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Résumé. 2014 Nous présentons des mesures de viscosité à taux de cisaillement nul et de temps de relaxation de solu-
tions semi-diluées au voisinage de la température 03B8. Le comportement viscoélastique de ces solutions ne peut pas
être décrit par des lois d’échelles en concentration et en température. Nous montrons que deux longueurs influencent
les propriétés viscoélastiques.

Abstract. 2014 We present zero shear viscosity and longest relaxation time measurements on semi-dilute solutions
in the 03B8 region, as a function of concentration and temperature. Our results cannot be described using scaling laws.
We show that viscoelastic properties are governed by two differents lengths.
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In a previous paper [1] devoted to semi-dilute solu-
tions of polystyrene-benzene (good solvent), we obtain-
ed the following results, for the reduced viscosity ’1r’
the longest relaxation time TR and the shear elastic
modulus G :

1) the reduced viscosity

where C* and C are the overlap concentration and
the concentration, respectively.

2) The longest relaxation time

where T1 is the first Zimm mode of a single chain.
The molecular weight (Mw) dependence of both

quantities is :

3) The elastic shear modulus is independent of
molecular weight :

C
Thus T* , the reduced concentration, is the onlyC*’

variable on which and TR depend, in agreementnr and Ti 1 
pend, in a gr

with the theoretical predictions [2.].
However the effective exponents :

determined over the whole range of C/C *

were in fact found to be a function of CIC*. XC and y,
were found to increased with C/C* and for C/C* &#x3E; 10,
Xc reached its well known constant value of 4.46 ± 0.05.
The effective exponent xM was an increasing function
of the samples concentrations. Those facts could not
be explained by the simple reptation model [1].

In this paper we will show that the viscoelastic

properties of a semi-dilute 0 solvent (polystyrene in
cyclohexane) cannot be described using the reptation

model and the resulting scaling laws : C. is not theC0*
reduced concentration variable of the quantities nr and

TR Both the reduced viscosity and the relaxation
18
time decrease as the temperature is increased away
from the 0 temperature whereas temperature scaling
laws predict an increase of these quantities.

1. Experimental conditions.

A detailed description of our magnetorheometer has
been presented elsewhere [1, 3].
The experimental precision is about 10 % and 4 %

for the relaxation time and the viscosity, respectively.
For the viscosity it is not possible to get the same
accuracy as for the case of the polystyrene benzene
solutions. The solvent used is cyclohexane of analytical
grade (R.P.) the polymer used is polystyrene. We
choose as the 0 temperature, the temperature at

which the second virial coefficient vanishes which is
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35°C in our case [4]. We define the overlap concen-

tration as Cø* = Mw 3 where NA is the Avogadro’sNA R3g 
number, Rg the radius of gyration of a chain and Mw
the weight average molecular weight

Inserting numerical values one obtains :

Ce corresponds to the concentration at which the
osmotic compressibility [5] no longer depends on the
molecular weight This behaviour is characteristic
of semi-dilute solutions.

Since for a given molecular weight the values of
Cy are much higher in a 0 solvent than in a good
solvent, we have to use high molecular weights in
order to fullfil the condition Co*  C  10-1 g/cm 3
(see table for details about the polystyrene samples).

Table I. - Molecular weight, polydispersity index and
overlap concentration of the polystyrene samples (Toyo-
Soda) studied

Thus the range of molecular weights studied here is
more restricted than in reference [1], and the experi-

C
ments are performed at lower values of 

C0*

The samples are prepared in the measuring cell a
long time in advance (~ 9 months). If any accidental
demixion occurs it is necessary to wait at 60°C
several weeks in order to reobtain a homogeneous
semi-dilute solution. The homogeneity is checked

by measuring the viscosity at various locations of the
cell. The same samples were used for intensity light
scattering experiments :
- the intensity scattered at zero transfer vector

for a given concentration was independent of the
molecular weight,
- the correlation length of the density-density

correlation function agrees with neutron scattering
experiments.
These allows us to be confident in the homogeneity

of the samples.
The monomer weight fraction w(g/g) is measured

just after the viscoelastic experiments are performed
The concentration C(g/cm3) and the weight fraction
ware linked by the density p(w) of the polymer
solutions : C = wp(w). Following reference [6] at

35°C we have : p(w)/p = 1 + 0.290 w + 3.01 x

10 - 2 w2, where p( = 0.764 g/cm3) is the density of
cyclohexane. In the weight fraction range investigated
10-2  w  10-1, the density p(w) can be approxi-
mated (p(w)lp - I  3 %) by the density of the

cyclohexane. So it follows that in a first approxima-
tion : C is proportional to wand C/C) is equal to
wlw: (w: = 52.3/ MW).
2. Experimental results at 35°C (8-point).
2.1 CONCENTRATION DEPENDENCE.

