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Figure 4. Intensity associated with a chemical relaxation. Com-
putations were made for N = 50 (® and 0) and N = 10 (O) at 2
=1.(0)a; = afl +16) with N6 = 1, (@) a; = a(l + i8) with 1 <
Né <5and (O) ; = [l + ésin (xi/N)]with1 <6 < 4,

scattering study. Main reasons for this come from experi-
mental difficulties in separating the weak contributions of
chemical relaxation modes from the high intensity associ-
ated with the center-of-mass motion. We must therefore
work under the condition of DK2 < 71,-! <« 1571 (7! the
coherence time of laser light, typically 100 msec.). In that
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condition, the scattered light associated with the diffusive
motion will act as a reference signal in the heterodyne de-
tection and only the broadening associated with chemical
relaxation modes will be observed. A depolarized light-
mixing technique may also be useful in order to eliminate
the strong contribution from the center-of-mass motion,31
although this technique has inherent difficulties. Because
of a collective behavior of a coupled reaction, very fast
reaction kinetics may be followed. For example, if A = B
= 108 sec—? is assumed, the r—1 value will become 103
sec— 1! for N = 100 (from eq 26). This value of r; is in a fa-
vorable range of measurements by the present method.

We are trying to detect the in vivo interaction between
actin and myosin in the presence of ATP,32 where both
proteins are hard to diffuse randomly .33

The following is noteworthy: Throughout this investiga-
tion, we assumed D; = D for all i’s. When D; = D; (and/
or P(K) = P;(K)), the intensity associated with the
chemical reaction, Bp, does not equal zero even for o; =
a. As has been pointed out,® D; # D; may be important
in detecting a chemical relaxation in the case of small N.
However, a possible existence of sample polydispersity
might make the analysis difficult for the case of large N.
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ABSTRACT: The zero-shear solution viscosities, ng, of linear, 4- and 6-star branched, monodispersed polystyrenes
in diethylbenzene, ¢ = 25.5 g/dl, were measured by a capillary and cone-and-plate method. As for each type of poly-
mer the molecular weights vary by a factor of at least 30, the no’s varied at least by a factor of 103, It was demon-
strated that the corresponding states principle (CSP) applied to these systems predicts a superposition of data
plotted as (70 — 7s)/[n]o vs..[n]g. Using experimental [nlg's a remarkable superposition was found. Replacing
[nlo by (Mwg)/2, where g has the value computed from Zimm and Stockmayer relation, still a good superposition
was achieved. It was also found that the numerical value of the coefficient (¢ In no/d In ¢)um,r calculated from the
master curve agreed numerically with the experimental value computed from the data published in 1953 by Bueche.
For samples with molecular weights larger than the critical entanglement molecular weight the temperature de-
pendence of the viscosity in the range 20-40° can be expressed by an Arrhenius-type equation. The average activa-
tion energy of flow E, equals 5.9 £ 1.1 keal/mol and is independent of the molecular weight and the structure of the

polymer.

In many industrial applications one of the most often
discussed parameters is the chain branching of polymer
macromolecules. Unfortunately, in spite of numerous pa-
pers published on this subject,2-7 no quantitative predic-
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tion can be made in regard to the effect of branching on
rheological behavior of polymers. The main reasons for
this lie in the diversity of branching and in the hetero-
geneity of polymer samples as far as branching length,
branching density, and molecular weight are concerned.
Furthermore, very often the rheological studies are limit-
ed to the viscous properties or to the low rate of shear re-

