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NEWTONIAN VISCOSITY OF CONCENTRATED
SOLUTIONS OF POLYMERS

A.A.Tager and V .E .Dreva l 1

The factors which influence the irreversible flow of
high-molecular compounds and of their concentrated solu-
tions have attracted increasing attention in recent years be-
cause of their relevance to current problems in the tech-
nology of polymer fabrication. However, the study of
viscoelastic properties in polymers is important not only
as a route to formulating the scientific foundations of tech-
nology: it can also provide valuable information on the
nature and on the rates of conformational changes in macro-
molecules and also on their mutual arrangement (i.e. on the
structure of the polymer and of its solutionx).

Studies of the rheological properties of concentrated
solutions of polymers began in the 1930's, when it was
shown2'4 that the anomalous flow of polymer solutions (and
of the polymers themselves) arises from the interplay of
elastic (reversible) deformations and viscous (irreversible)
flow. It was subsequently shown5 that relaxation pheno-
mena are associated with the elastic deformations. Thus,
concentrated polymer solutions give rise to a viscoelastic
system: to investigate these solutions we must separate
reversible from irreversible deformations, and also
examine the rate of shear as a function of stress over a
wide range of these parameters.

For polymer solutions of intermediate concentration
this function gives, when plotted on logarithmic coordi-
nates, a characteristic S-shaped curve with linear lower
and upper sections at 45° to the horizontal axis6 (Fig. 1).

Over these sections of the plot (i.e. in the regions of
small or large shear rates or stresses) the viscosity coef-
ficient is constant and the flow is Newtonian. The visco-
sities corresponding to the two linear sections are usually
termed the maximum and the minimum Newtonian visco-
sity. It should be noted that with very concentrated solu-
tions of high polymers, and with melts, the upper linear
section (Fig. 1) is not observed: hence, most of the pub-
lished values for the maximum Newtonian viscosity have
been measured at insufficiently high stresses and shear
rates. However, in many systems the viscosity depends
on the applied shear stress even under these conditions, as
can most clearly be seen by plotting the logarithm of the
viscosity against the logarithm of the stress7. In this case
the Newtonian viscosity is obtained by extrapolation to zero
stress or to zero shear rate.

Low stresses cannot break down the structures present
in melts or in solutions: hence, the Newtonian viscosiiy at
low shear rates describes the flow of the solution without
any disturbance of its structure. In this sense, studies of
the Newtonian viscosity of polymer solutions are a very
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Fig. 1. Flow curves for solutions of polyiso-
butylene in decaline. The numbers by the
curves denote solution concentration.

important method of characterising their structure, parti-
cularly since direct structural examination of the solution
(e.g. by electron microscopy) presents serious difficulty.
At the same time, an extensive investigation by Vinogradov
and coworkers8»9 has shown that the maximum Newtonian
viscosity has a fundamental significance, since it can be
used as a normalising factor for a number of rheological
characteristics.

Studies of the maximum Newtonian viscosity indicate
that the flow mechanism of polymers and of their concen-
trated solutions is a general one. Hence it may be desir-
able to review briefly the main experimental and theoreti-
cal advances in the study of the viscosity of these polymers.
Recent progress in this field is due mainly to the work of
Kargin, Rebinder, Slominskii, Bartenev, Vinogradov,
Trapeznikov, Ferry, Flory, Fox, Bueche, and others.

By generalising the large fund of experimental results
obtained in recent years, two fundamental empirical rela-
tions have been derived, which relate the viscosity coeffi-
cient of a polymer (η) to the molecular weight (M)10»11 and
to temperature1 2 respectively. Thus, for a large number
of quite different polymers the plot of log?] =/ (log-M) con-
sists of two intersecting straight lines whose point of inter-
section corresponds to a critical value of the molecular
weight, Mc. Polymers for which Μ > Mc obey the equa-
tion

log η = 3.4 log Ζ -f C, (1)

where Ζ is the degree of polymerisation and C is a con-
stant. The second universal relation, known as the Wil-
liams, Landel, and Ferry (WLF) equation12, states that the
temperature dependence of the viscosity of polymeric sub-
stances can also be described by a universal empirical
equation:

= lo % P s

η5ρτΤ

C; (Γ - Ts)

C"~T—To
(2)

where ητ and ρτ are the viscosity and the density of the
polymer at the given temperature T, whilst 77s and ps are
the viscosity and the density of the polymer at the standard
temperature Ts (reference temperature), chosen so as to
make the plots of logar =/(T - Ts) for the different poly-
mers coincide; C° and C° are coefficients dependent on the
nature of the polymer and on the reference temperature.

For polyisobutylene Ts = 243°K, C° = 8.86, and C° = 101.6.
For other systems these coefficients are retained and the
reference temperature is varied.

Eqn. (2) is applicable over the temperature range from
the glass transition temperature Tg to Tg + 100°. Under
these conditions the ratio psTs/piT is close to unity.
Hence

If the reference temperature is defined as the glass
transition temperature of the experimental material,
Eqn. (2) becomes universally applicable to polymers and
low-molecular glass-forming liquids:

, ,._η _ ".44(Τ-Γ,)
51.6+Τ-Γ, f (3)

where T]g is the viscosity at the glass transition tempera-
ture.

The glass point is the most convenient reference tem-
perature because it can be determined for each polymer by
an independent method, but measurements of viscosity and
other mechanical properties are difficult to make in the
neighbourhood of Tg. A temperature approximately 50°
higher than the glass point is therefore commonly used:
Ts =Tg +50°.

Eqn. (2) is a particular case of the temperature depend-
ence of any viscoelastic property, and demonstrates the
principle of temperature-time superposition first formu-
lated for polymers by Aleksandrov and Lazurkin5. Essen-
tially, the principle states that temperature and the time of
application (frequency) of a force play identical roles be-
cause the deformation shows a relaxation behaviour.
Therefore, plots of the property against temperature can
be mutually superimposed by shifting them along the tem-
perature axis. This means that the ratio of the relaxation
times (rr) at two temperatures is a constant:

·•·= ατ = •
PsTs

Thus, the Newtonian viscosity is directly related to the
relaxation time of the system.

Eqns. (1) and (2) can also be derived theoretically, start-
ing from the fundamental postulates of the theory of the
viscous flow of liquids and polymers.

Since liquids occupy a position intermediate between
gases and solids, the liquid state has been treated from the
point of view of both these states. At the turn of the century
liquids were discussed by analogy with gases. X-Ray dif-
fraction studies of simple liquids revealed the existence of
ordered regions and gave rise to the hypothesis of a quasi-
-crystalline liquid structure. In reality, the liquid state
is qualitatively different from the others, and can be des-
cribed by means of the radial density distribution function13.

