shear- 
thickening effect and the complex f o r m a t i ~ n . ~ , ~ J ~ J ~  For 
semidilute PVNSB solutions, the shear-thickening phe- 
nomenon was observed in steady flow and also in shear 
creep measurements by our and by Savins.14 
These results were discussed in relation to the relax- 
ation time distribution observed by the dynamic vis- 
coelastic measurements. 

A light scattering study on the transparent PVAISB 
system has not yet been conducted. Dynamic light 
scattering measurements, which measure decay rates 
of concentration fluctuation in solution, give us informa- 
tion about various molecular motions of polymer chains 
such as the translational diffusion, the rotational dif- 
fusion, and the intramolecular relaxation at the infinite 
dilution limit. In the semidilute and the concentrated 
regions where polymer chains extensively overlap one 
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another, DLS proves cooperative diffusion motion of the 
network, which may be called the fast mode. The 
presence of the very slow decay of concentration fluctua- 
tion, here called the slow mode, was found for semidilute 
and concentrated solutions of macromolecules in poor 
or 0 solvent.21-26 The slow relaxation mode has also 
been detected16 on the thread-like micellar system 
formed by the cationic surfactant cetyltrimethylammo- 
nium bromide in aqueous sodium salicylate solutions. 
Since the dynamical behavior of the micellar network 
was quite different from that of the entanglement 
network of high molecular weight polymer chains,17-20 
the above finding suggests that the slow mode may be 
observed for another viscoelastic network such as a 
physically cross-linked polymer network. 

At present, there are two theoretical ideas for inter- 
pretation of the slow relaxation mode. Wang argues 
that the difference in partial specific volumes of the 
polymer and the solvent gives rise to dynamical coupling 
between concentration fluctuation and density fluctua- 
tion, and then the viscoelastic mode appears in the DLS 
power s p e ~ t r u m . ~ ~ , ~ ~  On the other hand, a couple of 
t h e o r i e ~ ~ ~ , ~ ~ , ~ ~  predict that mass flow or  concentration 
fluctuation in the gel-like solutions induces deformation 
of the viscoelastic network and consequently concentra- 
tion fluctuation may slowly decay out as the elastic 
stress generated by the network deformation relaxes. 
These two ideas are essentially incompatible with each 
other and the physics underlying the slow mode is of 
issue in the DLS study of viscoelastic polymeric liquids. 

This paper reports results of DLS and DVE measure- 
ments on semidilute solutions of PVAISB with PVA 
concentrations C = 1.5 and 1.8 wt % at 25.0 "C and a 
2.0 wt % PVA solution at 25.0, 35.0, and 40.0 " C .  One 
big advantage of this solution compared with polymer 
entanglement networks in measuring dynamic vis- 
coelasticity is that the former shows nearly a single 
relaxation behavior, whereas the latter shows a vis- 
coelastic behavior characteristic of a very broad distri- 
bution of relaxation times. In the case of the singie 
relaxation behavior, the theory is considerably simpii- 
fied and a more unambiguous conclusion can be drawn 
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from detailed comparison between theoretical predic- 
tions and experimental data. The results prove the 
presence of the dynamical coupling in this temporarily 
cross-linked network. 

Experimental Section 
Materials. The poly(viny1 alcohol) (PVA) sample used in 

this study is a gift from Kuraray Co., Ltd. The degree of 
polymerization is 1750, and the degree of saponification is 96.0 
mol %. The polymer was dissolved in dust-free purified water 
(resistance '16 MQ), and the concentration of the stock 
solution was 4.0 wt %. The 2.0 wt % stock solution of sodium 
borate (SB), NazB407.10H20, was prepared using reagent 
grade SB (Nacalai Tesque, Inc., Japan). Before mixing, the 
stock PVA and SB solutions and water were made optically 
clean by filtration with a Millipore filter (nominal pore size, 
0.22 pm) and poured into the DLS cell. To make samples 
homogeneous and transparent, the mixture were rotated at 
0.2 rpm for about 2 h at 80 "C. The final PVA concentrations, 
C, of the samples were 1.5, 1.8, and 2.0 wt %. The sodium 
borate concentration is half that of PVA by weight. 

