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Rdsumd Cet article pr6sente une 6vidence expdrimentale de la non universalit6 du compor-

tement de la viscosit6 r6duite en fonction de la concentration r6duite C/C*,
en solutions semi-

dilu6es et bon solvailt de polymlres lin6aires. Les r4sultats montrent deux r4gimes semi-diluds
:

non-enchev4tr6 et enchev4tr6, et soulignent le r61e du nombre Ne de blobs entre enchev4tre-

ments. Ce nombre est une constante qui d6pend du type de polymbre consid6r6 et cause le

manque d'universalit6.

Abstract This paper reports experimental evidence ofnon universal behavior ofthe reduced

viscosity versus the reduced concentration C/C* in semi-dilute good solvent solutions of linear

polymers. Results manifest two semi-dilute regimes: non-entangled and entangled, and outline

the role of the number Ne of blobs between entanglements. This number is
a constant which

depends on the polymer species and causes the universality failure.

Introduction.

Static properties of linear polymers in good solvent are well understood and experimental
evidence for the validity ofthe scaling concept are

reported in the literature. For example, in

the concentration range at which solvent prevails (C « I) but polymers do overlap, I-e- in

semi-dilute solution,
a

universal behavior is theoretically expected for the reduced gradient of

the osmotic pressure [Ii:

(d~/dC)/ (d~o.dC)
=

(C/C*)~~~~~~~ (i)

where (d~/dC) and (d~o/dC)
are the concentration gradient of the osmotic pressure and its

C
=

0 limit respectively, C* the overlap concentration and D the fractal dimension of polymers.
All the parameters specific to the kind of polymer, such as the size

a
of monomers or the degree
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of polymerization N, vanish in such
a

scaling law. Experimentalists using relevant reduced

variables are able to superimpose data obtained
on

different polymer systems. This scaling
behavior was experimentally checked in previous works [2, 3] by light scattering measurements

on polyisoprene and poly(a- methylstyrene) samples and results are recalled in figure I. The

exponent value D/(3 D)
was

found to be equal to 1.30 + 0.02 in good agreement with the

theoretical prediction of the self avoiding walk fractal dimension, D
=

1.70 [4].
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Fig. 1. Log-Log plot of the reduced gradient of osmotic pressure (d~/dC)/ (d%/dC)
versus MwA2

C for polyisoprene and poly(a- methylstyrene) samples. Straight line corresponds to the best fits of

high concentration part of data (MWA2C > 3) and has
a

slope equal to 1.30 + 0.02.

In this paper, we report experimental evidence that dynamical behavior is not as easy to

understand and scaling law to apply.

Theory.

In the melt, the classical al theory of elasticity [5] and the reptation theory [1, 6] predict the

expression for the elastic modulus G and the longest relaxation time
r

respectively:

G
=

kTv
=

kT (I / (Nea~)) (2)

T =
roN~/Ne (3)

where the subscript "o" refers to local properties, v is the number of entanglements per unit

volume and Ne the number of monomers between entanglements, These equations lead to an

expression for the viscosity q which is equal to the product GT:

n "
noN~/N/ (4)
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The main question is the relevance of Ne in the semi-dilute concentration regime. Following
de Gennes, a

semi-dilute solution may be considered as a melt of blob chains, scaling laws

concerning static properties
can

be established starting from this picture [1, 7]. In the same

way, dynamic scaling laws may also be established replacing monomers by blob8, which are

the constitutive units of chains in the melt and semi-dilute solutions, respectively. In this

description of semi-dilute solutions, the polymer preserves a
swollen fractal conformation at a

length scale smaller than the size of blobs f and
a

Gaussian one at length scales larger than f.
So, calling g the number of monomers per blob,

we
have g =

Cf~ and f
~w

C~/(~~~) because

of the compact filling of space by blobs [8]. One obtains for the concentration dependence of

the number g:

g ~w

cD.(D-3) (5)

In this picture, the concentration dependence of dynamic properties comes from those of g and

f. In equation (2), the number of entanglements per unit volume
v =

II (Nea~) becomes:

v =
II (N~f~) (6)

and

G
=

kT/ (N~f~) (7)

