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Abstract When viscometry is used, 
a crossover phenomenon  is observed 
separating the dilute solutions into 
extremely dilute solutions and dilute 
solutions. The critical concentrat ion 
c**, determined from this crossover 
phenomenon,  strongly depends on the 
shear rate in the solution. At very high 
values of shear rate the critical 
concentrat ion c** becomes very low 
and depends only on the contour  
length of the elongated chains of  
different polymers. An increase of the 

tempera ture  induces an increase of 
c** because the relaxation time of the 
chains decreases. If a po lymer  adopts  
a rodlike conformat ion (in a given 
solvent at a given temperature)  the 
excluded volume of its chains 
increases and its critical concen- 
t rat ion c** decreases. 
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Introduction 

In a series of articles [1 6], we have introduced a critical 
concentrat ion,  c**, that  separates the dilute solutions into 
two regimes: the extremely dilute solutions (c <c**) and the 
merely dilute solutions (c > c**). The concentration c** has 
only been detected using dynamic methods (viscometry); in 
contrast  we were not able to detect it through static 
measurements (light scattering) [7]. Compared  to the over- 
lapping concentrat ion c*, introduced by de Gennes [8], for 
the same polymer  fraction dissolved in the same solvent, the 
concentration c** is in general ten times lower. The appear- 
ance of c** has been attributed to entanglements between 
chains which lead to the format ion of polymolecular  clus- 
ters thus favoring the flow of the solution. Indeed, above 
the concentra t ion c** the reduced viscosities of the poly- 
mer  solutions are lower than the predicted ones from the 
measurements  conducted below the concentrat ion c**. 

Many  other  authors  have also observed " in te rac t ions"  
between the macromolecu la r  chains in the region of dilute 
solutions and even in the extremely dilute solution region. 
In this region the existence of contacts [9, 10] and en- 
tanglements [11] between chains has been investigated. 
The existence of contacts  and entanglements  between 
polymer  coils has also been found by Bros tow et al. 
[12, 13] using a Brownian dynamics compute r  simula- 
tion technique, even far below the critical over lapping 
concentrat ion c*. We also would like to point  out  
that  during the last years a great interest has been shown 
in these " in terac t ions"  between chains in the dilute solu- 
tion region because they seem to be related to the so called 
drag reduction effect [12-14] .  This interest in the behavior  
of  polymers  in the very dilute solution region mot iva ted  
us to study the influence of the shear rate, the temper-  
ature and the polymer  conformat ion  on the crossover  
phenomena  (c**) observed in this concent ra t ion  
region. 
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F.xperimental part 

The  polystyrene (PS), the poly(ethylene oxide) (PEO) 
and the poly(tertio butyl methacrylate) (PtBuMA) and 
the poly(2-vinyl pyridine) (P2VP) samples used in 
this work have been prepared by us in the "Charles Sad- 
ron"  Institute in Strasbourg by anionic polymerization 
at low temperature and their polydispersities never 
exceed 1.15. 

Viscosity measurements were carried out in a Schott- 
Gera te  (AVS) automated system with Ubbelohde-type 
viscometers, equipped with an automat ic  injection system 
(maximum error _+0.03%) for in situ dilutions. By chang- 
ing the capillary size the efflux time is changed, and conse- 
quently the shear rate. The temperature  was controlled to 
within _+0.02~ The errors that could have originated 
from concentrat ion inaccuracies were checked by perform- 
ing independent measurements and can be considered 
negligible. The capillary diameter  of used viscometers are: 
0.46, 0.53, 0.63 and 0.84 mm. 

Results and discussion 

Influence of the shear rate 

The variation of the shear rate in the viscometric measure- 
ments was achieved in this work by changing the capillary 
diameter  of the viscometer. In Fig. 1 we present the vari- 
at ion of the reduced viscosity as a function of the concen- 
t rat ion obtained with a fraction of poly(ethylene oxide) 
(PEO)  of molecular mass equal to 35 000 in water solution. 