(5) S. Onogi, 8. Kimura, T. Kato, T. Masuda, and N. Miyanaga, J.
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Table 1
Characteristics of Polymer Samples
No. Code My x10-3¢ fo My/M, e [nlo¢ kqc no
Linear Polystyrenes
10 MSI-3 34.0 1.17 0.1515 0.618 0.343
11 S102 84.0 1.05 0.241 1.24
12 PS-100 117 1.01 0.279 0.567 2.23
13 S105 153 1.04 0.325 4,38
14 S 109 193 1.06 0.359 7.22
15 S 108 238 1.08 0.440 16.5
16 MSI-2 465 1.03 0.575 129.8
17 PS-800f2 675 0.684 0.52 365
18 PS-10001£2 1790 1.245 0.50
19 PS 150 216 0.383 0.578
Four-Branched Polystyrenes
40 S 131A 50.7 3.92 1.11 0.141 0.764 0.276
41 S121A 93.5 3.92 1.06 0.191 0.754 0.660
42 S111A 154 4.06 1.05 0.256 0.608 1.61
43 S161A 351 3.86 1.07 0.384 0.584 8.22
44 S 141AA 525 3.84 1.13 0.448 0.628 23.5
45 S 221A 897 (4.05) 0.589 0.59 103
46 S 181A 1050 (4.12) 0.635 0.667 209
47 S 191AA 1390 (4.14) 0.740 0.605 586
48 S 091A 193 0.278 0.644
49 S 101AAA 454 0.420 0.5657
Six-Branched Polystyrenes
60 HS 071A 65.3 5.61 1.015 0.136 0.635 0.34
61 HS 061A 110 5.83 1.03 0.177 0.658 0.641
62 HS 011A 237 6.19 1.02 0.269 0.607 2.01
63 HS 101B 317 5.68 1.02 0.302 0.667 3.46
64 HS 041A 509 (6.04) 0.374 0.638 8.62
65 HS 111A 591 (5.90) 0.405 0.659 12.0
66 HS 051A 1090 (5.63) 0.557 0.658 71
67 HS 091B 1650 (6.00) 0.680 0.619 292
68 HS 121A 1820 (6.09) 0.723 0.635

o M., from light scattering (L Sc) in cyclohexane at 35°, M, from osmotic pressure in toluene at 35°. ® f = Mn(star)/Mn(prepolymer) ex-
cept the values in parentheses (f) = My (prepolymer)/Mn(prepolymer). ¢ In cyclohexane at 35°.

Table I1
Rheological Data from Cone-and-Plate Viscometer for Et.Ph
Solutions at 30.0°

Sample No. no (P) E, (kcal/mol)
15 18.6 9.7
17 362 (365)a 4.9
18 13,100 5.3
43 7.5 5.2
45 95 6.7
47 569 4.4(6.7)a
66 79 5.2
68 347 5.1
E =59=%11

a Two independent sets of data.

gion, and cannot supply sufficient information necessary
for industrial scientists.

In the first part of this paper the results on the zero-
shear viscosity, no, measurements of 25.5-g/dl solutions in
diethylbenzene (Et;Ph) of monodispersed linear, 4- and
6-star branched polystyrenes are reported. Eight of the
total twenty-six samples were investigated at tempera-
tures 20-40°, whereas the remaining at 30° only. The re-
sults were compared with the data reported for linear poly-
styrenes.8-10 In the second part of this paper the shear

(8) W. W. Graessley, R. L. Hazleton, and L. R. Lindeman, Trans. Soc.
Rheolog., 11, 267 (1967).
(9) W. W. Graessley and L. Segal, Macromolecules, 2, 49 (1969).
(10) F.J.Bueche,J Appl. Phys., 24, 423 (1953).

dependent properties of these polymers will be discussed.

The main objective of this work was to examine the
comparative solution viscosity behavior of linear and star
branched polymers and to establish a method which
would allow calculation of 59, for branched samples from
the value of 5o of linear homologue and some characteris-
tic parameter of the branched polymer.

In addition, it was of interest to analyze the applicabil-
ity of the corresponding states principle for viscosityl1-16
(CSP) to these branched polymer solution data.

Experimental Section

Polymers and Solvents. The characteristics of polymer sam-
ples are shown in Table I. The methods of their preparation and
characterization are published elsewhere.17:18 Reagent grade
EtoPh was fractionated from CaHz and a middle cut consisting of
equal amounts of meta and para isomers (density, d30 = 0.8563
g/cm3; viscosity, 730 = 0.8009 cP) was used.

The solutions (25.5 g/dl) in EtoPh were made up in evacuated
and sealed glass ampoules. These were regularly inverted to speed
up the dissolution process. It took from 1 to 3 weeks to dissolve
the polymer at 25.0°.

Measurements. The zero-shear viscosities were measured in
calibrated Cannon-Ubbelohde viscometers at 30.0°. The maxi-

(11) L. A. Utracki and R. Simha, J. Polym. Sci., Part A, 1, 1089 (1963).
(12) L. A. Utracki and R. Simha, J. Phys. Chem., 67, 1052 (1963).