2.1.1 Relative viscosity. - By measuring the zero
shear viscosity, 17, we deduce the relative viscosity :
fir = tl/j7o where flo is the viscosity of cyclohexane
f71 :

t being the absolute temperature.
The relative viscosity r¡r" is plotted on a log log

scale (Fig. 1) as a function of the ratio c which isC0*
indeed the reduced concentration variable for static

properties [5] but also for dynamical properties such
as for example the sedimentation coefficient [8] and
the gradient concentration measurements of the
diffusion coefficient [9]. The experimental results
and figure 1 lead to the following conclusions:

is not the reduced variable of ’1rlP because

nrO depend on the molecular weight in this repre-
sentation (Fig. 1).

2) The following relations are obtained :

Fig. 1. - Relative viscosity as a function of the reduced
concentration C/CO* (log log scale). Straight lines corres-
pond to equation (7). The following symbols are used for
different molecular weights Mw : 0- : 2.06 x 10’ ; 6 :
6.77 x 106, Q : 3.84 x 106, -0 : 2.89 x 106. Raw results
are given in the appendix.
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We see that the prefactor is strongly molecular

weight dependent
3) The concentration exponent xc (see Eq. (1))

is both independent of the molecular weight, and of the
concentration when CJ Ce &#x3E; 1. The domain between
the dilute and the semi-dilute regime is much smaller
for a 0 solvent (polystyrene cyclohexane) than for a
good solvent (polystyrene benzene).

4) We have also considered the variation of the
viscosity as a function of the product Mw C and find
that, contrary to the common belief [10], this quantity
is not a reduced variable of fir.

C
5) If C = 5, the relative viscosity is 104 higherC* 

for the polystyrene of molecular weight 20.6 x 106
in cyclohexane than in benzene. However if we

compare the relative viscosity for a molecular weight
of 20.6 x 106, as a function of concentration we
find that, at low weight fraction (2 %), the relative
viscosity is smaller by a factor of 4 in the case of cyclo-
hexane (35 OC) compared to the case of benzene.
The viscosities in a 0 and a good solvent become
equal at a weight fraction wcross of about 10 %. wcross
seems to be molecular weight dependent and increases
as the molecular weight decreases. This is in agreement
with the results of reference [11], the authors find,
for polyamethylstyrene in transdecalin (30 OC) and in
toluene, a w,,. of the same order of magnitude
( ~ 10 %) as ours, although their range of molecular
weight is lower (105  Mw  106) than our range
(101  Mw  2 x 10’). We do not consider this

wcross as a significant quantity because we think that
it depends on the particular choice of the two solvents
that are compared
2.1.2 Longest relaxation time. - We measure the

longest viscoelastic relaxation time TR of the poly-
meric system [3]. In figure 2 we plot, as a function of

C
the ratio C C e * the longest relaxation time T Re dividedC0

by the first Zimm mode of the single chain TIO.

Fig 2. - Longest relaxation time TRe divided by the charac-
teristic time of the first Zimm mode of a single chain as a

function of the reduced concentration c (log-log scale).
C0*

Straight lines correspond to equation (11). The symbols have
the same meaning as in figure 1 and the raw results are

given in the appendix.

T l e is calculated using the relation :

where kB and t are the Boltzmann constant, and the
absolute temperature respectively ; A is a numerical
constant equal to 0.42 for a Gaussian chain with
hydrodynamics interactions [12]; [11] is the intrinsic

viscosity which, in the case of polystyrene cyclo-
hexane at 34.5 OC, is [13] :

From the experimental results shown in figure 2
we draw the following conclusions.