Contemporary statistical theories of the liquid state are
of two kinds: (a) the more accurate and more complicated
theories based on studies of molecular distribution func-
tions, and (b) the less accurate but simpler "lattice"
theories or "free volume" theories, based on the concept of
a quasi-crystalline liquid structure.

The idea of "free volume" in a liquid is not entirely un-
equivocal. Thus, in the statistical theory of liquids this
term denotes a complex integral which can be evaluated to
give a "mean" volume within which the "average" molecule
is able to move freely at a given temperature. This "free
volume" does not actually exist in a liquid: it is a fictitious
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quantity which appears in statistical calculations as a re-
sult of the particular method of approximation used13. Yet,
a number of workers have attempted to ascribe a physical
significance to this term. Most of them interpret liquid
free volume as empty regions between molecules, i.e. as
voids or "holes" of molecular (monomer) dimensions aris-
ing from irregularities in packing *. Frenkel'M showed by
thermodynamic arguments that molecular voids (vacancies)
can exist also in real crystals. However, the free volume
in crystals is different in nature from the free volume in
liquids. Crystal free volume is due to asymmetry in the
vibrations of the particles, and its distribution among the
particles is continuous (Fig. 2a). This is the so-called
vibrational volume. Liquid free volume consists of two
parts: 1) a continuous part, also associated with the vibra-
tions of the particles in the liquid, and 2) a discrete part,
due to voids (Fig. 26). The latter enables the particles to
undergo continuous place exchange, i.e. the "holes" in a
liquid are fluctuating entities14»15.

The free volume of a substance is difficult to measure.
Most commonly, the free volume vf of a liquid or a crystal
is determined as the difference between the specific volume
of the material at the given temperature (vsp) and at the
absolute zero (t>0), the latter being obtained by extrapolating
to Τ — 0 the linear plot of vs? =/(T) (Fig. 3):

(4)

As the free volume increases, the specific volume of the
liquid also increases: the major contribution to the thermal
expansion coefficient of a liquid is the increase of free
volume with increase of temperature.

The internal friction of liquids depends on the free
volume, since relative movement of the molecules is made
possible by the presence of free space between the mole-
cules. This relation was first pointed out by Bachinskii1β,
who proposed the equation

η — c d\

where ν is the specific volume of the liquid and w is the
arithmetic mean of the volumes of 1 g of the liquid at the
given temperature and at the freezing point. The difference
υ - w was termed the "free" volume. If we write Eqn. (5)
in the form

(6)

it is obvious that the plot of ν =/(ί/η) at any given tempera-
ture should be a straight line not passing through the origin:
this was confirmed for 66 different liquids. Associated
liquids do not obey Eqn. (6).
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Fig. 2. Schematic representation of free volume15:
(a) crystal; (*) liquid; 1) molecules, 2) vibrational
volume of molecules, 3) "holes".

Fig. 3. υ—Τ diagram for a substance in the con-
densed phase.1 S

More recently, Doolittle17 proposed another empirical
equation for the viscosity of a liquid:

where v0 and vf are the occupied and the free volume res-
pectively.

Eqn. (7) may be written in the form

(8)

It is interesting to note that the temperature does not
appear explicitly in Eqns. (5) and (7). This is one of the
most fundamental aspects of the modern theory of viscous
flow, which is treated as a process made up of the activated
jumps of individual elementary units of flow from one equi-
librium position to another. The jumping frequency is
controlled by the height of a potential barrier, and is de-
noted by the symbol I.

The activation theory of liquid flow, proposed by
Frenkel'M and developed by Eyring and others u , leads to
the following expression for the temperature dependence of
viscosity:

η = _ ΐ ί_ β *»c , (9)

where V is the molar volume of the liquid, AGyisc is the
free energy of activation of the viscous flow of one mole of
molecules passing from one equilibrium position to another.
If we write AGVisc = AHv i s c - TASvisc, Eqn. (9) takes the
form

N. h (10)

The plot of log η =/(1/Γ) is thus a straight line whose slope
is a measure of the quantity Affvisc, the heat of activation
of the viscous flow. This quantity is determined by the
temperature coefficient of viscosity. AS vise is the entropy
of activation of the viscous flow.

Experimental observations have shown that Eqns. (9) and
(10) apply only over a narrow range of temperatures. Over
a wider temperature interval the plot of logij =/(l/T) is
curvilinear, and Kobeko suggests that the curvature of this
plot is a characteristic of the liquid state19. From plots
of this type one calculates the so-called apparent heat of
activation of viscous flow:

Δ/Zvi,
din η

Rd (MT)
(ID

which is itself a function of temperature. It can be shown
theoretically that the heat of activation of viscous flow is
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related to the temperature coefficient of the molecular
jumping frequency / and also to the temperature coefficient
of the free volume20:

(12)

d(i/T)}vfThus, the decrease of liquid viscosity with increase of
temperature stems from two distinct causes: 1) the in-
crease in jumping frequency and 2) the increase in free
volume.

All these conclusions of the theory of the viscous flow
of liquids are used in discussions of polymer flow. It is
assumed that the elementary unit of flow is a portion (or
segment) of the polymer chain rather than the entire chain.
Chain segments are interconnected by valence bonds, and
they interact with the segments of neighbouring chains, so
that their motions are not mutually independent. The vis-
cosity of the polymer is given as the product of two quanti-
ties: a function of the chain length F(£) and the reciprocal
of the jumping frequency 7:

- - ^ (13)
The form of the function F(£) is the same for all poly-

mers: it allows for the interaction between units, and is
independent of temperature. The jumping frequency de-
pends both on temperature and on the local disposition of
the units (i.e. on the free volume). The greater the free
volume, the greater are the specific volume and the jump-
ing frequency /, and the lower is the viscosity of the liquid
or polymer20.

Free volume considerations have proved very fruitful in
bringing about an understanding of the viscous flow of poly-
mers. Thus, it became clear that the quantity α τ in the
WLF Eqn. (2) is related to the free volume of the polymer,
and that the equation itself can be deduced theoretically
from Doolittle's equation1»12. The expression obtained is
indistinguishable from the WLF equation if the fractional
free volume at the glass point is taken a s / = 0.025, and the
thermal expansion coefficient as α = 4.8 x 10"4 deg"1.

Bueche21»22 also used free volume considerations, and
proposed that the resistance to flow of a polymer arises
from: (1) friction of the segments of the polymer chain as
it moves relatively to its neighbours; (2) interaction be-
tween the segments joined by primary valence bonds into a
long chain; (3) interlocking of the chains with formation of
a network structure. If the chain consists of Ν monomer
units and ζ0 is the molecular (monomeric) friction factor,
related to I (the number of jumps of the unit) and to δ (the
average change in the position of its centre of gravity) by
the expression

6kT (14)

the viscosity coefficient is given by

n=-F/VC0) (15)

where the proportionality coefficient F depends on the
molecular weight of the polymer.

