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Elongational f low study of poly(styrene sulfonate) in dilute solution 
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The elongational flow measurements were made for dilute polystyrene sulfonate solutions of three different 
molecular weights at low added-salt concentration. The results obtained show that the polymer chains are 
rigid-rod-like at low salt concentrations and that the flexibility of chains increases with salt concentration. 
At very low salt concentrations, an unusual dependence of retardation on strain rate has been observed; the 
retardation decreases with increasing strain rate after showing a maximum, and further the sign of 
birefringence changes. A possible interpretation has been proposed for this response of polymer chains 
against an elongational flow field. © 1997 Elsevier Science Ltd. 
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Introduction 
It is well-known that the flexibility of  a charged poly- 

mer chain increases with counterion concentration, and 
hence that the conformation of  polymer chains changes 
from a highly expanded chain to a flexible random coil 
with added-salt concentration. An elongational flow tech- 
nique is a powerful method to investigate dynamical 
properties of polymer chains. In this method, an elon- 
gational flow field with a stagnation point induces the 
chain extension and/or alignment which are registered by 
the light transmitted through crossed polars. It has been 
reported that for flexible chains a birefringent zone is 
localized along the stream line passing through a stag- 
nation point, and retardation shows a sudden increase 
against strain rate, which corresponds to a coil-stretch 
transition, while the birefringence is non-localized and 
retardation increases continuously with strain rate for 
rigid rod-like molecules 1 . Thus, the flexibility of polymer 
chains can be studied both from a birefringence pattern 
and from the strain rate dependefice of retardation. 

A few experimental results have been reported for 
elongational flow studies on polystyrene sulfonate (PSS), 
a typical polyelectrolyte 2 5. These results showed that the 
chain flexibility increased with counterion concentration, 
but the interpretation of  the results at low counterion 
concentration is still under debate. 

In the course of re-examining the behaviour of dilute 
PSS solutions at low counterion concentration under an 
elongational flow field, we have observed an unexpected 
dependence of retardation on strain rate at very low 
counterion concentration; the retardation decreases and 
further changes the sign with increasing strain rates. In 
this paper, the results are presented and a mechanism has 
been discussed for this unusual strain rate dependence of 
retardation. 
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Experimental 
The material used was PSS, purchased from Scientific 

Polymer Products in the form of  a sodium salt. The 
molecular weight, Mw, the polydispersity, Mw/Mn, the 
polymer concentration, Cp, and the range of added-salt 
concentration, cs, studied are given in Table 1. The 
polymers were dialysed against pure water to remove 
excess salt and the salt concentration is taken as zero for 
the dialysed solutions. The salt used was sodium 
chloride. For  preparing the PSS aqueous solutions with 
low added-salt concentration, 1% NaC1 aqueous solu- 
tion was added to the polyelectrolyte solution in small 
drops, and for large Cs solutions powder NaC1 was 
dissolved into the solutions. 

The elongational flow field was created by an opposed- 
jets system 1. The opposed jets are composed of two glass 
capillaries with inner diameter 2 r of  0.9 mm, and outer 
diameter of 7 mm placed in separation 2 d of 0.6 mm. The 
uniaxial extensional flow field with a stagnation point at 
the centre was created by sucking the solution from the 
opposing glass capillaries. The strain rate ~ at the stag- 
nation point is calculated from the volumetric flow rate 
Q and the jet dimensions by ~ = Q/(27rrZd). The highest 
strain rate achieved in the present system was about 
2 x 104 s -1 for dilute PSS aqueous solutions. 

The orientation of polymer molecules is registered by 
the birefringence. The optical axis is perpendicular to the 
jet symmetric axis and passing through the stagnation 

Table 1 List of the poly(styrene sulphonate) solutions studied 

Polymer Added-salt 
concentration concentration 

Solution M w M w / M  n % (wt%) c~ (moll -I)  

PSS05 5.05 x 105 1.17 0.08 0 3.5 x 10 3 
PSS08 8.01 x 105 ! 16 0.06 0-1.7 × 10 -~ 
PSS12 1.19x 106 1.2o 0.06 0 4 .0x 10 -3 
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point. A polarizer and an analyser are mutually crossed 
at 45 <̀ to the symmetry axis of the jets. In the intensity 
measurements the laser beam was focused down to about 
0.2 mm in diameter. Since the retardation induced by the 
flow in the present study was always much less than the 
wavelength of light (also less than the saturation limit 
of  the detector), the retardation is proportional to the 
square root of  the intensity of light transmitted through 
crossed polars. No hysteresis in retardation was observed 
in both increasing and decreasing strain rate measure- 
ments in the present study. A quarter-wave plate was 
used for compensating stray birefringence and for 
confirming the sign of birefringence. 

