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ABSTRACT: Thezero-shear viscosity behavior, in the dilute and semidilute regimes, in solutions of polystyrene
under good and O solvent conditions, is analyzed in the framework of a recent theoretical model due to Shiwa.
At good solvent conditions, this model, which takes into account the gradual screening of both hydrodynamic
and excluded-volume interactions as well as entanglement constraints, is consistent with the large amount
of experimental data collected from the literature. In the course of this study the behavior of the radius of
gyration as a function of an experimentally accessible reduced concentration variable is tested against
experimental results. Areasonably good agreementisfound. Inthe analysis ofthe universal viscosity properties,
it is argued for the use of the reduced dynamic scaling variable ¢[5] in lieu of the static counterpart c/c*.
At the O state the viscosity features are observed to be more complex.

Introduction

Inrecent years renormalization group (RG) theories and
related approaches have constituted a powerful tool in
the description of universal static!® and dynamic®!4
features of flexible polymers in solution. The concen-
tration region explored in these studies ranges from the
dilute domain to the “effective” semidilute regime, where
the polymer coils strongly overlap each other but still
occupy a small volume fraction & of polymer (¥ < 0.2).

In the theoretical models advanced by Shiwa et al.111
forthe description of the universal crossover behavior (i.e.,
the overlap-parameter dependence) of collective transport
phenomena, such as sedimentation velocity and transla-
tional diffusion of polymers at concentrations not ex-
tending beyond the effective semidilute regime at good
solvent conditions, the effects of the gradual screening of
both hydrodynamic and excluded-volume interactions
have been taken into account. The importance of these
effects have been endorsed by recent studies, where
experimental sedimentation!®!® and diffusion!”!8 data
have been analyzed in the framework of these models. For
cooperative diffusion as well as for sedimentation in the
semidilute regime, the entanglement of chains should not
be important, because all the chains are more or less
collectively moving.

In contrast to these collective processes, transport
phenomena such as self-diffusion, tracer diffusion, and
viscosity are all closely associated with the motion of
individual chains; hence, entanglements are expected to
play a crucial role. In a previous theoretical study,® on
the concentration and molecular weight dependence of
the self-diffusion coefficient of polymer solutions in the
dilute and the semidilute regimes, a formalism, based on
the microscopic model of Hess!® combined with RG
calculations, was developed in order to take into account
the effect of the entanglement constraint on chain dy-
namics. The potential of this approach has further been
elucidated in an investigation,?’ where a large body of self-
diffusion and tracer diffusion data was compared with the
theoretical predictions. These studies strongly support
the hypothesis that entanglements produce strong topo-
logical restrictions on the mobility of the individual
polymer chains.

Inthe literature only a few theoretical models, based on
RG ideas, have been elaborated to describe the crossover
behavior of the zero-shear viscosity or related quantities
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of polymer solutions. By combining a mode-mode cou-
pling theoretical approach and RG results, Shiwa et al.1!
accounted for the progressive screening of both hydro-
dynamic and excluded-volume interactions in the de-
scription of the crossover behavior of viscosity-related
properties in dilute and semidilute polymer solutions. By
using pure RG methods, Stepanow and Helmis?! consid-
ered the effects of the excluded-volume and hydrodynamic
interactions on the zero-shear viscosity of polymer solu-
tions. However, these models both suffer from a common
inherent weakness; namely, the effect of entanglement
constraints has not been taken into account. This
deficiency of the theories is clearly revealed when the
theoretical predictions are compared with experimental
viscosity results. It was observed!!?! that the deviation
between the theoretical functions and the experimental
data became progressively more pronounced as the degree
of chain overlapping increased. However, quite recently
Shiwa?? devised a procedure in the framework of RG
calculations, together with a mode-coupling method to
include the gradual screening of both hydrodynamic and
excluded-volume interactions as well as the effect of
entanglements. This latter effect was incorporated with
the aid of the approach of Hess.!?

It is the aim of this study to examine the universal
features of the reduced zero-shear polymer viscosity and
related quantitites and to survey the quantitative impor-
tance of entanglement effects in this type of transport
process. For this purpose a large amount of experimental
data on zero-shear viscosity in solutions of polystyrene at
good and O solvent conditions, over a wide concentration
range (¢ < 0.2), has been collected. In the analysis of the
results we will, to a large extent, resort to the theoretical
model of Shiwa.22 This approach will be outlined below,
and inherent shortcomings associated with this model will
be discussed.