When M> Mc (see p. 362)

η -= k'Mol0 ; (16)

when Μ < Mc

η - kM3^% (17)

where ρ is the density of the polymer, k' and k are con-
stants.

I. CONCENTRATED SOLUTIONS OF POLYMERS

The term concentrated usually denotes solutions in which
the solute molecules can interact with each other. In poly-
mer solutions interactions of this type give rise to a steep
increase in viscosity as compared with the viscosity of the
pure solvent. FerryA proposed that polymer solutions
should be called concentrated if their relative viscosity is
of the order of 100 or more. The lower concentration
limit of the polymer can vary from 1% (for unusually long,
rigid chains) to 10% (for flexible polymers of low molecular
weight). The upper limit is the undiluted polymer.

Studies over a wide range of concentration, temperature,
polymer chain length, and solvent type can lead to signi-
ficant advances in establishing the relationships which
govern the viscosity of concentrated polymer solutions.

1. Effect of Concentration

Up to the year 1960 our understanding of the isothermal
concentration dependence of the viscosity of polymer solu-
tions was limited, because most of the data then available
related to a narrow concentration range. Thus, owing to
experimental difficulties, most of the workers studied the
viscosity of polymer solutions in the concentration range
up to 0.2 2 3 " 4 6 or 0.5 47~52 weight fraction of the polymer.

Far fewer papers have dealt with the viscosity of solu-
tions over the whole or most of the concentration range 5 3-Μ,
but in recent years such papers have appeared in increas-
ing numbers β0"68.

The viscosity of a solution varies with concentration as
shown by the curves of Fig. 4. For solutions of polymers
of fairly high molecular weight, and at low concentrations
of the polymer, the curve is convex towards the ordinate
axis. On further increasing the concentration the visco-
sity increases more slowly. A steeper rise sets in again
when very concentrated polymer solutions are held near the
glass point of the polymer. This effect is due to the rapid
decrease of the relative free volume70.

There have been repeated attempts to establish analyti-
cally the relation between the viscosity and the concentra-
tion of the solution. Thus, Flory M studied the viscosity

9a = 0 9, = 1

Fig. 4. Variation of solution viscosity with
concentration:
1) solutions of glassy polymers; 2) solutions
of elastic polymers.
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of solutions of poly (decamethylene adipate) over the entire
composition range from pure solvent to the pure polymer,
and showed that above 0.1 weight fraction of the polymer the
viscosity varies with concentration according to the equa-
tion

(18)

where ω2 is the weight fraction of dissolved polymer, and
A and Β are constants. Eqn. (18) can be obtained from the
equation relating the viscosity of a polymer melt to its
molecular weight71 by treating the solvent molecules as
short polymer chains. Hence it was concluded that the
mechanism of flow of concentrated polymer solutions is
analogous to that of the polymers themselves: in the flow
of concentrated solutions also the polymeric chains move as
a result of the motion of their individual segments. Eqn. (18)
was confirmed experimentally by the work of Spencer and
Williams47 on the viscosity of polystyrene solutions in the
concentration range between 0 and 0.5, and also by an in-
vestigation a e of the viscosity of butadiene-styrene rubber
solutions in the concentration range between 0.10 and 0.19
weight fraction of the polymer. It was not confirmed,
however, over a wider range of concentrations «-"i for
solutions of poly(vinyl acetate), polyisobutylene, and poly-
styrene.

Attempts were made to apply to the flow of concentrated
polymer solutions the equation derived by Martin for the
flow of dilute solutions of polymers "M7:

log—-*-•= logLT/J + Λ mJC (Iff)
C

where C is the concentration, [TJ] is the characteristic vis-
cosity, and Κ is a constant.

It follows from the reported measurements that Eqn. (19)
satisfactorily describes the experimental results of the
authors only if the concentration does not exceed 0.12 weight
fraction of the polymer.

All the equations given above are empirical. There are
now a number of theoretical equations for the concentration
dependence of the viscosity of polymer solutions, derived
on the basis of the fundamental concepts discussed above
and on the assumption that dilution decreases the relaxation
times of the system and the monomer friction coefficients.

In a solution, each monomer unit of a polymer chain is
surrounded both by the units of neighbouring chains and by
solvent molecules, the latter being able to move much more
readily than the former. Hence, introducing small mole-
cules whose motion (unlike that of the segments of mole-
cular chains) immediately produces irreversible structural
changes is enough to raise the fluidity, i.e. to lower the
viscosity of the system72.

The theoretical interpretation of the dilution of a poly-
mer system is usually that the decrease in viscosity stems
from the increase in free volume brought about by the
introduction of the solvent. The following arguments are
generally used: (1) the free volume of the solvent is greater
than that of the polymer; (2) the volume of the solution is
an additive function of the volumes of the components;
(3) the free volume of the solution is the sum of the free
volumes of the components:

» = Vr», (20)

where v, vv and v2 are the volumes of the solution, the
solvent, and the polymer respectively, and

where ν/, (μ/)2 are the mean free volumes of the solution
and the polymer (at the same temperature), and (v/)i is the
newly formed free volume resulting from the addition of
solvent. Two attempts to derive the concentration depend-
ence of the viscosity of polymer solutions have been re-
ported. The first is due to Fujita and Kishimoto73, who
assumed that (pf)x increases when the volume of solvent is
increased, but is also a function of concentration and of
temperature. If (vf). is assumed to be a function of tem-
perature only, Eqn. (21) takes the form

ο/ = 1«Ά+τ(7>ι. (22)

where y(T) is a function which characterises the particular
polymer-solvent system.

Dividing Eqn. (22) by Eqn. (20) we obtain an expression
for the relative free volume of the solution:

(23)

where <pt is the volume fraction of solvent in the solution.

The ratio (v/)g/va is the relative free volume of the poly-
mer at temperature T, and it can be expressed in the form

/(T, 0) at φ. = 0 if the free volume of the solution is des-
cribed by the function/(Γ, cpj. Eqn. (23) can then be
written

where

-/(Γ, 0).

(24)

(25)

Using Eqns. (7) and (8) for Τ = const, the authors arrive at
an expression of the form

/(Γ.ΦΙ). ι

η (Γ, <Ρι)(ΐ— <

5 (26)

(26a)
η(7\φ'ι)(1-<Ρι)

where η^,φ^ and η (Τ, φ*) are the viscosity coefficients of
solutions for which the volume fractions of the first com-
ponent are φι and φ* (chosen as a standard solution),
/(T,<p*) is the free volume of the solution of standard con-
centration, and β'(Τ) is a function which can be calculated
from Eqn. (25).

It follows from Eqn. (26) that the plot of j - ^ - */(-—L—J
int*c Vr ι ~ Ψ Γ/

should be a straight line whose slope is a measure of β'(Τ)
and whose intercept on the ordinate axis gives the value of
f(T, φ*). The standard state can be defined as a solution
of any arbitrary concentration, or the pure polymer.