Maerker and Sintons reported that the shear viscosity of 
the PVNSB system was gradually reduced with the elapse of 
time during a few weeks. They attributed this reduction to 
hydrolysis of the residual acetic groups of PVA. Because we 
are interested in the comparison of DLS and DVE results 
obtained for the sample with identical chemical structure, 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. 

Methods. Dynamic light scattering (DLS) measurements 
were made with an instrument reported e l s e ~ h e r e . ~ ~  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 400 mW. The normalized time 
correlation function, A&), of the vertical component of the light 
intensity scattered from the solutions was measured using a 
digital correlator (Otsuka Electronics) at 12 fixed scattering 
angles ranging from 10.4 to 150". The experiments were 
conducted at 25.0 "C for C = 1.5 and 1.8 wt % and at 25.0, 
35.0, and 40.0 "C for C = 2.0 wt %. 

Dynamic viscoelastic (DVE) measurements were made 
immediately after DLS measurement with a stress-controlled 
rheometer, CLS-100 (Carri-MED, ITS Japan), using a cone- 
and-plate geometry with a cone diameter of 4 cm and a cone 
angle of 2". The complex modulus was found to be independent 
of the strain applied when the strain was less than 0.7. This 
is in accord with results of Schultz and Myers.33 The storage 
and the loss shear moduli, G ( w )  and G ( w ) ,  of the samples 
were measured at a strain of 0.3 over an angular frequency, 
w ,  range from 0.15 to 100 rads at 25.0 "C for C = 1.5 and 1.8 
wt 9% and at 25.0, 35.0, and 40.0 "C for C = 2.0 wt %, as 
measured with DLS. A humidity chamber was used to prevent 
solvent evaporation. 

Results and Discussion 
1. Time Profiles of the Time Correlation Func- 

tion, A,@). Since our correlator has a simple linear 
channel spacing (maximum channel number of 10241, 
a single run with one sampling time, AT, could not 
provide A,@) data sufficient for precise data analysis 
over a very broad T range. Therefore we measured A&) 
repeatedly by varying AT by more than 2 orders of 
magnitude and obtained a composite curve from super- 
position of a couple of A,@) data. Figure 1 shows, as a 
typical example, composite curves thus obtained for the 
sample with C = 2.0 wt % at scattering angles, 8, of 15, 
30, and 150". As is seen from the figure, the time profile 
ofA&) was represented by a bimodal distribution of the 
decay rate. Since the fast mode was well separated from 
the slow mode in the time scale, we applied the 
cumulant analysis to  the data in the short-time domain 

1.2 t '." * = - 150" 

1 o2 1 o4 106 
t I ps 

Figure 1. Time profiles of the normalized time correlation 
function, A,&), for the PVNSB system with C = 2.0 wt % at 
25.0 "C. Scattering angles 8 are 15,30, and 150". The curves 
are composite ones obtained by superposition of two or three 
raw A&) data with different sampling times. 

to obtain the first cumulant, Tf, characteristic of the fast 
mode. 

(1) A,(t) = ,8 + Af!gq%)12 

In !g,(l)(t)~ = cK,(rq)(-T)m/m! (2) 

rf = Kl(r,) (3) 

Af is the amplitude of the fast mode, and g $ W  is the 
time correlation function of the scattered electric field 
at the scattering vector, q(lql = (4dA) sin(8/2)). Here 13. 
is the wavelength of the light in the medium. The 
baseline, ,4, was put equal to (1 + A,) for an estimate of 
Tf, where A, is the amplitude of the slow mode. On the 
other hand, b(t) in the long-time domain which cor- 
responded to the slow mode could not be accurately 
fitted with the cumulant function though the first 
cumulant itself could be obtained. This is discussed 
later in detail. Therefore we applied histogram analy- 
sis34 to the data in the long-time domain to obtain the 
distribution of the decay rate, G(T). The characteristic 
decay rate, Ts, for the slow mode was estimated from 
G(T) with eq 4. 