In the course of the presentation of the results, theo-
retical predictions of static quantities, relevant for the
viscosity models, will be compared with experimental
results. In the examination of universal viscosity prop-
erties, the advantages of using a reduced dynamic scaling
variable in lieu of a static variable will be elucidated. In
addition to the analysis of the viscosity data at good solvent
conditions, some features associated with the viscosity
behavior at © solvent conditions will be scrutinized.
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Theoretical Considerations

Atlow, but finite, concentrations the zero-shear polymer
solution viscosity » is frequently expressed by the following
empirical expansion form:

n =11 + [nlc + kylnl?c® + ..) 1)

where 7o is the viscosity of the pure solvent, [5] is the
polymer intrinsic viscosity, ¢ is the polymer mass con-
centration (mass/volume), and ky is the dimensionless
Huggins coefficient, which characterizes the first-order
effects of interaction on the zero-shear viscosity. Usually
the viscous properties of dilute and semidilute polymer
solutions are analyzed in terms of the dimensionless
reduced zero-shear polymer viscosity, which can be ex-
pressed by the expansion form

1R = Nyp/cln] = 1 + kycln] + ... @

in which s, = (9-10)/m0. It has previously been dem-
onstrated®-27 that a plot of ng versus c[n] practically
condenses viscosity data onto a master curve. In recent
papers?5-27 eq 2 is often cast into the following form:

g =1+ k(c/c*) + ... (2a)

where ¢* denotes the critical concentration at which
polymer coils begin to overlap and is frequently defined
as
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Here M is the molar mass of the solute, Rg is the radius
of gyration of the isolated polymer, and N, is Avogadro’s
constant. By using the Flory—Fox equation, [n] = 6%/2 ¥
Rg0%/ M where ¥ (mol-)) is the Flory viscosity factor, the
parameter k in eq 2a may be expressed as

(3)(6*Dky ¥

A few years ago Shiwa et al.!! (the S-O-B theory) devised
atheoretical approach for the analysis of crossover behavior
of the polymer viscosity. In this model the gradual
hydrodynamic screening effect is incorporated with the
aid of a mode-coupling scheme and the gradual screening
of excluded-volume interactions is considered on the basis
of the RG method. In the framework of this model the
change of the polymer solution viscosity with increasing
coil overlap may be written in the form?128

3

('7/770)8-0-3 =1+ ard (%)
with?
a = (1/6)(1-31¢/96++v¢/8) (5a)

where r = Rg /R ¢? and «, the inverse of the reduced
hydrodynamic screening length, are both functions of the
overlap parameter X. Here we may consider Rg g as the
radius of gyration of a “test” chain at infinite dilution and
Rg, is its value in a solution of identical chains of
concentration c. Equation 5a is derived in the framework
of the e-expansion method, where ¢ = 4-d, d being the
dimensionality. The quantity y=~0.5772 is Euler’s con-
stant.

At © solvent conditions (Gaussian chains) the quantity
« is given by

X = @/3rH + (/2 + -
(/2x) exp(x®)(1-erf(x)) (6)
where the error function erf(x) = (2/7/%) f%exp(-t?) dt.

Zero-Shear Viscosity Properties of Solutions 3785

At good solvent conditions (excluded-volume interac-
tions) no simple analytical expression is available for the
determination of «, but the coupled equations may be
solved numerically, yielding values of « as a function of X.
The values of « may also be read off from the graph of «
versus X, depicted in the original paper.l!

Experimentally it is well established?®-32 that the radius
of gyration of a test chain, immersed in a semidilute
solution of other identical polymer chains, shrinks as the
matrix concentration increases. Some years ago Ohtaand
Oono!# developed in the framework of the conformation
space RG formalism, together with the e-expansion method
up to order ¢ = 4-d, an explicit functional form of r as a
function of X. In the case of a monodisperse polymer, a
relationship of the following form emerges:4

r= exp(iXG(z)) N
where

z2=21+X) 8)
and the function G(2) is given by

22
1

(; + f’;) (v +1n(2)) ©)

G(z) = 3/ + % exp(z)Ei(_z)(l_ % .8 ) _

where Ei(-z) = - f7dte™/t.
By using a slightly different renormalization scheme,
Ohta and Nakanishi? arrived at the following expression:

€™ 5 2Xg(y%) )
r=exp| — V(iy) ——————d 10)
p( 4-’;y v 1+2Xg0%
where
30 6 3,1
V) =S-2-Z 424
SEaRY yf:O 24 6 1
————— St —) exp(-y*) (11)
( y12 y10 y8 4y4
and the Debye function is given by
1
g0)=5-L+ Loy (12)
y oy oy