The authors tested their equation with the following sys-
tems: polystyrene-diethylbenzene56, polystyrene-dibenzyl
ether20, polystyrene-decalin51, poly (methyl methacrylate)-
diethyl phthalate58, and poly(methyl acrylate)-diethyl
phthalate66.

Eqn. (26) holds for very concentrated solutions, and
departures from linearity are observed when φχ > 0.5. The
slope of the straight line increases with temperature, i.e. the
quantity β'(Τ) varies, and therefore also Ύ(Τ), which (as
was to be expected) has different values for different sys-
tems. The function/(T, 0), i.e. the relative free volume of
the polymer itself, calculated from the intercept of the
straight line on the ordinate axis, is constant for a given
polymer. Its temperature dependence can be approximated
by two straight lines intersecting at the glass point of the
polymer. Quantities calculated from Eqn. (26) for the
polystyrene-ethylbenzene65 and polyisobutylene-toluene64
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systems are plotted in Fig. 5. Minor departures from
linearity can be observed for the first system at φ1 > 0.5,
whereas for the second system Eqn. (26) is obeyed over
practically the whole of the concentration range.

The second attempt to derive a theoretical equation for
the concentration dependence of the viscosity of a polymer
solution is due to Kelley and Bueche74, and is based on
similar premises. The authors express the relative free
volume of the polymer and of the solution at a given tem-
perature Τ in the form

and

vfjv2 = 0.025 -f 4.8 χ ΙΟ"4 (Τ — Tg).

f^ = 0.025+as(T —

(27)

(27a)

where 0.025 is the relative free volume of the material at
Tg; 4.8 x 10"4 deg" 1 is the temperature coefficient of the
relative free volume of the polymer (see p. 364); a s is the
temperature coefficient of the relative free volume of the
solvent, which for liquids is of the order of 10"3 deg"1,
Tg and T'g are the glass points of the polymer and the sol-
vent respectively. Assuming additivity of the free volumes,
the following expression is obtained for the relative free
volume of the solution:

υ,/υ = φ2[0.025 +4.8x10"*(Γ—Γ8)]+(1—q>s) [0.025+as(r—T'g)\. (28)

Using Eqns. (8) and (17) the authors arrive at an expression
for the viscosity of the solution:

log η/Β=4 logpi%[0.025 + 4.8 x 10* (T - Tg)] + (1 - <p,)[ 0.025 + as(T - Tp]!"1, (29)

where ρ is the density or concentration by weight of the
polymer in solution, φλ and φ2 are the volume fractions of
the solvent and of the polymer, η is the viscosity of the
solution, and β is a parameter which includes the mole-
cular weight of the polymer.

The authors tested the validity of Eqn. (29) on the follow-
ing systems: polystyrene-diethylbenzene56, poly (methyl
methacrylate)-diethyl phthalate57, and polyisobutylene -
xylene50. For the first of these systems, taking T'g =
= -110°, good agreement was found between theory and
experiment. The agreement was good also for the third
system at 25° {T'g = -50°) and for the second system at 120°
and 140° {T'g = -65°). At 60° the second system showed
significant discrepancies between theory and experiment.

Calculated and experimental data for the polystyrene-
ethylbenzene, polystyrene-decalin65, and polyisobutylene-
toluene64 systems are reproduced in Fig. 6. The experi-
mental points for the latter system lie on the theoretical

Fig. 5. Plot of In ac = / ( ^ ) at 20°:
1) polyisobutylene-toluene; 2)polystyrene-
ethylbenzene.

Ot φ ,

Fig. 6. Variation of viscosity with volume
fraction of the polymer in solution at 20°:
1) polystyrene-decalin; 2) polystyrene-
ethylbenzene; 3) polyisobutylene-toluene.
The broken curves were calculated theo-
retically using Eqn. (29).

curve, whereas for the first two systems the theoretical
and the experimental curves do not coincide.

The better agreement between theory and experiment at
temperatures above the glass point of the polymer itself is
striking, and cannot be fortuitous. It ar i ses from the fact
that the packing density of the macromolecules of polymers
in the elastic state is very close to that of molecules of
their low-molecular-weight analogues 7 5. Hence there is
practically no contraction when polymers such as polyiso-
butylene are mixed with iso-octane or other similar liquids
of low molecular weight7 6. In systems of this type the
principle of additivity of free volumes, which underlies the
theoretical treatments, is valid to a first approximation.
But it is very doubtful whether this principle can be applied
to solutions of glassy polymers, particularly those which
are loosely packed, and which undergo considerable con-
traction on dissolution 7 6. Also, Eqns. (27) are evidently
generally applicable only at temperatures above Tg for the
polymer 1 .

2. Variation of the Viscosity of Solutions with the Mole-
cular Weight of the Dissolved Polymer

The early investigations of the viscosity of concentrated
polymer solutions were made over a narrow range of mole-
cular weights of the polymer: from 8.6 x 104 to 1.0 x 10 5, 4 7

or from 0.32 x 106 to 1.10 x 10 6 . 5 0 Under these conditions
Ferry showed that the viscosity of the solutions varied as
the 3.4th power of the molecular weight of the polyisobutyl-
ene.

Bueche's papers describe a detailed study of the influence of
the molecular weight of polymers on the viscosity of their
cpncentrated solutions. This worker examined 15 poly-
styrene fractions (molecular weights between 5.0 x 104 and
10 x 106 №) and 14 fractions of poly (methyl methacrylate)
covering molecular weights from 5.0 x 103 to 5.0 x 106, 5 7

at two concentration levels and one concentration level r e s -
pectively. He showed that the variation of the logarithm of
viscosity withthe logarithm of chain length for apolystyrene
solution of concentration 0.44 and a poly (methyl metha-
crylate) solution of concentration 0.25 weight fraction of the
polymer is expressed, as in the case of the polymer itself,
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by two intersecting straight lines. The lines corresponding
to the longer chains are steeper and all have the same slope
of 3.4, i.e. they are described by Eqn. (1). It was subse-
quently found that the viscosity data for solutions of poly-
acrylonitrile44»46 and poly (vinyl alcohol) 29»ss are also des-
cribed by this equation. The variation of viscosity with
chain length of the dissolved polymer was established over
wide concentration limits in the work of Porter and John-
son " J 7 7 and of Tager and coworkers M . Fig. 7 shows the
results obtained for solutions of 7 samples of polyisobutyl-
ene of molecular weight between 0.9 x 10s and 1.2 x 106. It
is obvious from the figure that in the concentration range
which was investigated (from 0.05 volume fraction of the
polymer upwards) the variation is described by two inter-
secting straight lines. The slope of the lines correspond-
ing to the higher values of molecular weight is independent
of the concentration of the solution, but the slope of the left-
-hand branches (corresponding to low molecular weights)
increases with concentration. The slope of the right-hand
branches is 3.4, i.e. these lines obey Eqn. (1). In agree-
ment with Bueche's theoretical predictions56 (p. 364) and
with his data for polystyrene solutions, both the straight
lines and their points of intersection are shifted towards
larger Ζ values by decreasing the concentration of the poly-
isobutylene solution. However, the product of the critical
chain length Zc (given by the intersection of the straight
lines) and of the concentration of the solution remains
approximately constant (see Table).