(13) R. Simha and L. A. Utracki, J. Polym. Sci., Part A-2, 5, 853 (1967).
(14) L. A, Utracki, R. Simha, and N. Eliezer, Polymer, 10, 43 (1969).
(15) L. A, Utracki and R. Simha, J. Phys. Chem., 67, 1056 (1963).

(16) R. Simha and F. 8. Chan, J. Phys. Chem., 75, 256 (1971).

(17y J. F.L. Roovers and S. Bywater, Macromolecules, 5, 384 (1972).
(18) J. E. L. Roovers and S. Bywater, to be published.



368 Utracki, Roovers

/ 1 ,
o O// O linear _
10 ® 4br
//Q ® 6br
/O/./’ O @@ cone and plate
O ref 8

] |
5
ot 3 ¢ 10
Mw
Figure 1. Zero-shear viscosity, 7o, as a function of weight-average
molecular weight, M,,, for diethylbenzene solution (¢ = 25.5 g/dl)
of linear, 4-star branched, and 6-star branched, polystyrenes at
30.0°. The points with pip right are from cone-and-plate instru-
ment.

10

i

mum shear rate varied between ¥ = 50 sec~1 and ¥ = 0.1 sec™?
for the lowest and highest viscosity samples, respectively. The
published results on viscosity behavior of linear polystyrene solu-
tions8-% indicate that under these conditions the viscosities are
independent of . Similar conclusion was reached on the basis of
our own cone-and-plate measurements for the investigated solu-
tions.

The rheological measurements were carried out with the cone-
and-plate Weissenberg rheogoniometer, Model R18, equipped
with a new modified normal force servo system. Two pairs of
platens were used: 5- and 7.5-cm diameter, both having 2° cone
angle. Three torsion bars with the following spring constants Kt
= 92.4, 877, and 10,080 (dyn cm) per p were employed. These
values are the averages of three sets of Kr’'s determined by three
different methods in our laboratory. They are up to 18% in var-
iance with the values supplied by the manufacturer. Where nec-
essary (¥ = 30 sec~1), the centrifugal force and shear heating ef-
fect corrections were used.19

The experiments were carried out at-constant temperature (T
+ 0.2°). The data were inter- or, as in some cases, extrapolated to
30.0°.

It was found that, due to evaporation of EtoPh, the viscosity of
the solutions increased with time (t): n’ = (3 In no/dt)y,T = 0.06-
0.6 hr—1, Consequently, n° was determined first in the Newtonian
region and then the viscosity vs. ¥ curves were extrapolated to
zero-shearing time. Owing to this effect each sample was sheared
for less than 15 min.

(19) L. A. Utracki, Gulf Oil Canada, Res. Lab. Rep., 70 (1970); ibid., 431,
584 (1971).
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Results

The zero-shear viscosities at 30.0° of 25.5-g/dl polymer
solutions in EtoPh are presented in Tables I and II. The
no’s are plotted vs. the weight-average molecular weight
(M) in Figure 1. The solvent contribution to the solution
viscosity: (1 — ¢)ns = 0.0056 P (¢ is the polymer volume
fraction), is always less than 2% and is neglected. In Fig-
ure 1, Graessley et al.8? results for narrow distribution
linear polystyrenes in n-butylbenzene at 30° are also
shown.

In Table II the activation energies of viscous flow, E,
are given. In the temperature range 20-40°, the Arrhenius
plot for both linear and star branched polymers indicate a
simple activated flow and no systematic variation of the
slopes with branching was observed. The mean average E,
= 5.9 = 1.1 kcal/mol is calculated. Alternatively rejecting
the unreasonably large value of E, = 9.7 of sample 15, for
which we do not have an explanation, the average E, =
5.4 £ 0.3 kecal/mol is found instead.

Discussion

Molecular Weight Dependence of the Zero-Shear
Viscosity. The theoretical or semitheoretical relations be-
tween zero-shear viscosity coefficient (hereafter referred to
as the viscosity, no in poise), molecular weight (M) and
concentration (¢ in g/dl) can be divided into three groups:
(I) theories2:20 based on Bueche’s work2! which predict a
sharp change of slope

a = (8 log 74/ log M), 1

(T is the absolute temperature) at the entanglement point
(noe, Me); (II) theories22:23 which assuming a thermody-
namic coupling mechanism arrive at a monotonicly in-
creasing function ¢ = a(M); and (III) the CSP ap-
proach11-16 which, avoiding any explicit mathematical
formulation of 79 = no(c,M,T) dependence, provides
means to generate no values from the master curve ex-
pressed in the reduced variables form 4 = #(¢).