The integral on the right-hand side of eq 10 can be solved
numerically. Now we have the necessary relations for the
calculation of n/no. However, as indicated by the empirical
eqs 2 and 2a the reduced zero-shear polymer viscosity 7gr
is a more appropriate quantity for a universal description
of the viscosity data. In terms of ng the model of Shiwa
et al. may be cast into the following form:

2
(e (XNs 05 ="~ (13)
where
Ngp(X)
v=lim— (14

In the case of excluded-volume interactions a plot of the
calculated values (eq 5 combined with eq 10) of 7/ x versus
x at small values of x, extrapolated to x = 0, yields a value
of v of 0.0719.

Quite recently, Shiwa?? advanced a revised version of
the Shiwa et al.ll model by incorporating a modified version
of the Hess microscopic theory,!® in order to take into
account the effect of entanglements on the crossover
behavior of the polymer viscosity. In an elegant fashion,
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Shiwa implemented the entanglement formalism of Hess
with the screening concept of Shiwa et al.ll In this
framework a unified description of the gradual screening
of both hydrodynamic and excluded-volume interactions
as well as the effect of entanglements on the polymer
viscosity emerges. A formula of the following form may
be constructed:?2.28

(np)g = (773)3_0_3(17/770)5_0_13(1/#) (15)
or in terms of the other variables used above

2
(ng)s = %’—)2—(1 + ar®)(1/u) (15a)

where the parameter u(X) describes the quantitative
influence of entanglements on the viscosity process. In
the absence of the entanglement effect, u is put equal to
1. In the presence of entanglements, u is given by

1-2E/3 for0<E=<1 (16a)
{1/(1+2E) forl<E (16b)

where E is the so-called entanglement parameter. It may
be noted that the expression for u (eq 16) is identical to
that which appeared for the reduced self-diffusion coef-
ficient in the original paper!® of Hess. The quantity ¥ is
related to a free-energy density function, representing the
excluded-volume interaction contribution to the free-
energy density, which may be expressed in terms of the
osmotic pressure. By invoking the conformation space
RG theory together with the ¢-expansion method up to
order ¢ = 4-d, Oono and Baldwin® derived an explicit
functional form, in terms of the overlap parameter X, for
the osmotic pressure. In the framework of this model, in
the good solvent limit and for a monodisperse sample, the
entanglement parameter may be expressed as20

x 1
E(X) = (1/4) | eXp{(e/4)[(1 - }5)

1
In(l + X) + f]} an

The integral on the right-hand side of eq 17 has been solved
numerically in this study.

In the numerical calculation of E a frequently used
augmentation procedure,? which improves the numerical
results, has been adopted in this work. The result of this
procedure is that the factor ¢/4 is substituted by A=(2-
dv)/(dv-1) where d = 8. The parameter v is the excluded-
volume exponent characterizing the molecular weight
dependence of the radius of gyration. For flexible polymers
at good solvent conditions, » assumes a value of 0.588 (the
most accurate theoretical value).33 This yields a value of
A = 0.3089.

Below some objections to the Shiwa viscosity model, as
well as to the approaches which the model is based upon,
will be indicated. In the zero-shear viscosity theory of
Shiwa,?? the combined mode-coupling/RG model of Shiwa
et al.ll is fused with the formalism of Hess,!? in order to
take into account the entanglement effects. Although,
consensus seems to exist that the gradual screening of
both excluded-volume and hydrodynamic interactions, as
well as entanglement effects, is a fundamental cornerstone
in a theoretical description of the transport of individual
chains in the “effective” semidilute regime, some of the
simplifying assumptions and approximations made in the
elaboration of the theoretical model discussed here, may
be questionable. However, to my knowledge this is the
first model which address all these effects in a single model.
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In the theory of Shiwa et al., direct interchain inter-
actions are ignored, dynamically, and the excluded-volume
interaction enters only through the static correlation
functions. This approach does not constitute a unified
RG description in the sense that the excluded-volume
effects are treated in the framework of the RG concept,
whereas the hydrodynamic interactions are considered
with the aid of a mode-coupling scheme. It has been
argued!434 that the Shiwa et al. model contains a number
of uncontrollable approximations. A cornerstone of this
model is the inverse of the reduced hydrodynamic screen-
ing length , which is calculated numerically as a function
of the overlap parameter. It is interesting to note that
recent sedimentation!® and diffusionl’!® studies, in the
framework of a RG model,!® showed that the values of «
calculated from the Shiwa et al. scheme seem to be
consistent with the experimental data.