The value of the product of critical chain length and con-
centration depends on the nature of the dissolved polymer:
the more rigid the polymer chain, the lower is Zc<Pv Thus,
values of 180 and 80 have been reported for solutions of
polyisobutylene β3»β9 and of poly (vinyl alcohol)M respectively.
The same investigations reveal that Zc varies with tem-
perature and that increase of temperature causes a slight
increase in the value of ZC<P2·

Ferry and coworkers 51>M found that the viscosity of
solutions of polyisobutylene, cellulose trinitrate, and cellu-
lose tributyrate, when referred to the viscosity of the sol-
vent, is a unique function of the product Z3«VI : the curves

U log Ζ

Fig. 7. Variation of the viscosity of polyisobutylene
solutions in iso-octane with degree of polymerisation
of the polymer ffl. The numbers by the straight
lines denote the volume fraction of polyisobutylene
in solution.

TABLE. Product of the critical chain
length Zc and of the volume
fraction of the polymer <fy for
polyisobutylene solutions in
iso-octane at 20*.β9

Φι

0.05
0.10
0.15
0.20

Ζ,:Φ,

140
160
150
140

Φ·

0.30
0.40
0.50

Zcft

210
200
180

for solutions of all three polymers coincide. This rela-
tionship was shown to be valid also for solutions of poly-
(vinyl alcohol)33. However, the authors themselves point
out that the expression does not apply at high concentra-
tions 5 1. Tests of the expression over a wide range of con-
centrations and molecular weights of dissolved polymer,
using solutions of polyisobutylene "* and poly (methyl metha-
crylate)M, showed that the expression does not hold.

3. Effect of Temperature on the Viscosity of Polymer
Solutions

Most investigations of the viscosity of concentrated
polymer solutions have been confined to a fairly narrow
temperature interval of 40-60° 25,27,28,36,37,47-51,62-65,78,79̂
and only a few studies 5β»57»ββ"β8 have dealt with temperature
changes of 100-200°. The results indicate that over a
40-60° temperature interval the logarithm of the viscosity
varies linearly with reciprocal temperature, but over a
wider range of temperatures non-linearity sets in, and the
curvature increases with the concentration of the solution
(Fig. 8).

As we have already pointed out, curvature in the plot of
log η =/(l/T) is associated with the nature of the liquid
state1 β. A similar variation of the logarithm of the vis-
cosity is found with low-molecular liquids, their solutions,
and polymer melts and solutions. Measurements of
specific heat, mechanical properties, volume changes, and
viscosity indicate that the molecules of a multicomponent
liquid form a single continuous system19.

log η (poll·)

Uf/T, deg"

Fig. 8. Temperature dependence of the viscosity
of polystyrene solutions in dibenzyl ether2 0. The
numbers by the curves denote the weight fraction
of the polymer in solution.
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A concentrated solution of a polymer is also a single
continuous system, differing from the polymer itself by
having shorter relaxation times. Since the nearest neigh-
bours of the polymer segments are solvent molecules,
mutual friction takes place, and the jumps of segments and
small molecules alike require a definite activation energy.
Hence the term "energy" or "heat of activation" can be
applied to concentrated solutions of polymers just as it can
to the polymers themselves. (Very dilute solutions of
polymers are an exception, and involve a radically different
friction mechanism80.) These terms are applied to con-
centrated solutions of polymers4 8 '5 2 '5 6 '5 7 and to plasticised
systems72.

The heat of activation for viscous flow depends on the
concentration of the solution. It increases with increasing
volume fraction of the polymer: linearly over a relatively
narrow concentration range (from φ2 = 0.05 to φ2 = Ο.δ)27»28»
36,37,47,49 a n £j non-linearly over a wider range of composi-
tions 56,57,β2-β54 ft c a n b e seen from Fig. 9 that the heat of
activation for flow rises most steeply at high concentra-
tions for solutions of polymers close to the glassy state:
at φ2 = 1 (polymer), AH v i s c is of the order of hundreds of
kilocalories per mole.

The slope of the function log η =/(l/T) increases when
the material (or the solution concentration) is changed be-
cause the inter molecular interaction energy increases1β,
as a result (in the present case) of a decrease in the free
volume, or of approaching the glass point of very concen-
trated solutions70.

The heat of activation for the flow of a solution depends
also on the molecular weight of the dissolved polymer:
this was demonstrated for solutions of cellulose tributy-
rate 5 2 and of poly (vinyl alcohol) 33>46, which were investi-
gated over the composition range up to ω2 = 0.40 and ω2 =
- 0.25 respectively. Measurements were made over the
whole composition range and a wide range of molecular
weights for solutions of polyisobutylene63'77: the results
are shown in Fig. 10. For not too high concentrations
(φ2 < 0.35) the heat of activation increases with the mole-
cular weight of the polymer; at concentrations φ2 > 0.35
we find a sharp increase in AHyisc on going from Μ = 102

(iso-octane) to 0.9 x 103 (from 1.9 to 14.5 kcal mole"1).

US ω ,

Fig. 9. Variation of the heat of activation for
viscous flow with weight fraction of the polymer
in solution:
1) polystyrene—diethylbenzene 5 e; 2) poly-
isobutylene—toluene.M

o.i ία ω 0.1 us ο.? m as ψ»

Fig. 10. Concentration dependence of the heats
of activation for viscous flow of polyisobutylene
solutions in iso-octane83:
l ) M = 0 . 9 x 10s; 2) Μ = 2.0 x 104; 3)M=1.1X
X 105; 4)M=2.4X 105; 5) M= 6.5 Χ 105;
6)M=1.2X 106.

Increasing the molecular weight of the polymer from 0.9 x
x 10« to 2 x 104 raises Affvisc by 1.6 kcal mole"1 (from 14.5
to 16.1). Further increase of molecular weight has no
effect on the heat of activation for viscous flow.

The lack of dependence of the heat of activation for the
flow of concentrated polymer solutions upon the molecular
Weight of the dissolved polymer, like the general validity
of Eqn. (1), argues for a general mechanism of flow in poly-
mers and their concentrated solutions. Hence we may
suggest that other relationships, derived for the flow of
polymers, should also be valid for solutions of polymers.
Thus, Ferry * states that the temperature dependence of
the viscosity of concentrated solutions of polystyrene,
poly (vinyl chloride), poly (vinyl acetate), and cellulose tr i-
butyrate is satisfactorily described by the WLF equation.

