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tions in swelling behiavior. (4) Because of these aberra- 
tions and the inability to  predict from polymer structure 
and Tg 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 pollymer across the whole spectrum of 
organic liquids. (5) Resistance to crazing in the absence of 
organic liquids corre1,ates with two quantities: (a) Tg (the 
higher the better) arid (b) the existence of low-tempera- 
ture relaxations that  reduce yield stress and make homo- 
geneous creep occur more easily. 

References and  Noteis 
(1) Plastics Department, Pittsfield, Mass. 
(2) (a)  G. A. Bernier and R. P. Kambour, Macromolecules, 1, 393 (1968). 

(b)  R. P.  Kambour, E .  E. Romagosa, and C. L. Gruner, Macromole- 
cules, 5,335 (1972). 

(3) R. P. Kambour, C. L. Gruner, and E.  E. Romagosa, J. Polym. Sci., 
Polym Phys E d ,  11,1879(1973). 

A-2, 4,327 (1966). 
(4) R. P. Kambour, F. E. Karasz, and J. H. Daane, J Polym. Sci., Part 

( 5 )  A. Eisenberg and B. Cayrol, J.  Polym. Sci., Part C, 35,129 (1971). 
(6) L. M. Robeson and J. E[. Faucher, J.  Polym. Sci., Part B, 7 , 3 5  (1969). 
(7) K. H. Illers and E. Jenckel, Rheol. Acta, 1,322 (1958). 
(8) K. H. Illers and H. Breuer, Kolloid-Z. 2. Polym., 176,110 (1961). 
(9) F. N. Kelley and F. J. Bueche, J. Polym. Sc i . ,  50,549 (1961). 

(10) P.  I. Vincent and S. Raha, Polymer, 13,283 (1972). 
(11) With acetone as the swelling agent crystallization reduces the degree 

of swelling in polycarbonate by 40%; that is, solubility is not propor- 
tional to the noncrystalline fraction of polymer.' Effects of this kind 
could be expected to vary from one swelling liquid to the next, de- 
pending on the degree to which each allows crystallinity to develop. 

(12) G. W. Miller, S. A. D Visser, and A. S. Morecroft, Polym. Eng. Sci., 

11.73 (1971). 
In the molding of the sheets polymer pellets were usually piled up in 
the center of the mold so that, upon closing the press, a degree of flow 
would occur that would improve the knitting together of the pellets 
and the elimination of air bubbles. The flow thus tended to be radial; 
consequently, orientation is likely to have varied from point to point 
in the sheet both in direction and magnitude. Orientation in the di- 
rection in which the crazing strew is subsequently applied tends to 
produce increased resistance to crazing while orientation transverse to 
the applied stress tends to produce a decreased crazing resistance." 
For a given degree of orientation, however, the decrease produced by 
transverse orientation is known to be considerably smaller than the 
increase produced by parallel orientation. 

(14) R. P. Kambour,J. Poiym. Sci. Macromol. Reu., 7, l (1973) .  
(15) J. H. Hildebrand, J. M. Prausnitz, and R. L. Scott, "Regular and Re- 

lated Solutions," Van Nostrand-Reinhold Co., New York, N. Y., 1970, 
p 85. 

(16) Evidence from which polymer-polymer miscibility may be inferred is 
found in ref 17. 

(17) B. P. Barth, U. S. Patent 3,365,517, Jan23, 1968 
(18) F. P .  Price, unpublished data. 
( i s )  These latter Tg's were measured on swollen-but-still amorphous poly- 

mer in torsion pendulum tests a t  1 Hz;* since the maximum in log 
decrement for the dry amorphous polymer occurred a t  151"-7" lower 
than the Tg determined by scanning calorimetry-the torsion pendu- 
lum Tg's have been adjusted by arbitrarily adding 7" to each. The 
crosses in Figure 2 are plotted from these adjusted values. 