In the Hess approach a Fokker-Planck equation for-
malism and projection operator techniques were utilized.
In this theory, a Rouse-like behavior is expected to show
up atlow values of E (eq 16a). When E— 1, lateral motion
is assumed to gradually freeze in, and at larger E values
the conjecture is that the motion of a single chain is
predominantly governed by curvilinear motion; i.e., a
reptation-like stage emerges. The basic hypothesis of the
Hess model is that the effects of entanglements are
controlled by excluded-volume interactions. Many of the
simplifying assumptions and approximations invoked in
the theory of Hess have been criticized.?53¢ A repercussion
of these approximations is probably reflected by the
peculiar cusplike feature of the theoretical representation,
which usually is observed in the transition domain to the
reptation-like regime. However, in this context it should
be noted that the Hess model, in combination with RG
calculations, has been observed to be consistent!®20 with
experimental self-diffusion and tracer diffusion results.

Finally, we may make some remarks concerning the zero-
shear viscosity approach of Shiwa, where the models
discussed above are fused together. The description of
the transport of individual chains in the semidilute regime
constitutes a complicated theoretical problem. In the
process of deriving quantities which can directly be
compared with experimentally accessible parameters,
Shiwa makes a number of simplifying assumptions and
approximations. Some of these simplifications may be
questionable. The most serious shortcoming is probably
that some of the assumptions have been introduced in an
ad hoc manner. A challenge for the future is to elaborate
a comprehensive theoretical model, which incorporates
the effects of excluded-volume interaction, hydrodynamic
interactions, and entanglement constraints in a unified
way.

Results and Discussion

A principal constituent of the viscosity model discussed
above is the static parameter r. In view of the crucial
significance of this quantity for the overall success of the
viscosity approach it is worthwhile to compare the
theoretical predictions with experimental results, e.g.,
those obtained from small-angle neutron scattering (SANS)
experiments. SANS is probably one of the most powerful
experimental methods in order to gain insight into this
type of problem.

In Figure 1, the ratio Rg %/ R 0? for polystyrene at good
solvent conditions is plotted as a function of the exper-
imentally accessible reduced concentration variable X,
which may be related3":38 to the second virial coefficient
Ay by the following approximate formula: X = (16/9)-



Macromolecules, Vol. 26, No. 15, 1993

1.00 4

0.90 4

o 0.80
(=]

0.40 L T MR L Ly L Ll

10 10t ol 102
X

Figure 1. Ratio Rg,%/ Rg? for polystyrene systems under good
solvent conditions as a function of the scaled static parameter
X, which is given by X = (16/9)A;Mc. Polystyrene/carbon
disulfide:2? (@) M = 1.14 X 105; (+) M = 5.0 X 105, Polystyrene/
toluene:3! (O) M = 1.14 X 10° (data of May 1982); (A) M = 1,14
X 10% (data of August 1983). The broken and dot-dashed curves
are calculated with the aid of eqs 10 and 7, respectively, by setting
¢ = 1. The solid curve is constructed by using an augmentation
procedure where -¢/4 in eq 10 is replaced by 2(1-2»)/(dv-1). See
text for details.

AsMc. This is a dimensionless static scaling parameter.
By resorting to this variable, the theoretical curves
displayed in Figure 1 have been constructed without
introducing any adjustable parameters. Although an
extended concentration range is covered in these exper-
iments, we do not believe that the relatively large scatter
of the experimental points directly indicates a break-
down!®3 of the universality but rather illustrates the
magnitude of the experimental errors involved in this type
of measurement.31%2 In this context it is interesting to
note a recent study* of the static and dynamic properties
of polymers in a good solvent. By plotting the reduced
osmotic pressure as a function of the scaling parameter
AzMe, a nice condensation of the experimental data was
observed. However, if the overlap variable ¢/c* was used
instead of A;M,, a pronounced scatter of the data appeared.
This trend was attributed to the greater experimental
uncertainty in Rgo® than in AoM.