A similar relationship was recently proposed87 for poly-
mer solutions: the equation obtained is

τ~τ0
loga r

. [/(φι,7Ό)]«

af (Φι)
+ (Γ-Γ0)/(φΙ7'0) (30)

where Τ andT0 are the experimental and the reference tem-
perature respectively; f(<p v To) is the relative free volume of
a solution of the given concentration φ. at the reference
temperature Γο; ατ = ν(φν Τ)/η(φν Γο), and α / ^ ) is a
function of concentration. The plot of -(T - T0)/logaT =
= /(Γ) is a straight line whose slope measures f(<pv To) and
whose intercept on the ordinate axis measures af((pj. The
linearity of this function was confirmed in the poly (n-butyl
methacrylate)-diethyl phthalate system.

4. Effect of the Nature of the Solvent on the Viscosity of
Polymer Solutions

The effect of the nature of the solvent on the viscosity of
concentrated solutions of polymers has been least thoroughly
investigated, in spite of the essential relevance of inter-
molecular interaction and of its influence on all rheological
properties. As already stated, the addition of small,
readily mobile molecules to a polymer causes a dramatic
increase in the fluidity and free volume of the system.
Hence we can suggest that the addition of solvents and
plasticisers to a polymer should affect the viscosity and all
related properties in direct proportion to the volume frac-
tion of the solvent and irrespectively of the nature of the
solvent: the same conclusion follows also from a number of

368



Vol.36 No.5 RUSSIAN CHEMICAL REVIEWS May 1967

theoretical equations. The earliest studies of the problem
appeared to confirm this point of view. Thus, Ferry and
coworkers4 9 '5 1 examined solutions of poly (vinyl acetate) in
five solvents, of polyisobutylene in two solvents, and of
polystyrene in two solvents up to weight fractions of the
polymer of ω2 = 0.5-0.6, and showed that the viscosities
are similar at a given volume fraction, but differ if the
solutions are compared at a given weight fraction!.

The influence of the nature of the solvent on the viscosity
of polymer solutions has been studied also by other
workers 2e>38»42»47»59, but either over a limited concentration
range or over a limited range of solvents. A detailed study
of the problem was made with solutions of polyisobutylene
in six chemically different liquids, and of polystyrene in
five liquids, over a wide range of compositions and at tem-
peratures between 20° and 50°. β2,β4,β5,ββ it w a s shown that
even the viscosity of solutions of a polymer as elastic as
polyisobutylene, whose chains contain only groups of a
single type, depends on the nature of the solvent. The effect
of solvent on the viscosity of polymer solutions is specially
marked when the polymer is close to Tg under the condi-
tions of the experiment. Thus, the viscosities of decalin
and ethylbenzene solutions of atactic polystyrene at 20° and
equal volume fractions differ by a factor of several hundreds.

With rise in temperature the concentration-viscosity
curves of solutions in different solvents tend to coalesce,
and at temperatures above Tg for polystyrene the viscosi-
ties of decalin and ethylbenzene solutions differ only by the
viscosity difference between the solvents themselves.

The fall of viscosity with increase of temperature is not
the same in solutions in different solvents: in other words,
the heat of activation for viscous flow also depends on the
nature of the solvent. It is important to note that the
order of the plots of log η =/(C) andA# v i s c =/(C) is the
same, both for polyisobutylene and for polystyrene solu-
tions. This suggests that the viscosity of concentrated
solutions of polymers, like the viscosity of low-molecular
liquids and their mixtures, is determined by the heat of
activation for flow1β.

Several workers have suggested2e'42»49~51 that the visco-
sity of a polymer solution is controlled by the viscosity of
the solvent. Thus, there is evidence β2»β4»β5»β9 that the vis-
cosity of the solution is highest in the most viscous solvent
and lowest in the least viscous solvent. However, the
viscosities of decalin and toluene (or ethylbenzene) at 20°
differ by about a factor of 5, as compared with a factor of
12 for polyisobutylene solutions and a factor of several
hundreds for polystyrene solutions in these solvents.
Hence, viscosity differences between solutions of polymers
depend on the viscosity of the solvent but are not wholly
determined by it. The basic reason for differences in
fluidity of solutions in different solvents is component inter-
action. Therefore it is very important to compare visco-
sities with parameters which characterise the interaction:
as far as possible, the comparison should apply to the same
concentration region.

t It may be useful to stress that when comparing any property
of solutions in different solvents one should not use weight fractions,
since their value depends on the density of the liquid. The concen-
tration of the solution should be given in mole or volume fractions.
Using the former units we compare the solutions at a constant con-
centration of solvent molecules, using the latter units we compare
them at a constant degree of filling of space by different solvents.
With a property such as viscosity it is more correct to compare
solutions of equal volume fraction.

We must first of all consider the thermodynamic affinity
between the polymer and the solvent, measured by the
chemical potential difference Δμ1 or by the second virial
coefficient Aa. Experimentally measured values of Δμ1

and A 2 show that iso -octane is a good solvent for polyiso-
butylene whereas butyl propionate is a poor solvent81. In
the composition range between <p8 = 0.5 and<p2 = 1 the vis-
cosity coefficients of polyisobutylene solutions in the two
solvents are identical. Decalin is a poor solvent for poly-
styrene, whereas ethylbenzene is a good solvent. In the
former the viscosity and the heat of activation are much
higher than in the latter. But ethyl acetate also is a poor
solvent for polystyrene, yet the viscosities of ethyl acetate
and ethylbenzene solutions are very similar. Thus, there
is no correlation between the viscosity coefficient of a
solution and the thermodynamic affinity of the polymer for
the solvent. Hence, it is not generally correct to assume,
over a wide concentration range, that the viscosity or the
heat of activation of a solution in a thermodynamically
more active solvent must be higher (or lower) than in a
poor solvent.

It must be noted that no correlation is observed between
viscosity and the heat of dissolution (i.e. the enthalpy
change). Knowing the differences in chemical potential of
a component, Δμ<, and its partial enthalpy, ΔΗ*, we can
calculate the partial entropy of mixing, AS»:

Δ μ , = £iHi — (31)

The entropy of mixing is largely determined by the flexi-
bility of the polymer chain72»75. When flexible polymers
are dissolved the partial entropy of mixing of the solvent
Δ3* is always greater than in the dissolution of polymers
with rigid chains, since in the former case the number of
configurations which the chains can adopt in solution (and
therefore also the thermodynamic probability of the solu-
tion) is greater than in the latter.

For polyisobutylene solutions, the values of Δ5ί, which
characterise the flexibility of the polymer chain, decrease
along the following series of solvents: toluene > CC14 >
> iso -octane =* cyclohexane81.