The experimental data no = no(M,c = constant T =
constant) of linear and star branched polystyrenes reported
in this paper will be analyzed in the framework of these
three types of theoretical approach. The values of M used
in the following part are the weight averages Mw.

(I) The most popular 7o = no(M) dependence was writ-
ten? in the form

mo = F(X)¢ 1)

where
F(X) = (No/6)X(X/X)*
e =1for X < X,
e = 3.4 for X =2 X,
X = (sg")p[vom,

where ¢ is the friction coefficient per chain atom, Na is
Avogadro’s number, (sp2) is the mean-square radius of
gyration of the unperturbed chain, vo is polymer specific
volume, and m, is the molecular weight of the polymer
per backbone atom. Xe is the value of X at the entangle-
ment point given by the intersection of the two straight-

(20) W.W. Graessley, J. Chem. Phys., 47, 1942 (1967).

(21) (a) F. Bueche, J. Chem. Phys., 20, 1959 (1952); (b) F. Bueche, “Phys-
ical Properties of Polymers,” Interscience, New York, N. Y., 1962; (c)
F. Bueche, J. Chem. Phys., 48, 4781 (1968); (d) F. Bueche, ibid., 40,
484 (1964).

(22) S.Imai, Rep. Progr. Polym. Phys. Jap., 9, 117 (1966).

(23) M. M. Cross, Polymer, 11, 238 (1970).
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line dependencies in the log 5o vs. log Mw plot, predicted
by eq 1. For branched molecules, eq 1 should also be
valid,2:21 provided that (s¢2) is replaced by the unper-
turbed dimension of a branched polymer

(s07er = (o7& (2)

where g is the ratio defined by this equation and the sym-
bols with and without the subscript “br” are referring to
the properties of branched and linear molecules, respec-
tively. For star branched molecules2¢

g =g = Bf - 2)f° (3)

where f is the number of branches per molecule, and the
subscript z refers to the values of g calculated from eq 3.

It should be noted that even for linear polymers eq 1
approximates only the 7o vs. Mw dependence.13.1¢ For
polymer solutions and for 5o of polydisperse polymer melts
it became exceedingly difficult to draw the two straight
lines on the log no vs. log My plot, predicted by this rela-
tion, as the exponent a changes continuously with M. Fur-
thermore,?3 for X < X,, experimentally a = 0.23-1.4 in-
stead of 1; whereas for X > X, a = 1.88-5.8 instead of 3.4,
and more recently?5 the value a = 7 was reported. This
indicates that eq 1 cannot be applied to all cases even if it
is useful for most flexible chain polymers at a limited
range of X > X. where ¢ = 3.5 = 0.1 is indeed ob-
served.2:13 According to ref 2 the eq 1 should be used at £
= constant. However, as the authors noted, in the range
of X > Xe, which is of particular interest to us, the cor-
rections needed to compensate for variation in £ are negli-
gibly small.

If eq 1 were valid for our linear and branched sample
data, than it would be possible2:21 to calculate 7o,or from
no and the parameter g

770/770,1:: = K[<302>/<802>br]a (4)

where

K = ({] o)X/ X ) (Vo br/00) (5)

Equation 4 is derived assuming that a = apr over the
whole range of X. Furthermore, the parameter K given by
eq 5 cannot be calculated without a previous knowledge of
the ratios &/for, Xe/Xe or, Vo/Vo,or entering this parame-
ter. In the past, for X >» X, the value K = 1 was assu-
med 214

The three curves of Figure 1 indicate that the parame-
ter a varies with the molecular weight and no sharp indi-
cation of entanglement can be found. The experimental
values of a calculated from the limiting portion of each of
these curves at the highest range of Mw are 3.5, 4.1, and
3.1 for linear, 4-branched, and 6-branched polymers, re-
spectively. It is worth noting that for star branched poly-
styrenes of f =~ 3.4 the value of @ = 4.5 was reported,? for
long branched polyethylenes a = 6.56 was found,2® where-
as, for trichain polybutadiene2” of My > 10° the value of
a = 9 was quoted.