(20) This discrepancy points up one of the difficulties inherent in the pro- 
cedures leading to the kind of correlation attempted here. The time 
scales for the various measurements and observations are not the 
same. With dry polymer the crazing measurement is complete in 
about 24 hr but with liquids like acetone crazing and cracking do not 
proceed beyond a minute or so. Calorimetric glass temperatures are 
all measured at  the same scan ;ate but the completion of crystalliza- 
tion requires times of the order of a minute to a day depending on the 
degree of swelling. 

(21) J. C. Bauwens, J.  Mater. Sci., 7,577 (1972). 
(22) R. E.  Robertson and A. Patel Polym. Eng. Sci., 12,346 (1972). 

Notes 

Infinite-Dilution Viscoelastic Properties of Randomly 
Branched Polystyrenes 

N O H 0  NEMOTO, YL'TAKA MITSUDA, JOHN L. SCHRAG, 
and JOHN D. FERRYxc 

,Department of Chemistry  and Rheology Research Center, 
C'niuersity of Wisconsin, Madison,  Wisconsin 53706. 
Received December 18, 1973 

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 p'er molecule provided the molecular 
weight distribution is fairly narr0w.I-5 Studies of certain 
ethylene-propylene terpolymers4 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 absen.ce of theory for randomly branched 
polymers, the reduc'ed intrinsic steady-state compliance 
was compared with that calculated for comb polymers of 
regular structure by the method introduced by Osaki,6 
modified from the th.eory of Zimm and Kilb.7 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.8 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 
Mn/M,, ranged from 1.9 to 17. The number-average mo- 
lecular weight A?, was determined by osmometry, and the 
ratio Mw jM,, 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, vs ,  at  25.0" were 
0.1005 and 0.00753 P, respectively; their densities 1.2686 
and 0.8760, respectively. Intrinsic viscosities, [?I, were ob- 
tained from the viscoelastic measurements a t  low frequen- 
cies, and in one case [ v ]  was also measured by capillary 
viscometry and found to be in reasonable agreement. 
These values are also given in Table I. 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 wt),[t)]M/RT for samples with branch points 
per molecule (deduced from polymerization kinetics) as indicated. Cross denotes intersection of low-frequency segment of [G’IR with or- 
dinate axis. 

Table I 
Characterization and Viscoelastic Data 

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

it& x-10-5 3.27 3.84 7 . 9  ?!,/En 1 . 2 5  1 . 3 1  1 .37  
MnIMb 1 . 9  8 . 4  17 
[ V I ,  MLR, ml/g 82 58 83a 

lOl* 
[V 1, capillary 64 
Kh 1.80 2.04 2.30 
j e R o  0 .28  0.19 0.21 
S2IS12 0.155 0.09 0.09 
f 2 . 5  >6 >6 

a In  Aroclor 1232. * I n  o-xylene. 

except that sample RB-26 was run a t  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)g 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 ’ / c ) ~ / ~  and (G” - w q s ) / c ,  where w is 
radian frequency, were plotted against c and extrapolated 
to zero c a t  each frequency as described in previous stud- 
i e ~ l - ~  to give the corresponding intrinsic quantities [ G’] 
and [G”]. These were reduced to [G’],  = [ G ‘ ] M n / X T  and 
[(.?’IR = [G”]&f,/RT and plotted logarithmically against 
w7,[q]Mn/RT in Figure 1. These coordinates are conve- 
nient for comparison with t h e ~ r y . ~  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’],  has a slope of 2, and its intercept on the or- 
dinate axis, denoted by a cross, is log j e R o ,  where j e ~ O  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 j e R  = K ~ S Z / S ~ ~ ,  where K h  is a heterogeneity 
coefficent and S2 and SI are sums over relaxation times 
ratios which are characteristic of the branching geometry. 
For a Lansing-Kraemer distribution11 of molecular weights, 
K h  = (n;iw/n;in)(a+l)x, and for relatively narrow distribu- 
tions, Kh is not very sensitive to the form of the distribu- 
tion. Values of j e R O ,  K ~ ,  and S2/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, S Z / S ~ ~  is 0.25.4 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,4,6 Le., 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 
I. 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 S2/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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