Thus, in solutions of elastic polymers solvent interac-
tions take the form of changes in the flexibility of the chain.
The viscosity of the solution is lowest in the solvent which
makes the polymer chain most flexible, as was to be
expected from the general theoretical considerations out-
lined above. However, the viscosity of the solvent itself
also plays a role, and on occasions these two factors can
be mutually opposing. Thus, the viscosity of CC1* is
greater than that of iso-octane by about a factor of two, but
the polyisobutylene chain is less flexible in iso-octane solu-
tions than in CC1*. The two factors cancel each other out,
and the two solutions have identical viscosities.

At elevated temperatures the rate [amplitude?] of the
torsional vibrations of the units increases: the kinetic
flexibility of the polymer chain increases, the whole set of
conformations becomes available82, and the influence of the
nature of the solvent becomes less marked. At a certain
temperature, solutions of equal <p2 in solvents of equal
viscosities have the same viscosity. This is very clearly
seen for solutions of polyethylene at Γ > T{: the viscosi-
ties of solutions in decalin, dodecane, xylene, and mono-
chlorobenzene lie on a common curve **.

Thus, we can make the following statement regarding
the viscosity of polymer solutions at experimental tem-
peratures higher than Tg: the lower the viscosity of the
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solvent and the greater the flexibility of the polymer chain
in that solvent, the lower will be the viscosity of the solu-
tion.

The situation is a great deal more complicated when Tg
for the dissolved polymer is significantly higher than the
experimental temperature: this is particularly true of
polymers with polar side-chain substituents which interact
strongly both with each other and with the solvent mole-
cules. In this case it is impossible to explain the effect of
solvent on the viscosity of concentrated polymer solutions
without detailed consideration of the structure of solutions.

II. NEWTONIAN VISCOSITY AND STRUCTURE OF THE
SOLUTIONS

Studies of the viscous, optical, and other properties of
very dilute polymer solutions show that the individual
macromolecules have a coiled, globular form, and can
move independently of each other8 0. This model applies
only to very dilute solutions; when the concentration is in-
creased the molecules begin to interact. The problem,
therefore, is to identify the concentration at which these
interactions set in and the configuration of the interacting
molecules.

As long ago as in 1931 Staudinger83 proposed the idea of
a "critical" concentration, i.e. a concentration at which
rod-shaped polymer molecules begin to touch. Boyer and
Spencer 8 4 prefer to redefine the "critical concentration" as
the concentration at which a random distribution of globular
molecules becomes close packed. Their calculations show
that the critical concentration depends on the molecular
weight of the polymer and on the nature of the solvent.
Thus, for solutions of polystyrene in benzeneCcrit fe/100 ml) =
= 30.6M"·1'2, whilst for solutions of polystyrene in ethyl
methyl ketone CaU = 69. lM"1^, when the molecular
weight is ~ 106, C a i t = 0.03-0.06 g/100 ml (i.e. is very
small). Using modified Ostwald viscometers with very
narrow capillaries (d = 0.2 mm and 1600-3900 s outflow
time for the pure solvent), Streeter and Boyer85 observed
anomalies in the viscosity at high dilutions. Their results
show that the corrected viscosity varies linearly with con-
centration only down to 0.1 g/100 ml: further dilution gives
a sharp upward bend in the curve, and still further dilution
(below C = 0.002 g/100 ml) makes the curve bend down
again, forming a maximum. Critical concentration values
of 0.03-0.07% were obtained from these experiments85, but
subsequent work failed to confirm the results. Thus,
Frank8 6 did not observe any.anomalies in the concentration
dependence of the light-scattering asymmetry of the same
solutions. Ohrn suggested87, as a result of his calcula-
tions, that the phenomena observed by Boyer and coworkers
were due to adsorption of polymer molecules on the visco-
meter walls, resulting in a decrease in diameter as well
as a decrease in concentration. By working with a visco-
meter provided with three capillaries of different diameters
he found that the largest anomalies are observed with the
narrowest capillaries. Batzer's studies88 of the viscosity
of poly (vinyl chloride) solutions with different degrees of
chain branching support this explanation. Therefore we
must conclude that the effects observed by Streeter and
Boyer have no bearing on the existence of a critical con-
centration.

Interest in this problem has been renewed in recent
years. Horth and Rinfret89 studied the concentration de-
pendence of the density οι poly (vinyl acetate) solutions, and

concluded that a "critical" concentration exists, varying
from 0.75 to 0.09 g/100 ml as the molecular weight varies
from 80 000 to 3 200 000. From their measurements of the
concentration dependence of the heat of mixing of poly (vinyl
acetate) with methanol and tetrachloroethane Parent and
Rinfret80 obtained appreciably lower values of the critical
concentration (<p2 = 0.02-0.005).

We feel that the term "critical" is an unfortunate one,
because the properties of the solutions as a rule do not
vary discontinuously with concentration. The so-called
singular points on property-composition curves are due to
the presence of specific interactions between the compo-
nents9 1. Experimental observations of density discontinu-
ities at a strictly defined concentration are also unconvinc-
ing: no discontinuities were observed in analogous mea-
surements on polystyrene and polyisobutylene solutions7e.
What is undeniable, however, is that the macromolecules
begin to interact at some definite level of concentration
which must be a function of the molecular weight of the
polymer and of the nature of the solvent: under these con-
ditions the solutions contain aggregates or associations of
molecules rather than individual molecules. Polymer
association effects have been discussed even in dilute solu-
tions 9 2 ' 9 5 . The interaction forces will depend, of course,
on the nature of the polymer and of the solvent: dipole-
dipole interaction predominates in poly (vinyl chloride) solu-
tions in polar solvents, whilst in solutions of poly butadienes
in octane or chloroform dispersion interactions are pre-
dominant. The latter are quite substantial if allowance is
made for the increase in polarisability with molecular
length. But this interaction is invariably present, and
associations are formed.

It remains to be established what these associations con-
sist of, how the macromolecules are distributed within the
associations, and what is the configuration of the macro-
molecules. Boyer and Spencer assumed, in their first
paper, that the globular molecules remain unchanged in
form when they come into contact, but they were subse-
quently forced to postulate unwinding or uncoiling during
interaction. The view that uncoiling must take place when
the macromolecules interact follows directly from our
knowledge of the structure of the polymers themselves,
which are often prepared by concentrating their solutions.
With the exception of a few ("globular") polymers, the poly-
mers themselves do not contain unchanged globular forma-
tions. According to the views current until very recently,
an amorphous polymer consists of a conglomeration of
entangled, more or less straight, molecular chains, where-
as in a crystalline polymer ordered regions alternate with
regions of entangled chains. The entangled chain model
was adopted in the theory of the viscosity of concentrated
solutions, whose basic postulate is that all the chains are
mutually intertwined as in a ball of tangled threads. The
number of interlocks increases with the molecular weight
of the polymer.