The difference in a value of linear and branched sys-
tems indicates that eq 4 is not obeyed. However, as a pa-
rameter is a derivative property sensitive to experimental
uncertainties the relative position of 5o and 7g,0r curves
should provide an additional test. Here K = 1 has to be
assumed. The ratios no/no,br calculated from eq 4 using a

(24) B.H. Zimm and W. H. Stockmayer, J. Chem. Phys., 17, 1301 (1949).

(25) R.S.Porter and J. F. Johnson, Trans. Soc. Rheolog., 8, 107 (1962).

(26) R. A. Mendelson, W. A. Bowles, and F. L. Finger, J. Polym. Sci., Part
A-2, 8,105 (1970).

(27) G. Kraus and J. T. Gruver, J. Polym. Sci., Part A, 3, 105 (1965).
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Table ITI
Test of Applicability of Equation 1 to Linear and Star Branched
Polystyrenes at T = 303°K, ¢ = 25.5 g/dl, and M, > M,

4 6
Linear Branched Branched

No. Parameter

1 afeql) 3.4 3.4 3.4

2 a (experimental) 3.5 4.1 3.1

3 gz (eq3) 1 0.625 0.444
4 gL Scr7.18 1 0.640 0.464
5 ([n] .60/ [n], )2 (ref 17, 18) 1 0.58 0.40
6 1y /My.0r (€Q4) 1 4.94 15.75
7 Na/My.br% 1 10 39

@ At the highest molecular weight range of the branched polymers
(see Figure 1).

Table IV
Parameters of Equation 6 Computed for Linear, 4-Branched,
and 6-Branched Polystyrene Solutions in Et.Ph at 30.0°

Parameter Linear 4 Branched 6 Branched
A x 1078 6.10 8.95 14.7
Az 11.3 5.84 4.36
(B/RT) x 103 10.7 7.83 6.13

= 3.4 and g = g, computed from eq 3 are quoted in Table
HI. In this table, the experimental values of g and of the
ratio no/m0,or are also given. On the basis of discrepencies
between experimental and theoretical values of a and 5o/
no,pr €4 1 must be judged not to be suitable for the inter-
pretation of linear and star branched polystyrene solution
viscosity data.

(II) A continuous increase of a with M and/or ¢ is pre-
dicted by Imai’s equation22

no = A ¢ BMI(1 + AY)/(1 + Y)] exp{Y](6)
where
Y = BMY2rT
and
B = (27/m)¥2(¢o/Mo) (8070 M )*?

In these relations A; and A, are integration constants, & is
the Boltzmann constant and (¢o/Mp) is an interaction pa-
rameter computed per one polymer segment.

For small Y, eq 6 can be written as

n, = A(BM (7a)
equivalent to eq 1 for X < Xe, whereas for large Y
Inn, = A + BMYWRT (7b)

The last relation for B/kT = constant takes the form of
Flory’s empirical dependence?® proposed for polyester
melts. Unfortunately, the range of molecular weights of
the samples employed in this study precludes a use of eq
Taor 7b.

An effort was made to compute the three parameters of
eq 6: A1& A, and B/kT, by the curve-fitting technique.
The steepest descent least-square method was used. The
iterations were terminated when the improvement of stan-
dard deviation was less than 10-5. The results are pre-
sented in Table IV.

It can be seen that all three parameters systematically
change from one polymer to another, which, for a practi-
cal reason, precludes any use of eq 6 for calculation of
Nno,br.

It is to be expected that £, being a measure of the

(28) P.J.Flory,J. Amer. Chem. Soc., 62, 1057 (1940).
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hydrodynamic interactions between segments, will in-
crease with f, but this increase should be small.2 Conse-
quently, the increase of (A1£) should be assigned to the
variationsin A4.

If the interaction parameter (eg/Mo) in eq 6 is purely
thermodynamic in its origin, then its values computed for
the three discussed systems should be nearly the
same.17:18 Furthermore, the ratio

(B/RT )y /(BIRT)

should equal g3/2. Experimentally, from the plot log
(B/ET) vs. log g, the ratio was found to be proportional
to g.%-%8, instead. This may indicate that the interaction
parameter (eo/My) originates in both the thermodynamic
and hydrodynamic effects.