(4) 

Eventually (1 + A,) was found very close to  the station- 
ary value of A,(t) appearing over the intermediate time 
interval. It is to be noted that AAA, + Af) decreases 
with increasing q,  as is seen in the Figure 3. 

2. The 1.5 wt % PVA Sample. The PVA concentra- 
tion of C = 1.5 wt % is slightly higher than the 
overlapping concentration, C* = 1.2 wt %, which is 
calculated using previous experimental data (sedimen- 
tation and diffusion) of PVA solutions.35 Figure 2 shows 
a plot of rf and Ts against the square of the scattering 
vector q at T = 25.0 "C. As mentioned in the previous 
section, the fast mode was analyzed with the cumulant 
method and the slow mode by the histogram method. 
From the figure we see both Tf and T, are proportional 
to q2. This indicates that the fast and the slow modes 
are both the diffusion mode. The diffusion coefficients, 
Df and D,, are the respective slopes in the figure. We 
calculated the hydrodynamic correlation length &.I, 
which is the dynamical characteristic length of the PVA 
network from Df using eq 5. 

Here, kg, T, and 7, are the Boltzmann constant, the 



Macromolecules, Vol. 28, No. 7, 1995 

2 0 2.0 t x T i  
\ t  / /u 

L' 1 .o i- ,// 
0.0 

0 2 4 6 8 1 0 1 2  
q2 / 1 o - ~  nm-2 

Figure 2. Decay rates Tf from the fast mode and T8 from the 
slow mode plotted against the square of the scattering vector 
q for the sample with C = 1.5 wt % at 25.0 "C. The plot shows 
that Tf and Ts are both proportional to  q2. The slopes of Tf 
and T8 give the diffusion coefficients Df and D,, respectively. 
Symbols are explained in the figure. 

absolute temperature, and the solvent viscosity, respec- 
tively. The values are listed in Table 1. t~ takes a 
value of 6.5 nm for C = 1.5 wt %. Values of q covered 
with the DLS experiment through 8 = 10.4-150" range 
from 3.2 x to 3.3 x nm-l. Thus q e H  < 1 is 
satisfied for all 8, which is consistent with constancy of 
Df = Tdq2 over the whole range of q as is shown in 
Figure 2. The absolute magnitude of Df = 3.8 x lo7  
cm2 s-l suggests that the fast mode corresponds t o  the 
cooperative diffusion mode. 

On the other hand, the slow mode characterized by 
the very small diffusion coefficient D, might be assigned 
as  the translational diffusion of large particles or 
clusters composed of many PVA chains physically cross- 
linked by ol-borate complexes. An estimate of the 
cluster radius r from a simple application of eq 5, 
however, gives a very large value of 11 pm, which is 
contrary t o  physical intuition judging from the fact that 
the solution is clear. At C = 1.5 wt %, slightly higher 
than the overlapping concentration, the PVA chains 
slightly overlap one another. Formation of the com- 
plexes among overlapped neighboring chains then may 
produce many clusters of various sizes in the solution 
and induces a large concentration fluctuation in the 
spatial scale. Those clusters are further interconnected 
to one another with a few complexes. If this conjecture 
were applicable, the association-dissociation kinetics 
(ADK) of the latter complexes would dominate the 
diffusion behavior at  the long-time end as well as the 
mechanical behavior in the flow region. The effect of 
ADK in this semidilute PVA solution results in the 
diffusion of a large complex in the many surrounding 
clusters. This is very different from the diffusion of a 
cluster in dilute solution, where the solvent viscosity is 
used in eq 5. So we simply replaced the solvent viscosity 
in eq 5 by the solution viscosity and, on substituting 
the D, value for Df, obtained the average cluster size, r 
= 2.4 x lo2 nm, which is about 40 times as large as  6 ~ .  