Results and discussio#~ 
Figure la shows the strain rate dependence of retar- 

dation B, for the solutions PSS05 (Mw = 5.05 × 105). 
The sign of birefringence was negative near the stag- 
nation point: in this paper, the negative values of  
retardation are plotted above the abscissa in the figures 
of the strain rate vs retardation. For the solutions with 
added-salt concentration smaller than 1 × 10 3 m o l l  I, 
retardation first increases linearly with strain rate, and 
tends to saturate at a higher strain rate. Birefringence is 
not localized, and a pair of  dark bands is observed 
approximately parallel to the symmetry axis nearly at the 
edges of  entrance to the capillary: the sign of observed 
birefringence changes across the dark bands. Both the 
strain rate dependence of retardation and the birefrin- 
gence pattern are typical of the rigid-rod molecule 
behaviour 6'7. 

At a salt concentration larger than 2 x 10 ~ moll  r 
the retardation vanishes at small strain rates, and then 
increases gradually with strain rate. At the same time, the 
dark bands are almost unobservable. Birefringence is, 
however, still non-localized, and not so sharp as that 
observed for flexible molecules. This behaviour suggests 
the increase in chain flexibility due to the charge 
screening with increasing salt concentration. 

The results for the solutions PSS08 (M,~. - 8.01 × 1() ~ ) 
and PSS12 (M,, = 1.19 x 106) are shown in Figures lh 
and h', respectively. For the solutions PSS08 at c~ > 
6 x 10 4moll  ~, the results are similar to those of  the 
solutions PSS05: the rigid-rod like behaviour at low salt 
concentrations, and the appearance of flexibility of  chain 
with increasing salt concentration. At still lower salt 
concentration, c~ < 2 × 10 4moll  i however, retarda- 
tion first increases, passes through a maximum and then 
decreases with strain rate (F(gure lh). 

For solutions PSS12, this peculiar phenomenon is 
observed more conspicuously (Figure h'). At c~ < 6 
10-4moll  I. retardation shows a maximum against 
strain rate, and further, at c~ < 9 x 10 5moll  ~, retar- 
dation changes its sign with increasing strain rate 
(negative to positive birefringence). Although in the 
intensity measurement the intensity of light transmitted 
through crossed polars shows a minimum, the change of 
sign in birefringence was confirmed by a quarter-wave 
plate. The birefringence pattern at low strain rate is 
similar to that for the solutions PSS05 at low c~ concen- 
trations, and is typical of the rigid-rod molecules. At high 
strain rate, where the decrease of  retardation is observed, 
the dark bands approach the symmetric axis, and the 
outer region beyond the dark bands becomes very bright. 
The unusual approach of dark bands to the symmetric 
axis indicates that the relaxation time is very large ~. At 
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Figure I Variation with added-sah concentration in the strain rate 
dependence of  retardation. (a) Solution PSS05 (M,, 5.05 x 10 ~. cp = 
0.08wt%): ©, c, = 0 m o l l  i; y .  2×  10 4mol l  i D, 6 x  10 4mol l  t 
V. I x I0 3moll  i O. 2 x 10 3moll i 0,  3.5 × 10 3moll I. (b) 
Solution PSS08 (M,, 8.01 × l0 s, Cp = 0.06wt0. o): O, c, = ()moll 1 
4,, 2 x  10 4moll  I: [El, 6 × 1 0  4moll  t: V. I × 10 ~moll I: O, 
~ I0 ~moll i: i ,  4 x  10 amoll  1: i .  8 × 1 0  3moll i II, 1.7× 
I0 ~lnoll I.(c) Solution PSSI2(M,, 1.19 x lO{',cp = O.06wt°~}): Q, 
~, = ()moll I A,9 × 10 5moll  IzD. 2 × 10 4mol l  i. V.4 x 10 4mol 
I I ),. 6 × 10 4111011 I Q, 1 ~< 10 ~moll i i .  2 × 10 ~moll I: II, 
4 .: 10 4moll  I 

strain rates higher than the one at which the sign 
inversion of birefringence is detected, no dark band is 
discernible. For c, > 6 x 10-4moll  i the results are 
similar to those of  the solutions PSS05. It is to be noted 
that the peculiar phenomenon, i.e. the decrease in 
retardation and unusual approach of the dark bands 
to the symmetric axis, was completely reproducible: 
after adding the salt up to the concentration of 
4 × 10 3moll  t the solution was re-dialysed, and then 
the same results were obtained. 