To the same group of relations predicting a continuous
increase of a with Mw belongs the recently derived?3
equation

n
No = aO + Zai+1Mw2iﬂ (8)
i=0
usually truncated at i = 2. The q;’s are empirical parame-
ters and.eq 8 provides a better fit to the experimental data
than eq 1 or eq 7 by using a larger number of adjustable
parameters of purely empirical nature.

(IIT) The corresponding states principlel1-16 (CSP) does
not require a specific mathematical relation between 7o
and such independent variables as ¢, M, T, quality of a sol-
vent, characteristics of a polymer, etc., but specifies the
method of computing 7o from an experimental master
curve

7 = 7@T) 9)
where
7 8 (ny = ndineln)
¢=clyy = v(MT)
T = T/T (M)

7s is the solvent viscosity, [n] the intrinsic viscosity, v the
concentration reducing parameter11-1% found to be propor-
tional to critical mixing volume fraction, vac, or to the en-
tanglement concentration, ce, and finally Te(Mor) is the
critical mixing temperature of the reference polymer
with molecular weight M = M, .16

The CSP was applied to generate the master curves for
16 different polymer-solvent pairs of various range of M
and ¢ and for two couples of various M, ¢ and 7. The
method was found to be successful in all cases. However,
deviations were observed in a range of lowest molecular
weight, which appears to depend on the type of poly-
mer.14

It is of interest to apply the same principle to the sys-
tems investigated at the present time. Here ¢ and T are
constant, solvent and polymer segments are the same but
the polymer molecular weight and its geometry vary.

Under isothermal conditions eq 9 can be expressed as!?

%=1+ 2 k({nle) (10)
!

where k,’s are parameters defined by this equation. Trun-
cating eq 10 at i = 1, one generates the Huggins’ relation
for dilute solution viscosity. From CSP and eq 10 it fol-
lows that 1/k2/i[n] must be proportional to the concentra-
tion reducing parameter v. Since for the systems investi-
gated here ¢ = constant, the equality # = #br can hold
only if
(10a)

Riln)' = (k7)) for all i

Macromolecules

For the particular systems under discussion the eq 10a
can be checked for the product k;[n]g using the data of
Table I. The dependence of ki{n]e .vs. Mw is shown in
Figure 2. The two straight lines are drawn with the pre-
viously observedi! slope 0.476. They limit the range of
variation £15% in ki[n]g. At a constant Mw the values of
the product for 6-branched systems are slightly lower from
those of 4-branched samples which in turn fall below the
data points of linear polymers. This effect may be due to
narrower molecular weight distribution of the branched
samples than of the linear polymers.1? In the same Figure
ki[n] values for toluene solutions at 35.0° for the same
polystyrenes17?-18 gre also shown. Two observations can be
made. (1) The superposition of all three sets of data is
better than for cyclohexane solutions, nevertheless again
the data points for linear samples tend to be approximate-
ly 5% higher whereas those for 6-branched samples slight-
ly lower than those for 4-branched polymers. (2) The data
points for the highest and the lowest molecular weights
are slightly above the straight line dependence drawn
through the remaining data. A similar “upturn” of the
limiting data points was observed!1-13.18 hoth for ki{n]
and for 1/~.

From the results presented in Figure 2 it follows that at
least for i = 1 the required identity (eq 10a) is observed
both in © solvent and in a very good solvent. It is to be
expected that the same identity does exist for EtoPh solu-
tions.

In general v « [n]-2 and experimentallyl3 « varied from
0.73 to 1.26. The lines drawn in Figure 2 for cyclohexane
and toluene solutions allow calculation of « = 0.96 and
0.91, respectively. Generallyl? near O conditions o =~ 1
and k;’s become nearly independent of molecular weight.
In other words, under these conditions, an approximation
vy = 1/{n)g can be valid. For such a system in which in
addition ¢ and s are being constant n = (90 — 7s)/[n]g
and eq 10 can be modified to read

(mo = n/lnle = fnle (11)

Equation 11 requires a simultaneous knowledge of 7o and
[n]g for each sample. If [} is not known one can employ
the Zimm-Kilb relation2?? which is approximately valid
also for the investigated polymers as can be seen from the
data of line 5 in Table III17.18