1) c is not the reduced variable of TRe and theC0* T10
following laws are obtained :

the prefactor is molecular weight dependent
2) The exponent yc (see Eq. (2)) is, within experi-

mental precision, independent of the molecular weight:

The comparison off
i 

between cyclohexane at 35 -C (0 solvent) and benzene
(good solvent) leads to the same observations as
those described above for the viscosity.
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2.1. 3 Elastic shear modulus. - We calculate the

modulus Go with the relation if) (13) from the
TR0

measured values of the viscosity 1/0 and the longest
relaxation time TRO*
On figure 3 we represent on a log-log scale the

elastic shear modulus as a function of the concen-
tration for 3 different molecular weights. At a given
concentration, the experimental values of G(M,)
obtained for molecular weight Mw = 3.84 x 106 are
between the values obtained for Mw = 20.6 x 106
and M, = 6.77 x 106 :

thus there is no relation between G and the molecular

weight and to a first approximation we can consider
both quantities as being independent of each other.
The relation obtained using all the experimental

results of figure 3 is :

where C is expressed in g/cml. We note that if we
calculate :

using the values of x, (Eq. (8)) and yc (Eq. (12)) averaged
over different molecular weights we obtain :

This value is in agreement with the concentration

exponent zc determined directly (Eq. (14)).
At the 0 point the variation of the shear modulus

Fig. 3. - Elastic shear modulus G (dynes /cm2) as a function
of concentration (g/cm3). The straight line corresponds to
equation (14). Same symbols are used as in figure 1.

with concentration (Go ~ C2.5) is different from the
variation of the bulk modulus with concentration

But the absolute values of

those two quantities do not differ by two orders of
magnitude as in a good solvent [1]. For example :

Thus in a 0 solvent Go is smaller but of the same order
as K8.
The absolute values of the shear modulus in ben-

zene, GBs and in cyclohexane at 35 OC, Go, do not
differ substantially. For example :

This is in agreement with reference [14].

2.2 MOLECULAR WEIGHT DEPENDENCE. - In order
to test the influence of the quality of the solvent on
the molecular weight exponent xm (see Eq. (3)) we
prepared samples at a given weight fraction (5 %)
using the 4 different molecular weights. Figure 4 gives
a log-log representation of the relative viscosity ?I,o
and of the longest relaxation time T R8 as a function
of the weight average molecular weight We obtain :

and

Fig. 4. - Relative viscosity (2022) and longest relaxation
time (in s. 0) as a function of molecular weight (log-log
scale). Straight lines correspond to equation (16). The weight
fraction is 5 %.
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Thus the exponents xM determined either through
TRO or through ’1r8 are identical (within experimental
precision). This result corresponds to that already
mentioned namely that the shear modulus is inde-

pendent of the molecular weight
- Although the lower value of the reduced concen-

tration is 1.5, the log-log representation does not
deviate, at low molecular weight from a straight line.
Thus the regime between the dilute and the semi-
dilute solution is much smaller for cyclohexane than
for benzene.
- The value of xM (3.75) is much larger than the

value of xM obtained in benzene (3.25) at the same
weight fraction (5 %) for the same polystyrene samples.
- This large value of xm is in agreement with the

experimental evidence that c is not the reducedCO*

variable of T R0 becauseT10

would lead to

- It is also in agreement with the fact that CMw
is not a reduced variable of 11r8 because 11r8 ’"
(C.Mw)S.14 would lead to 11r8 ’" Mw5.14.

So the main results obtained in this section, besides

the fact that 
C 

is not a reduced variabl are :
C* 

and

We will discuss those results in section 4.

3. Temperature dependence.

The reduced temperature variable for static properties
(correlation length [15] or osmotic bulk modulus [5])
was found to be .2.- where T is the relative tempera-t**

t-0ture -0 and i** the crossover temperature bet-
ween the 0 and the good solvent regime, T** is pro-
portional to concentration. We will see that the quan-

tity T is not the reduced variable for the viscoelasticC
properties.

3.1 VISCOSITY AND LONGEST RELAXATION TIME. -

Taking into account the variation of the solvent

viscosity (6) with temperature we observe that :

1) Usually both quantities fir and t TR = TRr 

170
decrease (Fig. 5) when the temperature increases

from 0, nr and TR are not universal function of the
Qro TRO

reduced temperature variable $ .
2) At very low concentration the viscosity begins

to decrease but then it increases (the longest relaxa-
tion times was not measurable on those samples).
On figure 6 we represent the variation with tempera-
ture of the relative viscosity measured on samples

chosen in order to have the same C values (1.3) butCo
different weight fractions (1.14 x 10-2 g/g and 2.63 x
10-2 g/g). The minimum of those curves occurs at
the same temperature.
By measuring the viscosity as a function of tempe-

rature on samples at a given weight fraction (5 %)
but of different molecular weights we determine the
variation of the molecular weight exponent xM
(Eq. (3)) as a function of temperature. At temperature
higher than 0 we determine the exponent xM only
for three molecular weights (2.89 x 106, 3.84 x 106
and 6.77 x 106) instead of the four used precedently
at the 0 temperature. We observe (see Fig. 7) an xM
exponent which decreases as we increase the tempe-
rature from 0 :

This decrease is much larger than the experimental
accuracy. It cannot be explained using the reptation
model.