Curve A is obtained with a viscometer which gives an 
efflux time for the solvent equal to 125 s while curve B is 
obtained with a viscometer having a capillary of larger 
diameter giving an efflux time for the solvent equal to 23 s. 
It is clear that the increase of the shear rate induces a 
decrease of the critical concentrat ion c** (crossover point 
in curve B). In Fig. 1 we can also observe that in the case of 
higher shear rate the crossover phenomenon  is also more 
pronounced. 

In Figs. 2 - 4  we present the variation of c** as a 
function of the efflux time of the solvent obtained with 
three polymer-solvent systems (PS-chloroform, Fig. 2; 
P E O - H 2 0 ,  Fig. 3 and poly( ter t iobutylmethacrylate-THF 
Fig. 4). The measurements with each polymer-solvent  
systems have been conducted at different temperatures as 
it is indicated in these figures. The results presented in Figs. 
2 - 4  show a very important  dependence of the critical 
concentrat ion c** from the shear rate. 

It is well known that if the solution flows we have a 
modification of the shape of the macromolecular  chain 
and it is accepted that an increase of the shear rate induces 
important  elongation of the polymer  coil [15-17].  Elon- 
gated chains, during motion,  exclude a bigger volume 
compared to chains presenting coil conformation and this 
must lead to an increase of the number  of contacts per 
chain. Moreover  Brownian simulation studies [12, 13] 
show that an increase in entanglements with shear rate is 
due to the dynamic orientat ion of macromolecules. On the 
contrary, when the solution is found under a very low 
shear rate the number  of contacts and entanglements 
should be lower and consequently we need a higher 
quanti ty of polymer in order  to obtain the critical 
concentrat ion c**. 

Fig. 1 Plot of~ll/c vs. c for PEO 
fraction (Mw : 35 000) in water: 
curve A, low shear rate; curve B, 
high shear rate 
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Fig. 2 Plot of c** vs. the etltux 
time of solvent t, for the system 
PS (Mw : 52 000)-ethyl acetate, 
in different temperatures 
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Fig. 3 Plot of c** vs, the efflux 
time of solvent t, for the system 
PEO (Mw : 10000)-water, in 
different temperatures 
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Brostow and Drewniak [18] show theoretically that an 
increase of the shear rate provokes an increase of the 
number of the entanglements per polymer chain. This is 
also in accordance with our  results which show that an 
increase of the shear rate provokes a decrease of the critical 
concentration c**. Nevertheless we must note that Bros- 
tow and Drewniak show that although the increase of the 
shear rate in the relatively low region values enhance 
interchain entanglements, very high values of shear rates 
provokes a small decrease of these interactions. Moreover 
Vrahopoulou and McHugh  [19] suggest that above a 
critical shear rate we have a distraction of molecular en- 
tanglements. We believe that with the viscometers we use, 
we cannot achieve these high values of the shear rate. In 

the future we plan to study the critical concentrat ion c** 
applying higher values of shear rates, using a rotat ing 
viscometer. In this region of very high shear rates the 
curves of Figs. 2 -4  are presented by dashed lines and the 
extrapolation to t = 0 may be done utilizing the poly- 
nomial character of the obtained curves. 

As in the case of the overlapping concentrat ion c* 
[20, 21] we present the variation of c** as a function of the 
molecular mass, M, of the fractions of a given p o l y m e r -  
solvent system [5, 6] and we have obtained straight lines, 
the slopes of which are equal to the inverse of the exponent  
of the M a r k - H o u w i n k - S a k u r a d a  equation of the system. 
Presenting now in the variation of log c**t 5 (critical con- 
centration obtained with efflux time equal to 15 s) as 
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Fig. 4 Plot of c** vs. the efflux 
time of solvent t, for the system 
PtBuMA (Mw : 93 000)-THF, in 
different temperatures 
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Fig. 5 Plot of log c**~5 vs. 
log L at four different 
temperatures (L: contour length 
for the fractions of three different 
polymers). �9 PS : 22 000; 
�9 PS: 24000; �9 PS: 52000; 
�9 PEO: 10000; �9 PEO:35000; 
+ PtBuMA : 93 000 
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a func t ion  of  log  M for th ree  different  po lymer s ,  a t  differ- 
en t  t e m p e r a t u r e s ,  we o b t a i n  a v a r i a t i o n  of  c** wi th  the t = 1 5  