In equation (3), the number N of entities per chain becomes N/g the number of blobs per

chain and the local time T~ becomes T~f~ assuming
a

Zimm behavior inside a blob [7]. The

subscript "s" refers to the solvent which prevails in semi-dilute regime [9]. We obtain for the

longest relaxation time:

T > Tsf~(N/g)~/Ne (8)

So, the viscosity in semi-dilute regime is expected to obey the equation:

"
Vs(N/g)~/Ni (9)

It was previously shown, by comparison of elastic and osmotic moduli, that the number Ne of

blobs between entanglements does not depend
on the concentration in good solvent solutions

[10]. Therefore in equation (9) the only concentration dependence comes from the ratio N/g.
Recalling that the overlap concentration C* scales

as
N/R~

~w

N~~~/~ and using equations (5)
and (9),

we obtain:

N/g
=

(C/C*)~/~~~~~ (lo)

and then:

q/qs
=

(C/C*)~~/~~~~~ /N) (II)

By increasing the ratio C/C* the size of blobs decreases, their number per chain increases and

so
the viscosity increases. Such

a
viscosity behavior is the analogue of the N dependence in the

melt. Consequently, if Ne plays a role in semi-dilute solution, we expect a
non-entangled semi-

dilute regime corresponding to N/g < Ne and an entangled semi-dilute regime for N/g > Ne. In

the former case, the reduced viscosity is expected to be Rouse like and proportional to (N/g),
while in the latter

case
the viscosity obeys equation II) and scales as

(N/g)~. These possible
two concentration regimes in semi-dilute solutions

were previously discussed in reference [11]
but denied in reference [12].
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Experi~nental conditions.

Experiments
were

performed on two kinds of polymers having quite
a

different number Ne:
polyisoprene (NepI

"
74 [13]) and polystyrene (Neps "166 [5]). In both cases, two different

samples having different weight average molecular weights and low polydispersity (Mw/Mn

< 1.10) were examined. Polystyrene samples were purchased from TOYOSODA and polyiso-

prene samples were provided by Fetters (Exxon Research & Engineering Co.). Solutions were

prepared in good solvent: cyclohexane for polyisoprene and benzene for polystyrene samples.
Maximum polymer concentration was fixed at 0.I g/cm~.

Samples
were

characterized in dilute solution by static light scattering, which allowed us to

determine the radius of gyration (Rg), the weight average molecular weight (Mw) and second

virial coefficient (A2) Results
are

summarized in table I. Verification of the measurement

quality
was

done by comparison of the values obtained for C(
=

Mw/R( and C(
=

1/MwA2.
Both quantities, corresponding to different definitions of C*, have to be proportional [Ii. For

all the polymers we used, it is found:

(C( /C()
=

6.63 + 0.33. (12)

Table I. -Static light scattering characteristization of samples: Mw is the weight average
molecular weight, Rg is the radius of gyration, A2 is the second virial coeJiicient. Concentrations

C( and C( correspond to diiLerent definitions of C*: C(
=

Mw/R( and C(
=

1/MwA2.

Mw Rg MwA2 Mw/Rg~ Ci*/C2*

(g/m°') (nm) (cm~/g) (g/cm~)

PSI 1.24x106 54 520 1.29x10~2 6.71

PS 2
4.00x106 10 1270 4.99x10-3 6.32

Pli 3.10x105 28 300 2.35x10~2 7.06

P12 9.40x105 54 650 9.91x10-3 6.44

In the following 1/MwA2 will be taken for C* instead of Mw /R( because of its
more accurate

determination, therefore the reduced variable for the concentration in equation (II) will be

MWA2C instead of C/C*.

Solvent viscosities
were

determined using
a

capillary viscometer and will be taken as the

local viscosity q~. Viscosity measurements on semi-dilute solutions were performed using a

magnetorheometer which is described elsewhere [14]. This rheometer allows zero shear rate

measurements on samples put in hermetically sealed cells avoiding solvent evaporation. Ex-

periments
were

performed at 30°C in the reduced concentration range: 4 < MWA2C < 100.

Results are
plotted in figure 2.
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Fig. 2. Log-Log of the reduced viscosity (q/qs)
versus MWA2C for polyisoprene and polystyrene

samples. Straight lines correspond to the best fits in the high concentration part of the curve

(N/g > Ne) and dashed line is
a

guide for the eyes and corresponds to the expected behavior in

the Rouse concentration regime (N/g < Ne) PIT: (o), PI2: (©), PSI: (.), PS2: (m).