The broken and dot-dashed curves in Figure 1 are
calculated with the aid of eqs 10 and 7, respectively, by
incorporating the first-order ¢ expansion (¢ = 1). The
numerical results calculated from these two different
analytical functions are found to be very close to each
other, the deviation between the corresponding r values
is at most 1%. However, it is obvious from Figure 1 that
these curves, constructed with resort to a first-order
e-expansion method, considerably depart from the dis-
played experimental results. In this connection we may
recall that there is a large body of evidence,?-59:16-18,20
indicating that the quantitative agreement between the-
oretical predictions and experimental data may be im-
proved significantly if an adequate augmentation proce-
dure is fused with the RG results. In order to recover the
correct scaling behavior in the asymptotic limit and to
account partially for the higher-order correction of ¢, Ohta
and Nakanishi argued? for an augmentation scheme where
the factor -¢/4 in eq 10 is replaced by 2(1-2v)/(dv-1) with
d = 3 and » = 0.588. The solid curve in Figure 1 is
constructed with the aid of this procedure, and in this
case the accordance between the theoretical description
and the experimental dataisreasonably good. This finding
calls into question the reliability of the first-order e-ex-
pansion method in providing sufficiently accurate nu-
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Figure 2. Reduced zero-shear viscosity for polystyrene under
good solvent conditions as a function of the scaled dynamic
variable X,, whichisrelated to [#] by X, =0.67c[n]. Polystyrene/
toluene: (@) M = 5.1 X 104 (m) M = 1.8 X 108, Polystyrene/
benzene:5® (A) M = 3.8 X 10%; (*) M = 6.8 X 10%; (o) M = 20.6
X 108, Polystyrene/a-chloronaphthalene:? (0) M = 7.8 X 105
(O)M =13 X105 (O) M = 4.5 X 10% (+) M = 8.4 X 10%; (®)
M = 20.6 X 10%. The broken curve represents eq 15a with u =
1 (in absence of entanglements). The solid curve is calculated
by means of eq 15a in combination with eqs 16 and 17
(entanglements are accounted for). The vertical arrow indicates
transition to the semidilute regime.

merical results. In view of this, augmentation is also
resorted to, in this study, in the calculation of numerical
results related to the viscosity models. In this context it
should be mentioned that in principle an augmentation
scheme similar to that above should be employed in
connection with eq 5a. However, to our knowledge a
convenient augmentation procedure to replace -31¢/96 +
v¢/8 does not exist.

Figure 2 shows a log-log representation of the reduced
zero-shear polymer viscosity versus the dynamic scaling
function X, for polystyrene at good solvent conditions. In
order to establish a functional form between the overlap
parameter X and the dimensionless dynamic counterpart
c[n], inherent scaling variable in the analysis of the
viscosity results, a numerical identification procedure
between the empirical relation eq 2 and eq 15 is carried
out at low values of X. In this process a value of ky of 0.38
is employed. This theoretical value was devised by
Muthukumar and Freed! in the framework of a gener-
alized version of the Freed-Edwards theory of the con-
centration dependence of the hydrodynamics of a polymer
solution to consider the Huggins coefficient for polymers
with fully developed excluded-volume interactions. This
value of ky is in accord with experimental values
observed**# for polystyrene in good solvents. Further-
more, the cited investigations also indicate that ky is
practically independent of M over an extended range (5
X 104 < M < 6 X 107), but ky increases as the solvent
power decreases. The following relationship emerges from
this comparison procedure X, = 0.67c[]. The data in
Figure 2 are plotted by utilizing this relation together with
the expression [7] (cm3/g) = 9.06 X 10-3M%7 reported4®
for polystyrene at good solvent conditions. The univer-
sality of the plot is illustrated by the good condensation of
the experimental points. In passing by, it may be noted
that in a previous study*® it was shown that the viscosity
data for polystryrene samples with a broad molecular
weight distribution condensed on the same curve (ng versus
c[n]) as the data for the monodisperse fractions, if the
polydispersity effects were accounted for.
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Figure 3. Reduced zero-shear viscosity for polystyrene under
good solvent conditions as a function of the scaled static variable
X.», which is related to ¢* by X« = 0.65(c/c*). Symbols are the
same as in Figure 2. The broken curve represents eq 15a with
p = 1 (in the absence of entanglements). The solid curve is
constructed from eq 15a in combination with eqs 16 and 17
(entanglements are accounted for). The vertical arrow indicates
transition to the semidilute regime.