The product qr is less than unity a t  low scattering 
angles and becomes larger than unity a t  higher scat- 
tering angles. Therefore the DLS measurements on this 
sample prove mainly the translational diffusion of the 
clusters at low 6 and prove the local intramolecular 
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chain motion inside the clusters at  high 8, which can 
be characterized by Df. Correspondingly, the relative 
amplitude AJ(A, + Af) for the slow mode should decrease 
with increasing 8. As is shown in Figure 3, A$(A, + Af) 
rapidly decreases from 0.95 t o  0.15 with increasing q 
and appears to level off at  the large q end. Our 
interpretation for the slow mode is not in contradiction 
with the observed q dependence of the light intensity. 
Here we should remark that the size distribution of the 
clusters in the solution may be broad and also that the 
number of complexes interconnecting the clusters may 
vary depending on the cluster size a t  least. The r 
distribution must be broad. So the histogram method 
was necessary for data analysis of the slow mode. 

Results of dynamic viscoelasticity showed that, in the 
measured angular frequency range (w = 0.15-100 rad/ 
s), G(o) - w2 and G ( w )  - wl, which indicates that the 
sample is in the flow region.15 We determined the 
relaxation time, ZM - 0.01 s, from the slopes of G ( w )  
and G ( w )  using the relations G = G N Z M ~ U ~  and G = 
GN~MW. This relaxation time may be taken as the 
characteristic time for ADK. 

3. The 1.8 and 2.0 wt % PVA Samples. 3.1. 
Dynamics at 25.0 "C. Both the 1.8 and 2.0 wt % PVA 
samples prepared behaved like very weak gels. Figure 
4 shows a plot of Tf of 1.8 and 2.0 wt % PVA samples at  
T = 25.0 "C against the square of q. The Tf is 
proportional to q2 at C = 1.8 and 2.0 wt %. This 
demonstrates that the fast mode is the diffusion mode 
as well as at  C = 1.5 wt %. The diffusion coefficients, 
Df, are the slope in the figure. We calculated [H from 
Df using eq 5 ,  and the values are listed in Table 1. The 

at  C = 1.8 wt % was a little smaller than that at  C 
= 2.0 wt %. As in the case of C = 1.5 wt %, q e H  < 1 is 
satisfied for all 8, which is consistent with constancy of 
Df = rdq2 over the whole range of q. Df corresponds to 
the cooperative diffusion coefficient. 

On the other hand, the q dependence of the slow mode 
for the two samples was found to be very different from 
that at  the lower concentration of C = 1.5 wt %. The 
analysis of the A&) data (in the long-time domain) with 
the histogram method showed that the T distribution 
was, strictly speaking, better represented by two peaks. 
The main peak was observed in the same range of the 
delay times irrespective of q and the minor peak at  the 
long delay time end. The height of the minor peak was 
so small in comparison with that of the main peak that, 
in this paper, we evaluated Ts by integration of only the 
main peak by the use of eq 4. The DLS measurement 
with a new correlator is in progress, and results of more 
detailed analysis will be reported soon. 

The characteristic decay rate Ts of the slow mode is 
plotted against q2 a t  T = 25.0 "C in Figure 5 .  The data 
confirm that Ts is independent of q and indicate that 
the slow mode is the relaxation mode, not the diffusion 
mode. The Ts appears to  decrease with increasing C, 
being in contrast with the C dependence of Df. The 
inverse of T, may be taken as  the relaxation time z, 
which characterizes the slow decay of concentration 
fluctuation. The values are listed in Table 1. 

Figure 3 shows the scattering vector dependence of 
the relative amplitude of the slow mode, AJA, + Af), 
for the three samples with C = 1.5, 1.8, and 2.0 wt % at 
25.0 "C. The experimental uncertainty for A, was about 
5%. The relative amplitudes of the C = 1.8 and 2.0 wt 
% samples first decrease with an increase of q in the 
range of q < nm-', gradually begin to level off with 
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Table 1. Experimental Results at 25.0 "C 
ctwt % DdlO-7 cm2 s-l h , d n m  rds-1 rds r d s  GdPa DdlO-10 cm2 s-l 

2.0 4.50 =k 0.10 5.5 3.6 5 0.4 0.28 0.24 i 0.03 210 f 10 
1.8 4.70 f 0.10 5.2 12.0 f 1.5 0.08 0.09 * 0.01 $0 f 5 
1.5 3.80 ic 0.10 6.5 -0.01 2.2 5 0.3 

0.8 + i 
+ 

g0.6 1 0 + 

0 1 2 3 4 
q / I o-* nm-' 

0.0 

Figure 3. Dependence of the relative amplitude of the slow 
mode AJ/(A, + Af) on the magnitude of the scattering vector q 
for the three samples. Symbols for PVA concentration C at 
25.0 "C are (+) 1.5 wt %, (m) 1.8 wt %, and (0) 2.0 wt %, and 
those for temperature at C = 2.0 wt % are (0) 35.0 "C and (0) 
40.0 "C. 