m o l e c u l a r  mass  of  these  p o l y m e r s  t ha t  is no t  m o n o t o n i c .  
This  is eas i ly  e x p l a i n e d  because  for  a s ame  m o l e c u l a r  mass  
the  cha ins  of  these  p o l y m e r s  d o  n o t  p resen t  the  same  
c o n t o u r  length,  L, a n d  c o n s e q u e n t l y  the i r  h y d r o d y n a m i c  
vo lume  is n o t  the  same.  K n o w i n g  the mass  pe r  c o n t o u r  
length,  ML, of  these  p o l y m e r s  we have  c a l c u l a t e d  thei r  
c o n t o u r  length.  The  m a s s  pe r  c o n t o u r  l eng th  is c a l cu l a t ed  
a c c o r d i n g  to  the  m e t h o d  p r o p o s e d  by  F l o r y  [22]  [ML 
(da l tons  A -  1): PS = 41.6; P E O  = 15.5; P t B u M A  = 56.8]. 
In  Fig. 5 we n o w  p re sen t  the  v a r i a t i o n  of  log  c**ts  as 
a func t ion  of  log L. As we can  see in this  figure, the  cr i t ica l  

c o n c e n t r a t i o n  p re sen t s  a m o n o t o n i c  va r i a t i on  wi th  the  
c o n t o u r  length  of  the  th ree  p o l y m e r s  when the m e a s u r e -  
men t s  are  c o n t a c t e d  a t  45 ~ A less m o n o t o n i c  v a r i a t i o n  is 
o b t a i n e d  at  25 ~ whi le  a t  10 ~ a n d  5 ~ the  v a r i a t i o n  is 
no t  m o n o t o n i c  at  all. Th is  resu l t  c an  be u n d e r s t o o d  if we 
accep t  tha t  the  e n t a n g l e m e n t s  be tween  the cha ins  d e p e n d  
on  thei r  h y d r o d y n a m i c  v o l u m e  expressed  n o w  by  the i r  
c o n t o u r  length,  L. U n d e r  a r a t h e r  high shear  ra te  a n d  a 
r a the r  high t e m p e r a t u r e ,  the  cha ins  can  unwind  f rom a coi l  
s t ruc ture  to an e x t e n d e d  c o n f o r m a t i o n  [23] a n d  conse-  
quen t ly  the c o n t o u r  l eng th  of  the  cha ins  of different  p o l y -  
mers,  and  no t  the i r  m o l e c u l a r  mass ,  mus t  g o v e r n  the  
c o n c e n t r a t i o n  in w h i c h  the e n t a n g l e m e n t s  a p p e a r .  In  the  
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region of lower temperatures  the chains must not be 
enough unwinded, even in this rather elevated shear rate 
and we do not  observe a monotonic  variation of the 
critical concentrat ion with the contour  length of the three 
polymers. 

(52000-chloroform). Each curve gives for a given shear 
rate (effiux time of the solvent, s) the var ia t ion of c** with 
temperature.  The influence of the t empera tu re  is more  
p ronounced  when the solution is found under  low shear 
(high efflux time). 

Influence of the tempera ture  

If  we accept that  the appearance  of the critical concentra- 
tion c** is due to the existence of entanglements between 
different chains (nonpermanent  topological bonds) we 
must  also accept that  these entanglements  are of dynamic 
nature and consequently they must depend on the chain 
relaxation time. An increase of the temperature  decreases 
the relaxation time and this is unfavorable for the 
entanglements.  

The decrease of the relaxation time with increasing 
tempera ture  explains the increase of critical concentra- 
tion c** with increasing tempera ture  as it is presented in 
Figs. 2 5. This increase of the critical concentration is 
more impor tan t  if we take into account that  the increase of 
the tempera ture  provokes  a decrease of the efflux time of 
the solvent and consequently we have an increase of the 
shear rate which provokes  a decrease of c**. Nevertheless 
the measurements  at 40 ~ have also been conducted (open 
circles) with a different viscometer of which the solvent 
effiux time is about  equal with the efflux time of the other 
viscometer at 10~ N o w  having the same efflux time 
c** is shifted from 0 . 1 x l 0  2 g m k  1 at 10~ to 
0 . 18x10  2 g m L  l a t 4 0 o c .  