The broken curve in Figure 2, constructed from eq 15a
with u = 1 (effects of entanglement are neglected), exhibits
a progressive departure from the experimental data in the
semidilute regime. This tendency probably reflects that
entanglements have a crucial influence on the viscosity
process of long polymer chains in the semidilute range.
The solid curve, determined by means of eq 15a in
combination with eqs 16 and 17, represents a situation
where the entanglement effects have been accounted for.
In this case the experimental data are in a broad outline
described by the theoretical model. An inspection of
Figure 2 reveals a peculiar shape of the theoretical curve
in the transition (E — 1) to reptation-like behavior. As
was mentioned above, this effect is attributed!® to an
artifact of the approximation made in the entanglement
model of Hess.

Figure 3 shows a comparison of the same experimental
data as in Figure 2 with the same theoretical predictions
as before, but here 7p is plotted versus X« (the radius of
gyration is determined from R ¢? (cm?) = 1.38 X 10-18M1.19
reported4® for polystyrene at good solvent conditions),
where X« = 0.65(c/c*). This relationship is obtained
through a numerical identification procedure analogous
tothat described above, but irf this case eq 15a is compared
with eq 2a and ky and ¥ are put equal to 0.38 and 1.67
X 102 (mol-!), respectively. The value of the Flory-Fox
parameter has been determined for nondraining self-
avoiding chains by Oono and Kohmoto?” with the aid of
RG theory together with the first-order e-expansion
calculation. The main features in Figure 3 are similar to
those depicted in Figure 2. However, a thorough com-
parison of the data in Figure 2 and 3 reveals a somewhat
larger scatter of the experimental points in the latter figure.
Below some of the possible sources which may give rise to
the observed scatter are scrutinized.

It should be noticed that the parameters ¢[5] and ¢/c*
bothrepresent a measure of the degree of coil overlapping.
However, the former quantity may be viewed as a dynamic
scaling variable, whereas the latter, in the way it is defined
here (see eq 3), constitutes a static overlap parameter. It
has previously been observed®3848 that a static scaling
variable often fails to condense data obtained from
dynamic experiments in a universal manner. In view of
this and the somewhat larger scatter of the experimental
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points in Figure 3 as compared with Figure 2, it may be
instructive to consider some of the approximations in-
volved by using the scaling variable ¢/c* instead of c[7].

In the transformation of c[»] into ¢/c* the Flory-Fox
theory ([n] « Rge®/M) is frequently used. However,
theoretical advances due to Weill and des Cloizeaux
suggest®® that [y] = Rg¢?Ru/M, where Ry is the hydro-
dynamic radius of the isolated polymer is a more correct
representation of the intrinsic viscosity. At good solvent
conditions, both the blob*%50 theory and RG calculations®!
show that Ry reaches its asymptotic behavior more slowly
than Rg 4, and extremely long polymer chains are needed
in order to realize this limit for dynamic properties. This
prediction is in qualitative agreement with experimental
results.5?

The factor ¥ plays an important role in the Flory-Fox
model as well as in the transformation from c[n] to ¢/c*.
For polystyrene at good solvent conditions it has been
found experimentally*53 that ¥ decreases slowly (¥ «
M-095) with increasing molecular weight. Polydispersity
effects?55 are another factor which may affect the value
of ¥. Furthermore, the influence of effects such as draining
and excluded volume may come into play and should be
assessed. Quite recently, it was argued® that ¥ is
nonuniversal even in the nondraining limit at good solvent
conditions. There are also other aspects which should be
considered in the process of selecting the most adequate
scaling variable for the analysis of viscosity data. It has
been claimed® that when c¢* is expressed in terms of
M/R¢ 3Ny, this choice poses several practical problems,
because the result obtained for c* for a sample with even
moderate polydispersity is very sensitive to the type of
averaging involved (for example, number, weight, or 2
average). In addition, it may be expected that the
experimental uncertainty in M/Rg ¢® is greater than that
in[n]. Ithasbeen observed44thatzero-shear-rate intrinsic
viscosity data of polystyrene in good solvents can be
described accurately by a single Mark-Houwink-Sakurada
relation over an extended molecular weight range. Finally,
it should be noticed that the definition of c* does not
provide a unique quantity which unambiguously marks
the demarcation between the dilute and the semidilute
regimes. The definition of c* is rather arbitrary and only
roughly indicates the transition from dilute to semidilute
solution behavior.5” Moreover, the value of c* seems to
be correlated to the type of physical phenomena inves-
tigated. For instance, it has been observed?” that the
crossover concentration, separating the dilute from the
semidilute regime, is about 5 times higher for zero-shear
viscosity than the corresponding one for thermodynamic
properties. In light of the arguments presented above it
may be concluded that c¢[n] constitutes a more adequate
and natural scaling variable than ¢/c* in the analysis of
universal zero-shear viscosity properties.