6.0 

2 
q2 / YO-" nm-2 

Figure 4. Decay rates Tf from the fast mode plotted against 
the square of the scattering vector q for the samples with C = 
1.8 wt % at 25.0 "C and C = 2.0 wt % at 25.0 and 40.0 "C. The 
plot shows that Tf are proportional to  q2. 

an increase of q at intermediate q, and appears to level 
off at higher q. 

In order to examine if the slow mode observed in DLS 
is closely related to the global mechanical relaxation of 
the PVNSB network, we made dynamic viscoelastic 
measurements on the same PVNSB sample. In Figure 
6, we show the angular frequency w dependence of G ( w )  
and G ( w )  of the samples with C = 1.8 and 2.0 wt % at 
25.0 "C.  The G and G are proportional to w 2  and w1 
in the low w region, respectively, which are character- 
istic of the steady flow behavior.15 With an increase in 
w ,  the frequency dependences of G and G '  of the two 
samples are characterized by a leveling-off of G and a 
maximum of G .  Such frequency dependences suggest 
that the relaxation behavior of the PVNSB complex 

2 5 . 0 ~ 1  I I I I I I I I 1 1 - 1  

20.0 
C=2.0wt% at 40,O'C 

'i 15.01 

C=l.8wt% at 250°C 10.0 

~=2.0wt% at 2 5 . 0 ~  

q2 I 1 o - ~  nm-2 
Figure 5. Decay rates Ts from the slow mode plotted against 
the square of the scattering vector q for the samples with C = 
1.8 wt % at 25.0 "C and C = 2.0 wt % at 25.0 and 40.0 "C. The 
plot shows that Ts is independent of q. 

- 

; lo2 

-2 

1 oo 

1 0-4 
1 0-3 lo-' 10' 1 o3 

w I rad s-' 
Figure 6. Angular frequency w dependence of the storage and 
the loss shear moduli, G ( w )  and G ( w ) ,  of the two samples 
with C = 1.8 and 2.0 wt % at 25.0 "C. Symbols are explained 
in the figure. The plateau modulus GN and the maximum 
relaxation time SM are obtained by fitting eq 6 of the Maxwell 
model to respective G and G data. 

network on the low-w side can be described with a 
Maxwell model with one relaxation time t~ and the 
plateau modulus GN. 

We evluated t~ fitting eq 6 to the respective G' and G 
data. As is given in Table 1, the characteristic relax- 
ation time ts from the slow mode is in good agreement 
with ZM. This result confirms the presence of dynamical 
coupling between concentration fluctuation and stress 
in this viscoelastic network system. 

The plateau in G is observed in the w range of 10- 
l o 2  rad/s. On the other hand, even the smallest decay 
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Table 2. Experimental Results at C = 2.0 wt % 

TPC D d w 7  cm2 s-l tH,dnm rJs-1 tds TMIS 

25.0 4.50 f 0.10 5.5 3.6 f 0.4 0.28 0.24 f 0.03 210 f 10 
35.0 5.40 f 0.10 5.8 15.0 f 2.0 0.067 0.065 i 0.005 130 * 10 
40.0 5.80 f 0.10 6.0 21.0 f 2.0 0.048 0.045 i 0.005 100 f 5 

rate Tf for the fast mode to  be observed at  the lowest 
scattering angle of 8 = 10.4" is about 3 x lo2 s-l, which 
is larger than the maximum w = lo2 rad/s. Thus, 
concentration fluctuation in the fast mode decays out, 
due to the diffusive motion, in a faster time domain. 
This would confirm that the fast mode was well sepa- 
rated from the slow mode. 