The influence of the tempera ture  on the critical concen- 
t rat ion c** is presented in a better way in Fig. 6. The 
results are coming from Fig. 2 and concerns the system PS 

Influence of the po lymer  conformat ion  

Having  now shown that  the elongat ion of the po lymer  
chain plays an impor tan t  role in the critical concentra t ion  
c** we can better unders tand a result a l ready published 
[5]. In this article the relation between the critical concen- 
t rat ion c** and the intrinsic viscosity for the poly(2-vinyl 
pyridine) (P2VP) was different if the results were obtained 
at 25 ~ or 45 ~ At 25 ~ the concentra t ion c** of the 
po lymer  in solution in benzene, is lower than the critical 
concentra t ion obta ined at 45 ~ for the same value of the 
intrinsic viscosity. In Fig. 7a are presented the results 
already published [5] concerning the var ia t ion of c** 
obta ined with the P2VP in benzene solution at 25 ~ and 
45~ Points  1 and 2 are obta ined now with another  
fraction of P2VP. The increase of the t empera ture  cannot  
explain the observed impor tan t  difference between c** at 
25 ~ and 45 ~'C for the same value of the intrinsic viscosity 
especially if we take into account  that  the increase of the 
tempera ture  provokes  a decrease of the shear rate which 
leads to an increase of the critical concentra t ion c**. 

A possible explanat ion can be based on the different 
conformat ion  presented by the P2VP at 25 ~ and  45 ~ 
We have shown that  this polymer  at 25 ~ presents a rigid 
conformat ion  (high value of the persistence length) while 
at 45 ~ the same chain presents a very flexible conforma-  
tion [24, 25] (conformational  transition). Consequently,  it 

Fig. 6 Plot of c** vs. tem- 
perature for the system PS 
(Mw : 52000)-ethyl acetate in 
different etttux time of the 
solvent (the results are obtained 
from Fig. 2) 
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Fig. 7 Plot of c** vs. the 
inverse of the intrinsic viscosity 
for P2VP fractions at two 
different temperatures: (A) in 
benzene (points 1 and 2 see 
text), (B) in chloroform 
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is evident that at 25 ~ the chain of P2VP is more elongated 
than at 45 ~ We can also say that at 25 ~ the solution of 
the P2VP behaves as if it was under a high shear rate 
leading to an elongation of the chain, while at 45 ~ the 
solution behaves as if it was under a low shear rate and the 
chain is not  elongated. This assumption is verified by the 
results of Fig. 7a. We have also shown [24-] that in chloro- 
form solution the P2VP cannot present a rigid conforma- 
tion (persistence length corresponding to a flexible vinyl 
polymer in all the temperature region investigated) and in 
Fig. 7b we present the relation between c** and [-r/] -1 
obtained with fractions of this polymer in CHC13 at 25 ~ 
and 45 ~ On the contrary to what we have obtained in 
benzene, now we have not a significant difference in the 
relation between c** and [q ] -1  at the two temperatures. 

Conclusion 

The observed critical concentration c** in the present and 
our previous works has been attributed to the appearance 

of entanglements between chains. These entanglements 
favor the flow of the solution and it is for this reason 
that the values of the reduced viscosity above c** 
are lower than the values predicted by the extrapolation of 
the straight line obtained with the reduced viscosity values 
below c** (Fig. 1). The relation between c** and 
the solution flow could also explain the fact that this 
concentration is not  observed by light scattering [7] (static 
state). 

The results presented in this work corroborate 
the preceding explanation on the nature of c**. The inter- 
chain entanglements should be favored if the chains ex- 
clude a greater volume. Our results are in accordance with 
this assumption because the elongated chains due to 
the increased shear rate or due to their rodlike conforma- 
tion present a lower value for the critical concentration 
c**. On the contrary, an increase of the temperature 
decreases the relaxation time of the chains and this should 
shift the critical concentration c** to higher values. 
Indeed our results are also in accordance with this 
assumption. 
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