Before we proceed, it is relevant to make some comments
concerning the reason for the apparent different appear-
ance of the experimental data in Figure 3 as compared
with an analogous plot displayed in the paper?? of Shiwa.
In the cited work it has been observed that the experi-
mental data from two different research groups are widely
separated from each other. One group (Takahashi et al.26)
determined the values of ¢* for the system polystyrene/
a-chloronaphthalene by using eq 3 together with the
relation Rg¢? (cm?) = 1.38 X 10-18M119, which has been
found to hold for solutions of polystyrene at good solvent
conditions. The other group (Adam and Delsanti5®)
utilized an overlap concentration defined by c* =
M/Rg ® N4, and the values of Rg p were calculated from59.60



Macromolecules, Vol. 26, No. 15, 1993

107 T

T T T T 717717 T T T TTTTTT T T T

TTm
Lait

I

108

105

o

o
'S
]

MR
[=
w

[=]
1

(&)
8]
7
ELALGL BRI SRRl mEEEll SRRl

Lol

m'l Ly
1 100 Q' 102 103

cin)

Figure 4. Reduced zero-shear viscosity for polystyrene under
good and © solvent conditions as a function of the scaled dynamic
parameter c[n]. Polystyrene/toluene:* () M = 1.8 X 108,
Polystyrene/benzene: (A) M = 3.8 X 108; (@) M = 6.8 X 105; (#)
M = 20.6 X 108, Polystyrene/cyclohexane?4888 (8): (O) M =
150 X 105 (A) M =38X%X 105 (O) M=68X105(+) M =171
X 108; (*) M = 20.6 X 108, The solid curve is constructed with
the aid of eq 15a (r = 1, @ = 1, and u = 1) in combination with
eq 6. Entanglement effects are not taken into account. See text
for details.
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Rgo? (cm?) = 2.10 X 10-18M118, In the present study the
ratio ¢/c* was determined with the aid of the former
relationship for all the polystyrene-solvent pairs at good
solvent conditions. However, in the work of Shiwa the
values of c* reported by the two different groups were
used,? and the values of ¢* used by Adam and Delsanti
were transformed to the overlap concentration defined by
eq 3. It is easy to see that the above relationships for the
calculation of the radius of gyration yield different values
of Rgp. Consequently, the values of ¢/c* (c* ~ 1/Rg%
for the two systems will differ significantly and the
separation effect observed by Shiwa is expected. In the
examination of these features we have found that the
relation used by Adam and Delsanti in the evaluation of
Rgofor the system polystyrene/benzene is not compatible
with the results published in the literature-€2 for the same
system. The expression utilized by Adam and Delsanti
yields values of Rg o which are about 20% larger than those
inferred from the literature. It should also be noted that
the values of Rgyp calculated from ref 62 are consistent
with those determined from the relationship used in the
present investigation. These findings indicate that the
separation of the data sets observed in the paper?? of Shiwa
is simply due to erroneous values of ¢/c* for the system
polystyrene/benzene.

In Figure 4 experimental viscosity data of polystyrene
over wide ranges of molecular weight and concentration,
and at both good and © solvent conditions, are depicted
on a log-log plot of the form ng versus c[5]. The solid
curve represents polymer solutions at 8 solvent conditions
and has been constructed with the aid of eq 15a (r = 1, &
=1,and x4 =1) in combination witheq 6. Anidentification
procedure similar to that used before yields the following
relationship: Xf,’ =0.40c[n]. In this evaluation a value of
ky = 0.76, derived from the theory of Freed and Edwards®?
for solutions of Gaussian random-coil chains, was used
Since c[7] is utilized as a scaling variable, the numerical
results are adjusted in order to conform to this parameter.

Let us first compare the results at good and © solvent
conditions. A conspicuous feature is the much stronger
increase of ng with the overlap parameter for the © system
than for polystyrene in a good solvent. A plausible
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explanation of this effect is that the strength of the
entanglement® is more pronounced when the solvent
power diminishes. In order to further consolidate this
conjecture and to elucidate this phenomenon from another
angle of approach, some recent results obtained from
measurements with a different experimental technique
may be quoted.