Figure 2 shows the variation with polymer concen- 
tration in the strain rate dependence of retardation for 
the PSS solutions (M,  - 1.19 x 106)atc~ 0 in the range 
of polymer concentration, %, from 0.05 to 0.09wt%. 
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Table 2 Three regions of  the response of  NaPSS solutions against elongational flow field 

M,, 5.05 x 105 M,~ 8.01 x 105 M,~ 1.19 × 106 

Region III not observed 

Region I c~ < 1 × 10 3mol l  1 

Region II c~ > 2 × 10 3mol l  I 

c s < 2 × 10 4mol l  i (at high strain rate) 

c~ < 2 x 10 4mol l  i (at low strain rate) 

6 ×  10 4 < c s  < 4 x  10 x 
{whole strain rate studied) 

c ~ > 4 ×  lO-3moll  i 

c~ < 6 x 10 4mo11-1 (at high strain rate) 

cs < 6 x 10 4mol l - I  (at low strain rate) 

6 x  10 4 < c ~  < 1 × 10 -~ 
(whole strain rate studied) 

c, > 1 × 10 3mol l  J 
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Figure 2 Variation with polymer concentration ,n the strain rate 
dependence of retardation for M,, 1.19 x 106 at c S - 0mol l  -I.  O, 
% - 0.09wt%; A. 0.08 wt%; [~, 0.07wt%; V, 0.06wt%, ~ ,  0 .05wt% 

The plots of the retardation normalized by polymer 
concentration vs strain rate are approximately super- 
imposable, which indicates that the PSS solutions of 
polymer concentration employed here can be regarded as 
dilute ones. 

The response of NaPSS dilute solutions against the 
elongational flow field is classified into three regions, as 
shown in Table 2. At relatively low salt concentration, 
the rigid-rod like behaviour is observed (region I). 
Retardation initially increases linearly with strain rate, 
and the birefringence pattern is non-localized with two 
dark bands. It is known that the neutral polystyrene 
molecules in good solvents are flexible random coils, and 
that the coils expand due to Coulomb repulsion on 
adding ions to the chains. In region I, both the strain rate 
dependence of retardation and the birefringence pattern 
are typical of the rigid-rod molecules. These facts 
indicate that the orientation of PSS molecules dominates 
over the chain deformation as a response of molecules to 
the elongational flow field. 

At high salt concentrations, behaviour suggesting the 
appearance of flexibility is observed (region II). No 
retardation is detected at low strain rate and the retar- 
dation increases gradually with strain rate. The birefrin- 
gence is still non-localized, but the dark bands are hardly 
observable. These results indicate the optical anisotropy 
of a chain is small at small strain rate, which results from 
the increase in flexibility of a chain on adding salt. The 
retardation observed with increasing strain rate is there- 
fore due to the deformation of  chains by the elongational 
flow field. Because neither the abrupt increase in retar- 
dation against strain rate nor the localization of bire- 
fringence on the symmetric axis was observed, PSS 
molecules are not a flexible chain like neutral polystyr- 
ene, but a semi-flexible chain. Odell and Taylor attri- 
buted similar strain rate dependence of retardation to a 

coil-stretch transition of a free-draining coil 8. The results 
obtained in regions I and II are consistent with those by 
Nahr and Keller 5. A similar behaviour was reported in 
collagen and DNA solutions 91°. 

At very low salt concentrations and, molecular weight 
larger than 8 x 10 5, the retardation decreases through a 
maximum, down to the opposite sign with increasing 
strain rate (region III). The dark bands approach the 
symmetric axis, and then become unobservable at high 
strain rate. Since the degree of the alignment and/or the 
deformation of chains should increase with increasing 
strain rate, the decrease in retardation and the sign 
inversion are interpreted as the results of the change in 
molecular conformation which reverses the major axes of 
the refractive index ellipsoid. 

The optical anisotropy of a polystyrene chain is 
determined mainly by the orientation and the inclination 
of the phenyl side group with respect to the chain 
direction, with a smaller contribution from the chain 
backbone. A decrease in retardation with increasing 
strain rate was reported for an atactic polystyrene/ 
decalin solution 1, though the strain rate at which 
retardation shows a maximum is larger than the present 
study. They attributed the decrease in retardation to the 
change of orientation of phenyl side group and suggested 
another possibility of the side group tilting 1'11. A decrease 
and a minimum in the intensity of  the light transmitted 
through crossed polars are also observed in DNA 
solutions l°, but the authors attributed them to the effects 
of turbulence, and hence the relevance to the present 
result is not clear. 

Darinskii and Borisov have predicted that two tran- 
sitions in chain conformation can occur with increasing 
strain rate in polyelectrolyte moleculesl2: (i) a transition 
from a swollen polyelectrolyte coil to a stretched chain of  
electrostatic blobs; (ii) a transition from a stretched chain 
of electrostatic blobs to a completely stretched chain of 
monomers. At very low salt concentrations, a chain is of  
completely stretched conformation of  electrostatic blobs 
at quiescent state and a transition (i) does not exist. The 
stretched chains of electrostatic blobs first align parallel 
to the symmetric axis at a low strain rate, and this pro- 
cess is observed as rigid-rod like behaviour (region I). A 
further increase of  strain rate induces a transition (ii) into 
a stretched chain of monomers. The change in confor- 
mation in the transition into a stretched chain of 
monomers may give rise to the inversion of optical 
anisotropy (region III). According to this scheme, tran- 
sition (i) describes that from region I to region II 
observed at higher salt concentrations. Further quanti- 
tative investigations will be necessary to examine the 
above transitions. 
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