Fig. 5. - Variation with temperature (OC) of the relative

viscosity (0) and of TR = t TR (e), (n0 being the cyclo-
no

hexane viscosity at the given temperature t) reduced by
their values at the 8 temperature. Sample characteristics :
w = 5 x 10-’ (g/g) and Mw = 6.77 x 106. Solid line is a
guide for the eye.
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Fig. 6. - Relative viscosity reduced by its value at the 0
temperature (35 OC) as a function of temperature (°C).

Experiments were performed on samples at -L ;:t 1 for;
C0*

2022 w = 1.14 x 10-2 (g/g), M. = 20.6 x 106 and 0 w =
2.63 x 10-2 (g/g), Mw = 3.84 x 106. Solid line is a guide
for the eye.

Fig. 7. - Variation of the viscosity molecular weight
exponent xM as a function of temperature (°C) measured
on samples at w = 5 %, 0 points obtained from molecular
weights : 2.89 x 10’, 3.84 x 106, 6.77 x 106, 9 points
obtained from molecular weights : 2.89 x 106 , 3.84 x 106,
6.77 x 106, 20.6 x 106.

3.2 ELASTIC SHEAR MODULUS. - The elastic shear
modulus calculated from viscosity and longest relaxa-
tion time measurements decreases as the temperature
increases (Fig. 8). However :
- We observe only a 20 % variation of the reduced

shear modulus for a variation of temperature by
25 °C, furthermore we could not find any reduced
temperature variable.

G
Fig. 8. - Variation with temperature (OC) of G t (G beingt

the shear modulus measured at the temperature t) reduced
by its value at 0. Sample characteristics : w = 7 % and
Mw = 6.77 x 106. Solid line is a guide for the eye.

- We also note that on the same sample, with the
same variation of temperature we observe an increase

of the osmotic bulk modulus K = C an by moreaC 

than a factor of 3 and T is the reduced variable ofC
K/K0 [5].
Thus at and near the 0 temperature G and K are

not proportional to each other.

4. Discussion

It is well known that in a semi-dilute good solvent
solution static and dynamic properties are well
described by one characteristic length, the correla-
tion length Bs of the density density correlation func-
tion [2] :

where v is the excluded volume exponent relating
size to molecular weight

In semi-dilute 0 solutions, it has been pointed out
[16, 17] that two lengths influence the physical pro-
perties. One the mean distance between two adjacent
entanglements (binary contacts) Ç2 ( ~ C - 1/2). Since
at the 0 temperature the chain is Gaussian at all

scales, Ç2 depends on the number of monomer p
between the entanglements following : Ç2 ~ pI/2. Ç2
does not obey scaling law with respect to C. The other
characteristic length in the 0 region is the correlation
length of the density correlation fonction ç(J ( ~ C -1 )
which corresponds to the mean distance between
two consecutive ternary contact points. e gl/2,
where g is the number of monomers in çø- ç(J obeys
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scaling law with respect to C [2] :

As a function of temperature Ç2 increases and Ç8
decreases. Only Ç8 obeys scaling laws :

the exponent 0.23 was calculated using v = 0.588.
At high temperature we have :

The scaling laws (19, 20) were directly verified by
neutron scattering measurements [15] and

through osmotic bulk modulus measurements [5]

We note that it has been supposed in references [16,
17] that ’2  ’8 but experimentally it has been shown
directly by neutron scattering [15, 18] and indirectly
by osmotic bulk modulus that ’8 &#x3E; Bs. For the
later case one finds Ke  Kpg [5, 1] whatever the
concentration.

In a earlier paper [19], we conjectured, based on the
concentration dependence of the viscosity that :

1) The elastic shear modulus, which is propor-
tional to the density of entanglements, is : ,

2) The longest relaxation time, proportional to

C3, is sensible to ternary contact points which means
that the distance ’8 is also a hydrodynamic screening
length [21, 22] and, within the frame of reptation
theory, proportional to the tube diameter. Using the
main result of reptation theory that the molecular
weight exponent is independent of the quality of the
solvent [2], one can show that :

where N is the number of monomers in one chain and

Using the temperature dependence of ç (20) one finds :

so TR increases with z.
3) The zero shear viscosity is sensitive to both

types of contact points.

Let us analyse the experimental facts that support
this conjecture. We will begin with the elastic shear
modulus because it is only related to the structure of
the transient network.