3.2. Temperature Dependence of rf and Ts at C 
= 2.0 wt %. The DLS and DVE measurements were 
performed at  elevated temperatures of 35.0 and 40.0 "C 
on the sample with C = 2.0 wt %. Figures 4 and 5 show 
plots of Tf and Ts of the sample at  T = 40.0 "C against 
q2, respectively. The proportionality of Tf to q2 demon- 
strates that the fast mode a t  this temperature is the 
diffusion mode with the diffusion coefficients Df. The 
Df increased with increasing temperature. The increase 
can be mainly attributed to  a decrease in the solvent 
viscosity with increasing temperature. Therefore &+ is 
a more appropriate quantity for characterization of the 
physically cross-linked network in the short time scale. 
At 40.0 "C, Ts is still independent of q, indicating that 
the slow mode is the relaxation mode. From the Ts and 
Tf values listed in Table 2, Ts is more strongly dependent 
on T than Tf is. 

The G ( w )  and G ( w )  of the sample with C = 2.0 wt % 
at 40.0 "C are found to become proportional to  w2 and 
w1 in the low-w region, respectively. The maximum of 
G was also observed as in the case at  25.0 "C. We 
evaluated ZM fitting eq 6 to the respective G and G t  
data. The characteristic relaxation time zs from the slow 
mode Ts was again in good agreement with ZM a t  35.0 
and 40.0 "C. This result confirms that the slow mode 
proved by DLS is closely related to the viscoelastic 
nature of the sample. 

GN may be related to  the number of complex n, i.e., 
the number of physical cross-links, by GN = nkBT. n 
may depend on T like n = no exp(AflRT), where Af is 
the dissociation energy of complex and R is the gas 
constant in the measured T range. The value of Af can 
be obtained as  the slope from a plot of log(GN/T) vs UT. 
The estimated value of Af = 9.0 kcallmol is not so 
different from the activation energy of 6 or 10 kcallmol 
for breaking individual cross-links reported by Shultz 
and Myers33 as well as the enthalpy of -8.5 f 1.5 kcall 
mol of formation of a mole of junction points by Shiba- 
~ a m a . ~ ~  

4. Comparison with the Theory. In previous 
sections, we saw that the slow decay of concentration 
fluctuation observed in DLS was the relaxation mode 
for the samples with C = 1.8 and 2.0 wt % and could be 
characterized by the relaxation time zs (=TsV1). As is 
clear from Tables 1 and 2, good agreement between zs 
and ZM is obtained over the range of C and T studied. 
Therefore we may conclude that the slow mode found 
in DLS of the PVA/SB complex system is not a local but 
a global concentration fluctuation. This slow mode is 
accompanied by the slow relaxation process of the 
viscoelastic network. It seems important to note that 
the slow mode exists even in the semidilute solution of 
good solvent, if the temporary cross-linking points are 
present. 

This slow relaxation mode was first discussed by 
Brochard and de Gennes. They explained the slow 

relaxation mode with a pseudogel model to describe the 
dynamics of the semidilute solution constituting of high 
molecular weight Their result corre- 
sponds to a frozen gel model for which the stress 
modulus is not allowed to  relax. Only in a plateau 
region where the stress modulus is nearly constant is 
de Gennes theory expected to be valid. Adam and 
Delsanti modified the above theory adopting the tran- 
sient gel model which was able to relax with one 
relaxation time and also reported an important experi- 
mental finding that the fast mode was the collective 
diffusion mode and the slow one was the relaxation 
viscoelastic mode which is independent of the scattering 
vector q.24 