(7]eg™? (12)

where from using the well-known proportionality [7]g «
Ma2/2

[n]e,br =

M

W

o2 = (M, g)? (13)

From eq 11 and 13 the master plot is expected to take the
form

(7]0 - r]s)/g”2 = fl(ng) (14)

Equations 11 and 14 are strictly valid for the systems
near O condition only. EtoPh is not a 0 solvent for poly-
styrene,1® but within the high concentration range the
thermodynamic effect of solvent should be less pro-
nounced. Furthermore, in the case discussed here the de-
viation from the 6 condition are expected to occur par-
allely in the same range of reduced molecular weight for
all three types of polymer and the error in using these
relations should be similar within the similar range of
variables for each of the three types of polymer.

In Figure 3 the data of Table I, presented in Figure 1,

(29) B.H. Zimm and R. W.Kilb, J. Polym. Sci., 87, 19 (1959).
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Figure 2. The k&i{n] vs. M, dependence for linear,1? 4-

branched,1” and 6-branched!® polystyrenes in cyclohexane (CH)
and toluene (TOL) at 35.0°.

are replotted according to eq 11 and according to eq 14
employing the [n]gy of Table I and g, values quoted in
Table III, respectively. In both cases, the continuous lines
are drawn through the data points of linear polystyrene
samples.

The superposition predicted by eq 11 is excellent, in the
whole range of variables. The two data points for the low-
est molecular weight 6-branched samples deviate from the
common dependence by ~10%.

The superposition predicted by eq 14 is somewhat less
satisfactory. This can be expected, considering the simpli-
fications and assumptions made in the course of its deri-
vation. Nevertheless, as long as the Zimm-Kilb relation
holds, eq 14 provides an easy and fast method of calculat-
ing no.or for any M br from theoretical value of g, and 7o
of linear sample having

Mw = Mw,br/gz

Equation 11 was also examined using no of Table I and
[n] values in toluene.17:18 As expected, no superposition
was achieved and the three curves crossed in mid range.

The better superposition observed in Figure 3 for rela-
tion 11 than that of 14 is due to the fact that the first
equation does not require any theoretical parameter (like
g:) nor quantity determinable with a large error (like
Mw); both 5o and [7]g can be measured with a good accu-
racy. The linear portion of curve 2 in Figure 3 applies for
[7)o 2 0.4 and can be approximated by ’

Mo < [77]96.2 & Mw3.1
Equation 5a of ref 13 can be written as

e = (a/a*) + (@ = (1 = n4/ny) (15)

where €1 = (4 In n9/9 In ¢)u,7 and a* is the exponent from
the Mark-Houwink-Sakurada equation [n] = K*Mox*,
For o = 1, a* = % and a = 3.1 determined from the curve
2 of Figure 3, the value ¢ = 6.2 is found in excellent
agreement with the value 6.2 + 0.1 determined from the
actual plot of log 7o vs. log ¢ of Buechel© data for linear
fractions of polystyrene in the same solvent.

Equation 11 for no > ns can be written as 7o = no([n] o),
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Figure 3. Superposition of ng,p, of branched polystyrenes on the
no vs. My dependence of linear polystyrenes as predicted by the
corresponding states principle: curve 1, (no — 75)/gz1/2 vs. 8:My;
curve 2, (no — ns)/[nlg vs [nlg. The solid lines represent the best
fit to linear polymer data (seetext).

and as such belongs to the family of functions correlating
the Newtonian viscosity of polymer solutions or melts
with the intrinsic viscosity. Two of these correlations were
used to analyze the data of Table I. Both Moore’s equa-
tion,30 rewritten by Bueche3® for M > M. as

log 7, = constant + (3.5/a®)[n]/{[7))  (16)

(([n]) is an average value of [n] over the range of measure-
ments) and Peticolas’32 relation:

Nowe/Mo = (Nlop:/n1e)’Eny for M = My, (17)

(E is an entanglement parameter and nw is the chain
branching index) failed to predict the observed dependen-
cies.

Temperature Dependence of no. The logarithmic plot
of no vs. 1/T°K allows calculation of the activation energy
of flow E, reported in Table II. The plots are linear in
whole range of temperature.