However, as Kargin and coworkers were the first to
point out96, the concept of tangled chains does not apply to
a real polymer. Very large numbers of so-called super-
molecular structures have been reported in polymers, and
it has been shown that even in the amorphous state poly-
mers have an ordered bundle-like structure9 7. The for-
mation of bundles of chains, observed in amorphous poly-
mers, must be preceded by uncoiling and mutual orientation
of the chains.

Since very dilute solutions contain globular molecules
whereas in the polymers themselves the chains are rela-
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tively straight, the first effect must be an unfolding or un-
coiling of the globular molecule as the solution becomes
more concentrated: this has been confirmed by an electron-
-microscopic study of poly-a-butylene solutions98. Colo-
phony (a substance whose glass point is above room tem-
perature) was used as the solvent, thus enabling the struc-
ture of the solution to be "frozen" during the investigation.
It was found that in poly-a-butylene solutions of concentra-
tion 0.1-0.5%, the molecules have a linear configuration
and interact with each other to give appreciably ordered
formations. These experiments suggest that individual
globular molecules are to be found only in the more dilute
solutions.

Unfortunately, it is impossible at present to examine the
structure of the more concentrated solutions in the elec-
tron microscope, and therefore the indirect methods of
investigation such as light scattering and viscosity studies
play an important role. The first indications of the un-
coiling of chains in polyelectrolyte solutions with increase
of concentration and of degree of ionisation came from vis-
cosity studies". Zubov and Lipatov explain the sharp in-
crease in viscosity obtained by concentrating aqueous solu-
tions of poly (methacrylie acid) by postulating uncoiling of
molecular chains and the formation of supermolecular
structures 10°. A similar unfolding of globular molecules
occurs in solutions of polymeric non-electrolytes.

Recently, an attempt was made1 0 1 to estimate the shape
of interacting macromolecules by comparing the concentra-
tion dependence of the relative viscosity of polymer solu-
tions with that of suspensions of rigid spherical particles.
It was concluded that the ratio Iogi7rei/C (where T7rei is the
relative viscosity) increases gradually with the former, but
decreases with the latter, when the concentration increases.
The author101 ascribes this difference to different interac-
tion mechanisms. The collision of two rigid spheres pro-
duces a "dumb-bell", which contributes to the viscosity
more than each isolated sphere. On the other hand, when
two polymeric molecules collide, molecular aggregates
are formed, and these contribute less to the viscosity than
the two separate macromolecules. The papers by Maron
and coworkers102»103 contain similar conclusions, from vis-
cosity data, on the change in shape of interacting particles.

Thus, when the concentration of a polymer solution is
increased the globular molecules unfold, and the chains,
more or less straightened, begin to interact. This is
accompanied by a sharp increase in light scattering by the
solution, which decreases, however, when the concentra-
tion is increased still further10*.

In the concentration region where light scattering de-
creases, the viscosity rises steeply, evidently due to the
formation of a continuous disordered network in the solu-
tion. However, this network is composed of aggregates of
more or less linear chains rather than of interlocking and
entangled long molecular chains. Interlocking of macro-
molecules in solutions is as unlikely as it is in polymers,
because it would be inconsistent with the observed rapid
establishment of equilibrium in solutions following tem-
perature or concentration changes. The relaxation time of
chains is very large, and unravelling processes should be
exceedingly slow. In practice (in the neighbourhood of a
phase separation temperature, say) a turbid solution be-
comes instantly transparent, corresponding to the appear-
ance of a maximum on the viscosity poly therm105»106. This
is evidence that the solution contains aggregates which can
rapidly regroup in response to a temperature change.

When the concentration of the solution is increased the
degree of aggregation also increases, the network becomes
more ordered, and fluctuations in concentration decrease.
This is accompanied by a continuous increase in viscosity
and by a decrease in the intensity of excess light scattering.

The non-linearity of the changes in heat of activation for
the viscous flow of polymer solutions and the sharp in-
crease of A # v i s c at <p2> 0.5 are evidence for the existence
of a concentration region in which interactions between
chains are very strong. In this region of compositions we
are evidently dealing with the highly ordered supermole-
cular structures which are found in the polymers them-
selves.

Hirai has derived107, on the basis of the concept of
bundles or "beams" of chains in solutions, a theoretical
equation for the dependence of the heat of activation for vis-
cous flow upon concentration and molecular weight of the
polymer: this equation corresponds exactly to the experi-
mental curves shown in Fig. 10.

Thus, the whole of the available experimental data on
the viscosity and light scattering properties of concentrated
polymer solutions points to the existence, in polymer solu-
tions, of a number of concentration regions with different
degrees of order and chain conformations: (1) the region of
dilute solutions, in which the globular molecules become
uncoiled and form aggregates as <p2 is increased; (2) the
concentration region in which the aggregates combine into
a continuous network whose degree of order increases with
<p2; (3) the region of very concentrated solutions, in which
highly ordered supermolecular structures are formed. All
the transitions are reversible both towards concentration
and towards dilution.

Thus, when a polymer comes into contact with a low-
-molecular liquid the molecules of the latter penetrate only
between the ordered supermolecular structures (interbundle
swelling). This is true whether the liquid is a good sol-
vent or a poor solvent. According to the size of the sol-
vent molecules, and to their affinity for the polymer, dis-
integration of the bundles may occur in different ways;
hence the size of the supermolecular structures at a given
value of φ2 depends on the nature of the solvent. In decalin
solutions of polystyrene the bundles do not break down
appreciably, whilst in ethylbenzene solutions substantial
disintegration occurs: the viscosity of the former solu-
tions at 25° is much greater than that of the latter. In the
high concentration region the viscosity of polyisobutylene
solutions is the same in a good solvent (iso-octane) as in a
poor solvent (butyl propionate). This also suggests that
the molecules of these liquids penetrate only between the
bundles, whose existence has been proved for the case of
rubber-like polymers10B. Butyl propionate cannot pene-
trate into the bundles and the swelling is limited. Iso-
-octane can enter the bundles, so that the latter disinte-
grate and the degree of ordering decreases. At a definite
concentration (which is lower the better the solvent) the
molecules begin to break apart and only at very low con-
centrations can we expect isolated globular macromolecules
to form.

All that has been said agrees satisfactorily with Kargin
and Kozlov's recent views109»110 on interbundle plasticising,
and is in keeping with a general flow mechanism common
to polymers and their solutions. According to generally
accepted ideas, based on the fact that polymers and low-
-molecular liquids have very similar heats of activation for
viscous flow, the elementary unit of flow of a polymer is a
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chain segment. However, the heats of activation [fluidity?]
of polymers and of their concentrated solutions are higher
than those of liquids by one order of magnitude, and those
of glassy polymers are higher by two orders of magnitude.
This suggests that the jumps involve portions of a bundle
rather than individual segments, i.e. that the viscous-flow
properties are determined by the collective motion of
chainsλ.
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