Now, there are two theoretical ideas for interpretation 
of the slow relaxation mode. Theories by a few  group^^^,^^ 
predict that mass flow or concentration fluctuation in 
the gel-like solutions induces deformation of the vis- 
coelastic network, and consequently concentration fluc- 
tuation may slowly decay out as  the elastic stress 
generated by the network deformation relaxes. The 
other theoretical idea is due to Wang.29,30 As stated in 
the Introduction, he argues that the difference in partial 
specific volumes of the polymer and the solvent gives 
rise to dynamical coupling between concentration fluc- 
tuation and density fluctuation and then the viscoelastic 
mode appears in the DLS power spectrum. These two 
ideas are essentially incompatible with each other and 
the physics underlying the slow mode is at  issue in the 
DLS study of viscoelastic polymeric liquids. In this 
PVNSB system studied, the partial specific volume of 
the solvent (water) is 1.00 cm3/g and that of PVA is 0.76 
cm3/g, so that the difference in partial specific volumes 
must be present. Then in our system both the theoreti- 
cal ideas stated above can explain the slow mode. Here 
we shall choose the theory of Doi and Onuki31 for this 
PVNSB system for more quantitative discussion, though 
viscoelasticity was not brought about by chain entangle- 
ments but by temporary cross-linking (ADK). 

The phenomenological theory developed by Doi and 
Onuki explains the physics of the dynamical coupling 
between concentration fluctuation and elastic stress for 
the entangled polymer solutions as well as polymer 
blends as follows. Mass flow or concentration fluctua- 
tion in the system creates deformation of the viscoelastic 
network, which produces the gradient of the elastic 
stress. Then this gradient affects diffusive motion of 
polymer chains, resulting in slow decay of concentration 
fluctuation as the network stress relaxes. They predict 
that the normalized time correlation function A&) 
satisfies the following non-Markovian equation: 

Here, A&) = &I&)/& T4 is the decay rate for coopera- 
tive diffusion without the viscoelastic effect, 17 is the 
solution viscoscity, G(t) is the shear modulus at  time t ,  
and cvve is a characteristic length which determines the 
strength of dynamical coupling. Equation 7 is es- 
sentially a phenomenological equation obtained under 
the important assumptions that (1) the isotropic part 
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of the network stress is zero and (2) the entanglement 
network is common to all polymers participating in the 
entanglement and moves with the tube velocity first 
proposed by Brocharda2* 

Equation 7 is considerably simplified in the case that 
the stress relaxation behavior is described by the 
Maxwell model with the single relaxation time t~ as  
G(t) = GN exp(-t/rM) in correspondence t o  the case of 
our PVA/SB system. Especially, under the conditions 
of r q Z M  >> 1 and r q Z M  >> tVe2q2, A&) is calculated to  be 
a sum of two exponential functions, 

The second term on the right-hand side of eq 8 accounts 
for the viscoelastic effect and is of the order of the shear 
modulus divided by the bulk modulus, thus being very 
small in a good solvent. Equation 8 correctly explains 
not only the time profiles of A&) shown in Figure 1 but 
also that the fast mode and the slow mode are the 
diffusion mode (rf = rq = D g 2 )  and the relaxation mode 

For a more quantitative test of the theory, we 
calculated A, using tve2 = 0.65tb2~/vs for entangled 
homopolymer solutions. The t b  is the radius of the so- 
called blob and may be expressed as &, = 1.361.1 in the 
semidilute Since Ts (=rf) has been shown 
to  be accurately proportional to  q2, tve2q2/r4rM becomes 
independent of q and is equal to  5.1n&r3?$r~k~T = 0.11 
when [H = 5.5 nm, = 40 Pa s, and TM = 0.24 s are 
used (C = 2.0 wt %, at 25.0 "C). The theory, thus, gives 
a q-independent value of 0.10 as the relative amplitude 
of the slow mode for the samples. In comparing this 
prediction with the data shown in Figure 3, we see that 
agreement between the theory and the experiment is 
nearly satisfied only for the sample with C = 2.0 wt % 
at 25.0 "C a t  high q and cannot explain the q and T 
dependences of the relative amplitude. From an ex- 
perimental point of view, we used the linear correlator 
for the present DLS measurements and superposed two 
or three raw data with different sampling times to  
obtain A&) in Figure 1, which made determination of 
the relative amplitude ambiguous to some extent. 
Therefore it seems too early to discuss more about the 
discrepancy between the theory and the experiment. 
Now, we are making DLS measurements with a mul- 
tiple t correlator which covers a broader dynamic range. 
We shall report on results of numerical analysis of DLS 
data of this system using a general expression of eq 7 
soon. 

= ts = TM), respectively. 
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