The experimental fact that at a given concentra-
tion the elastic shear modulus is of the same order of

magnitude in cyclohexane at 35°C as in benzene
indicates that the densities of entanglements are

approximatively the same in both cases. Thus the
transient networks seem to have mesh sizes ’2 (mean
distances between two adjacent entanglements) which
are of the same order of magnitude in a 0 solvent and
in a good solvent At the 0 temperature the mesh
size of the transient network ’2 is much smaller than
the correlation length 8" This is in agreement with
the hypothesis made in references [16, 17] and with
the experimental fact that the ratio between the
shear modulus and bulk modulus in the 0 region is

of the order of unity instead of being equal to 1/150 as
in good solvent
The experimental fact that G decreases when the

temperature is increased from the 0 temperature and

that -TE is not the reduced temperature variable of GC Go
is also in agreement with this conjecture. Indeed the
distance between binary contact increases with tem-
perature because the excluded volume effects increase.
But the reduced temperature variable for ’2 cannot be
t t

r** C .
However, the concentration exponent value found

experimentally (2. 5) is larger than that predicted (2).
Is this discrepancy due to experimental imprecision
or to a more complicated physical situation than the
one described here ?
The concentration dependence of the longest rela-

xation time leads to an exponent value of 2.8 which
is in agreement with the conjecture that TR ~ C3.
However, the following points should be noted :

1) The high value of the molecular weight expo-
nent x. (3.75),

2) TR only slightly influenced by the quality of the
solvent while the correlation length is strongly
dependent,

3) The non universality of the curve

4) The decrease of when

increases. They invalidate the conjecture that TRIP
depends only on ternary contact points.

In order to explain these experimental results in
the framework of reptation theory (Eqs. (22, 23, 24))
one has to invoke an additional hindrance to the

longitudinal motion of the chain in the tube. This
hindrance, which must increase with the molecular
weight, enhances the absolute value of TR. The
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hindrance decreases as r increases because in a good
solvent its effect is not dominant and its temperature
behaviour inverses the temperature dependence expect-

TR
ed for 

fRo
This additive hindrance could explain that 17,,

and TR have the same behaviour as a function Of T

or C because the hindrance has the same dissipativee
effect on both quantities.

Is it the residual effect of the hindrance in a good
solvent which increases the xM value (3.4 instead of
3) ? .

The discussion remains qualitative, we cannot

determine experimentally the dependence of the
hindrance as a function of molecular weight and
temperature because :

1) the longest relaxation time and the viscosity
decrease by only a factor 2 in the range of temperatures
(35 °C to 65 OC) where experiments can be performed
on our system, polystyrene cyclohexane.

2) The temperature behaviour of q,, and TR
observed, is due to two opposite effects :
- an increase of the reptation time with i as

predicted by equation (24),
- a decrease of the hindrance.

At low values of C one observes successively
C* 

those two effects.

5. Conclusion.

The experimental results, obtained on polystyrene
in semi-dilute cycloheXane solutions at the 0 point
and as a function of temperature and concentration,
show that the main features of viscoelastic properties
do not obey scaling laws.
We interpret those results by the presence of two

lengths :
- the correlation length ’0 which is also a dyna-

mic screening length,

- the mean distance Ç2 between two adjacent
entanglements.
With such a simple model : reptation in a tube having

a diameter ç(J7 and entanglements taking place at
distance Ç2’ one can explain the concentration depen-
dence of viscosity, longest relaxation time and shear
modulus.
However there are three experimental facts which

cannot be explained using such a naive model :

1) the absolute values of the measured quantity TR
and tl, do not differ substantially between polystyrene
cyclohexane at 35 °C and polystyrene benzene at a
given molecular weight

2) t TR and q, are decreasing functions of tem-
no

perature.

3) C is not a reduced variable of ?1, and T R0 ,
CO* T 10

i.e. the molecular weight exponent xM of the viscosity
and the reptation time are much larger (3.75) than
the value predicted by the reptation model (3). In
order to explain these facts one can invoke an addi-
tional molecular weight dependent hindrance but
there is no strong experimental evidence for this

assumption. This additive hindrance may be due to :
- self entanglements in the chain, proportional

to M1/2 [16], at the 0 temperature,
- entanglements between two different chains

in a blob of size ço.
But, at the 0 temperature, this hindrance has a

greater influence than the tube itself on the motion
of the chain.
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Appendix.

Raw results of the zero shear viscosity flo and the longest relaxation time T RO of polystyrene cyclohexane solu-
tions at 0 temperature (35 °C).
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