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tions in swelling behavior. (4) Because of these aberra-
tions and the inability to predict from polymer structure
and T, alone swelling profile magnitudes (particularly the
all-important glassy portions of these) it is not possible
currently to predict the solvent crazing resistance of a
hitherto untested polymer across the whole spectrum of
organic liquids. (5) Resistance to crazing in the absence of
organic liquids correlates with two quantities: (a) Ty (the
higher the better) and (b) the existence of low-tempera-
ture relaxations that reduce yield stress and make homo-
geneous creep occur more easily.
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Measurements of storage and loss shear moduli of dilute
polymer solutions, taken in a frequency range near the re-
ciprocal of the terminal relaxation time and extrapolated
to infinite dilution, provide data which are sensitive to
long-chain branching and should clearly distinguish even
one branch point per molecule provided the molecular
weight distribution is fairly narrow.1-® Studies of certain
ethylene-propylene terpolymers* have provided estimates
of the degree of branching which were plausible in the
light of their compositions, but could not be compared
with quantitative information from an independent
source. In the absence of theory for randomly branched
polymers, the reduced intrinsic steady-state compliance
was compared with that calculated for comb polymers of
regular structure by the method introduced by Osaki,®
modified from the theory of Zimm and Kilb.? In this cal-
culation, the steady-state compliance is found to be a
monotonically decreasing function of the number of
branch points per molecule and of the fraction of molecu-
lar mass present in the branches. It is assumed that the
randomly branched polymer will correspond roughly to a

comb in which the branch lengths and the backbone spac-
ings between branches are equal, and the value of f
(branch points per molecule) is chosen which matches the
experimentally determined steady-state compliances after
correction for molecular weight heterogeneity.

In the present report, data are given for three randomly
branched polystyrenes whose average degrees of branching
were known from a kinetic analysis of the polymerization
mechanism.® These samples were generously given us by
Professor S. Onogi and Dr. T. Masuda of Kyoto Universi-
ty, together with data for their characterization, which are
presented in Table I. The number of branch points per
molecule from the polymerization kinetics, denoted by
M, /My, ranged from 1.9 to 17. The number-average mo-
lecular weight M, was determined by osmometry, and the
ratio My, /My, by gel chromatography.

Aroclor 1232 was used as a solvent for all three samples,
and o-xylene was also used for RB-24, which had the high-
est molecular weight, to extend the measurements into
the terminal zone. Their viscosities, ns, at 25.0° were
0.1005 and 0.00753 P, respectively; their densities 1.2686
and 0.8760, respectively. Intrinsic viscosities, [n], were ob-
tained from the viscoelastic measurements at low frequen-
cies, and in one case [n] was also measured by capillary
viscometry and found to be in reasonable agreement.
These values are also given in Table 1. For sample RB-24
the difference between the intrinsic viscosities in the two
solvents indicates that o-xylene is a slightly better sol-
vent. All viscoelastic measurements were made at 25.00°
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Figure 1. Reduced intrinsic storage and loss shear moduli plotted logarithmically against wns(n]M/RT for samples with branch points
per molecule (deduced from polymerization kinetics) as indicated. Cross denotes intersection of low-frequency segment of [G']g with or-

dinate axis.

Table I
Characterization and Viscoelastic Data

Polymer Code No. RB-15 RB-26 RB-24

Mo X 10 3.27 3.84 7.9

M./M-. 1.25 1.31 1.37

M./ My 1.9 8.4 17

[»], MLR, ml/g 82 58 83¢

101°

[7], capillary 64

Kh 1.80 2.04 2.30

Jer® 0.28 0.19 0.21

S,/8,? 0.155 0.09 0.09

f 2.5 >6 >6

@ In Aroclor 1232. ? In o-xylene.

except that sample RB-26 was run at 20.00°, where the
viscosity of Aroclor 1232 was 0.1312 P.

The storage and loss shear moduli, G’ and G’’, of the
solutions were measured by the Birnboim-Schrag multi-
ple-lumped resonator (MLR)® with computerized data ac-
quisition and processing system.1? One resonator was used
with five frequencies from 100 to 6000 Hz. The range of
concentration (c¢) was from 0.003 to 0.013 g per ml.

The quantities (G'/¢)Y/2 and (G”' — wys)/c, where w is
radian frequency, were plotted against ¢ and extrapolated
to zero ¢ at each frequency as described in previous stud-
iesl-* to give the corresponding intrinsic quantities [G’]
and [G’’]. These were reduced to [G']g = [G’]M,/RT and
[G"1r = [G""IM,/RT and plotted logarithmically against
wns[n)M,/RT in Figure 1. These coordinates are conve-
nient for comparison with theory.* Linear plots are ob-
tained at low frequencies as expected from theory; for
sample RB-24 the data in the two solvents agree well and
indicate that the hydrodynamic interaction parameter h*
is not noticeably different for these two. At low frequen-
cies, log [G’]r has a slope of 2, and its intercept on the or-
dinate axis, denoted by a cross, is log jer®, where jor© is
the reduced intrinsic steady-state compliance. This quan-
tity is sensitive to both branching and molecular weight
distribution; if the latter is reasonably narrow so that the
degree of branching is fairly uniform, it may be expressed

by the product jer = xnS2/S12, where «y is a heterogeneity
coefficent and Sz and S; are sums over relaxation times
ratios which are characteristic of the branching geometry.
For a Lansing-Kraemer distribution!? of molecular weights,
kn = (Mw/My)@+? and for relatively narrow distribu-
tions, «n is not very sensitive to the form of the distribu-
tion. Values of jer®, «n, and Sz/S12 are given in Table I.

For a linear molecule with h*, the hydrodynamic inter-
action factor, chosen as 0.15, which is appropriate to a rel-
atively good solvent, S2/S:% is 0.25.* The experimental
values are all much smaller, as expected for branching.
They can be compared with predictions for branched
polymers with a regular comb structure,*:® i.e., one with
the comb arm lengths and the backbone spacings between
arms all equal. This procedure provides the values of f,
branch points per molecule, given in the last row of Table
1. For sample RB-15, the result agrees satisfactorily with
the value deduced from polymerization kinetics. For the
others, the result is consistent but it can only be conclud-
ed that f is greater than 6, because S3/S12 becomes insen-
sitive to the degree of branching beyond that point.

Additional evidence is thus provided that viscoelastic
measurements in very dilute solution can serve to detect
and gauge small degrees of long-chain branching.
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