In arecentdynamiclight scattering study®® on the system
polystyrene/trans-decalin in the semidilute regime, mea-
surements were carried out at various temperatures in the
region from the upper critical solution temperature
(UCST) to moderately good solvent conditions. The
resulting time correlation functions of concentration
fluctuations are very well described by a single exponential
(at short times) followed by a nonexponential relaxation
function, which is characterized by a fractional exponential
of the William-Watts type. The mean relaxation time,
evaluated at long times, was found to increase with
decreasing solvent power; the increase was observed to be
especially strong in the vicinity of the UCST. Since the
long-time-scale behavior is considered to be related to the
topological interaction, this finding endorses the hypoth-
esis of enhanced effects of entanglement as the thermo-
dynamic conditions become poorer.

In the comparison of the viscosity results in Figure 4,
the data at the © point apparently exhibit a much larger
scatter than those at good solvent conditions. However,
this impression is essentially due to the systematic and
significant deviation toward higher values of ng displayed
by the data representing the highest molecular weight (M
= 20.6 X 108), It is well-known®6? that for very long
polymer chains immersed in a © solvent the © temperature
practically coincides with the critical solution temperature.
This suggests that the © temperature for the highest
molecular weight sample is close to the experimental cloud-
point curve and hence the solvent at 6 should be a poor
solvent. This may give rise to enhanced entanglement
effects in solutions of the highest molecular weight. In
this connection, it is interesting to note the results of a
previous paper,26 where the reduced zero-shear viscosity
for polystyrene (4.5 X 106 £ M < 20.6 X 109 in dioctyl
phthalate was measured over an extended concentration
region. Although the measurements were performed at
30 °C instead of 22 °C (the 6 point for this polymer-
solvent pair), this system was considered to exhibit
approximate 6 behavior. However, in contrast to the
polystyrene/cyclohexane system, all data, even those
representing the highest molecular weight, collapsed onto
a single curve. This may support the above conjecture
that the observed departure of the data of the highest
molecular weight sample originates from effects appearing
close to the cloud-point curve. Another feature which is
visible on comparison of the data in Figure 4 is that the
domain between the dilute and semidilute regimes is much
smaller at the O state than at good solvent conditions.

It is obvious from Figure 4 that the theoretical prediction,
constructed for Gaussian chains with no entanglement
effects, for the reduced zero-shear viscosity, is only capable
of depicting the experimental behavior at low values of
c[n] (up to c[n]=1); above this value a gradual increasing
departure from the experimental data is observed. This
finding corroborates with the assertion that entanglements
constitute a crucial feature in the understanding of
viscosity properties of long-chain molecules in the sem-
idilute region. Unfortunately, there is no microscopic
theory available at present which incorporates, in the form
of an explicit function, entanglement effects at © solvent
conditions.



3790 Nystrém

Conclusions

In this study reduced zero-shear viscosity data, collected
from the literature, for polystyrene in the dilute and the
effective semidilute ranges and at good and © solvent
conditions, are compared with recent theoretical predic-
tions. Atgood solvent conditions, the behavior of the ratio
R 2/Rgo® as a function of the matrix concentration,
expressed in terms of an experimentally accessible reduced
concentration variable, plays a central role for the outcome
of the approach. If a convenient augmentation procedure
is adopted in lieu of setting ¢ = 1, a reasonably good
agreement between the theoretical prediction and the
experimental results is obtained.

The universality of zero-shear polymer viscosity prop-
erties has been confirmed by plotting a large amount of
experimental viscosity data on the form g versus an
overlap parameter. A somewhat better condensation of
the data is observed by utilizing the dynamic scaling
variable c[n] instead of the static counterpart c/c*. A
number of arguments are presented in favor of the use of
c[n] as a scaling variable instead of ¢/c* in the analysis of
the viscosity results. At good solvent conditions a rea-
sonably good accordance between the experimental data
and the theoretical prediction is found when the gradual
screening of both hydrodynamic and excluded-volume
interactions as well as entanglement effects in the sem-
idilute regime is taken into account.

Due to the lack of an appropriate model to incorporate
entanglement effects in the semidilute © regime, the
approach used here is only capable of depicting the
viscosity behavior in the dilute range. Entanglements are
found to play a crucial role for the viscosity process in the
semidilute regime at all thermodynamic conditions. How-
ever, the strength of the entanglement constraint seems
to increase as the solvent power decreases.

The apparent breakdown of the universality of the
reduced zero-shear viscosity observed for the highest
molecular weight sample in the semidilute © region is
attributed to the close proximity of the concentrations of
this molecular weight to the cloud-point curve.
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