Results and discussion.

First of all, it is important to remember that all viscosity measurements were performed in

a concentration range for which MWA2C is always greater than 4, that means that polymer
samples are in semi-dilute solution. Previous work has shown that in the same concentration

range the reduced osmotic pressure curve
scales

as a power law of MWA2C and is unique for

polyisoprene and polystyrene samples (see Fig. I and Ref. [3]).

Present results show that MWA2C is
a

reduced variable of the reduced viscosity for each

polymer species as
expected with regard to previous work [10, 12]. This confirms that local

friction is governed by solvent viscosity [9]. Nevertheless for the two polymers, the viscosity
behavior reaches a power law concentration dependence at a

value of MWA2C greater than

the expected value from static properties. Moreover, the two kinds of polymers do not reach

a power law behavior at the same reduced concentration and the two curves are distinct for

MWA2C >13.

In the low concentration part of the curves, polyisoprene and polystyrene data join together
with a

decreasing slope as the concentration decreases. This concentration regime would corre-

spond to the Rouse behavior because the number of blobs per chain is less than Ne for the two

species. In this concentration range, the number Ne does not act in the expression of the vis-

cosity, universal behavior is expected and the exponent value for q/ns
versus

C/C* is predicted
to be D/(3 D)

=
1.30. Present experimental data, do not allow us to determine

an exponent
value because of the small concentration range corresponding to this regime. Nevertheless

figure 2 shows that our results are not incompatible with theory.
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Mean square fits of data were performed on the higher concentration parts: MWA2C > IS

for polyisoprene and MWA2C > 28 for polystyrene. It is found:

polyisoprene : (q/qs)p~
=

6.60 X
10~~ (MWA2C)~'~~~°'°~ (13)

polystyrene
: (q/q~)p~

=
1.55 X

10~~ (MWA2C)~'~~~°'°~ (14)

Exponent values are identical for the two polymers but greater than the reptation prediction.
This result is not surprising with regard to the experimental mass dependence of the viscosity
in the melt: q ~w

N" The exponent a is found experimentally [15] closer to 3A rather than

to the reptation value 3. The value
a =

3A and D/(3 D)
=

1.30 + 0.02 lead to q/qs
~w

(C/C*)~'~~~° °~ in agreement with equations (13) and (14).
But, the main result is that the reduced viscosity

as a
function of C/C* is not universal:

polyisoprene and polystyrene data do not scale
on a

single curve. If the above scaling approach
is relevant to describe viscosity behavior, equation (II) outlines that prefactors of the reduced

viscosity versus
C/C* do not vanish and remains I/Nj. The ratio of reduced viscosities is

expected to be equal to:

(§/Vs)pI / (V/Vs)pS
"

(NePS/NePI)~ (15)

Using the Ne values mentioned above and determined in the melt, we obtain:

(NePS/NePI)~
"

s. (16)

While expressions (13) and (14) lead to:

(n/ns)pI / (n/ns)ps
=

4.26. (17)

These two values are identical within the error bars. This preliminary result is
an

indication

of the Ne role in semi-dilute solution.

Conclusion and prospect.

Static properties are
universal and scaling laws

are
verified. This is because only one length

scale, the size of blobs f, is relevant to describe the system from dilute to semi-dilute solutions

and is defined in the whole concentration range. This is not the
case for dynamic properties.

The preliminary work presented in this paper shows the non universality of viscosity behavior.

The reptation theory can be applied to semi-dilute solutions but the continuity from the melt to

the semi-dilute regime introduces
a

second length: the mean distance between entanglements.
Therefore in the entangled semi-dilute regime, the scaling of data, obtained on different poly-

mer species, imposes to take into account the number Ne of blobs per entanglement. This

number Ne being meaningless in the other concentration regimes (dilute and non-entangled
semi-dilute), scaling vanishes. In other words, if

we use
the reduced variables which scale

static properties, the
curves

corresponding to different polymers separate from each other at

the concentration for which reptation and thus Ne act.

In order to confirm this result, experiments will be performed on other polymers having
different Ne (polybutadiene for example). Measurements of osmotic and shear moduli will

enable
us to verify the independence of Ne with concentration whatever the polymer.
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