If the entanglement theory is valid, then a constant
value of E, is expected for Mw > M. (where M, is the ef-
fective entanglement molecular weight). The relation be-

(30) L.D.Moore, Jr.,dJ. Polym. Sci., 36, 155 (1959).
(31) F.Bueche,J. Polym. Sci., 41, 551 (1959).
(32) W.L, Peticolas, J. Polym. sci., 58, 1405 (1962).
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tween M. and the critical entanglement molecular weight
is

M, = o*M,

where the exponent where a* varies from % to 1 (see ref
13). Taking3® M. = 3.51.10%, one finds M. = 73,000-
151,000. All the linear samples used to determine E,’s
have Mw > Me. The average value E, = 5.9 + 1.1 kcal/
mol (or E; = 5.4 £ 0.3 kcal/mol if the value E, = 9.7 for
sample 15 is neglected) and the absence of systematic
variations indicate that our data are consistent with the
assumption of the entanglement theory for viscosity. It is
worth pointing out that E, = 4.5 kcal/mol can be calcu-
lated from Bueche’s datal® for polydisperse samples of
polystyrene My = 7.2 X 105 dissolved in EtPh (¢ = 0.26
g/em3) and E, = 4.41-5.33 kcal/mol from the results of
Graessley et gl.8

(18)

c

Conclusions

The experimental results indicate that the CSP pro-
vides a simple and accurate method of generalization of
the solution viscosity data of linear and branched poly-
mers. From the knowledge of 90 = #([n]g) evaluated for
linear samples and the knowledge of either [5]y or My b
and g it is possible to calculate the 7o or with the error
<10% for 4- and 6-star branched polystyrenes.

The use of CSP demonstrated in this paper is a new
one. Here we were looking for superposition of g = nolc =
constant, T = constant, M, structure) functions instead of
no = no (¢, T, M, structure = constant) as in the past.11-16
For this reason the choice of v = v(M,T) as the concen-
tration reducing parameter may be less critical, provided
it is done on the same basis for the linear and branched
samples; e.g., v # [n] for polystyrene!? in cyclohexane or
toluene, whereas here the systematic use of [n], s a mea-
sure of the relative polymer coil dimension provides an ex-
cellent superposition for all data.

The limitations of the CSP applied to the viscosity data
of branched polymer molecules can be established only on
the basis of experimental analysis of 7o in whole range of
variables. The applicability of CSP to low and middle
range of concentration of linear polymer,11-16 and an ex-

(33) R. 8. Porter and J. F. Johnson, Chem. Rev., 66,1 (1966).

Macromolecules

cellent superposition demonstrated in this paper suggest
that the limitations if any should occur at the range of
high concentration, and high viscosity.

Fortunately, Kraus and Gruver2? reported melt viscosi-
ties of 3- and 4-star branched polybutadienes, stating that
noor < 7o only for Mw pr < Mef2. The “crossover” point
was interpreted as due to the existence of the branching
which can be considered as a rigid entanglement point.
Their data were recomputed according to eq 11 and 14.
An excellent superposition of low molecular weight data
was achieved in both cases, however the data for
branched polymer did deviate from the linear polymer de-
pendence for [n] > 1 in the first case, and for Mw-g, > 2
X 10%* in the second, which corresponds to 7o > 104P and

'm0 < 102P, respectively. In the calculation, instead of [n]y

the [5]’s in toluene at 25° had to be used.2” Again the su-
perposition predicted by eq 11 is obeyed in much wider
range of variables than that specified by eq 14. This range
of applicability of CSP should be extended if [n], were
available. It is of interest to note that the data for 3- and
4-branched polybutadienes plotted according to eq 11 and
eq 14 do superimpose on the same master curve in whole
range of ng even if at the higher range of #o (or Mw) the
o.or = 7no.br (Mw,pr) dependence is different from that
followed by the linear samples.

The superposition of solution viscosity data of linear
and branched polymers predicted by eq 11 and demon-
strated in Figure 3 means that at least for the systems in-
vestigated the corresponding states do exist. Furthermore,
the high concentration isothermal data indicate that the
factors that influence the relation between the O-solvent
intrinsic viscosities of branched and linear polymers are
also responsible for the relation between high concentra-
tion viscosities of these polymers in a relatively good sol-
vent. .
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