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Mean-square dimensions and dipole moments of p-chlorostyrene chains CH;~[CH (p-CsHCl)-CHy~1.H
have been calculated as a function of their stereochemical structure, degree of polymerization », and tem-
perature. Theoretical arguments and experimental evidence indicate that p-chlorostyrene and styrene
chains differ little in conformational energy. Therefore, the present investigation employs conformational
energies of styrene chains recently obtained by Flory and co-workers from analysis of the stereochemical
equilibrium compositions of styrene dimers and trimers. The calculations indicate that at large x the dimen-
sions of p-chlorostyrene, or styrene, chains and the dipole moments of p-chlorostyrene chains should in-
crease with increasing isotacticity and decreasing temperature. The marked differences in the configurational
characteristics of p-chlorostyrene and vinyl chloride chains are shown to result from the large difference in
size between p-C¢H4Cl groups and Cl atoms. Theoretical results calculated for large x are, in general, in
satisfactory agreement with published experimental results on poly (p-chlorostyrene). Several experimental
results, as yet unconfirmed, seem however to evade interpretation in terms of the present model. Additional
experimental investigations would be required to resolve this discrepancy and to provide a more definitive

test of the calculated results.

INTRODUCTION

Calculations of the random-coil dimensions and dipole
moments of vinyl chloride chains CH;-[CHCI-CHy-].H
have been reported in the preceding paper.! These cal-
culations constitute the only interpretation of the dipole
moments of a vinyl chain molecule using a realistic
model, a rotational isomeric state representation with
neighbor interactions. Vinyl chloride oligomers and
polymers are, however, unusual vinyl chains in that
the small size of the pendant substituent R, a Cl atom,
gives these molecules access to a larger number of
conformations!? than are available to “typical” vinyl
chains, ie., those having substituents the size of a
methyl group or larger.3" For example, an isotactic

polymer of vinyl chloride would not be expected'? to
exhibit as strong a preference for 3; helical sequences as
would isotactic polymers of propylene or styrene?~’

It is therefore of considerable interest to extend the
earlier calculations to vinyl oligomers and polymers
having significant dipole moments and sufficiently large
R substituents to limit, by steric interactions, the con-
formations accessible to the chain backbone. Chains
of para(p)-chlorostyrene units CHs—[ CH(p-CeHsCl)—
CHy-]H are ideally suited for this purpose. Because
of the nature of the bonding® and the symmetry of the
para isomer, the resultant group dipole in each repeat
unit should lie, to a very good approximation, along the
C>-C? bond, as shown in Fig. 1. Furthermore, in both
vinyl chloride and p-chlorostyrene chains, this dipole
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will be oriented approximately tetrahedrally® with re-
spect to the skeletal bonds meeting at a C* atom. Cal-
culated dipole moments for these two vinyl chains will
be expressed relative to the dipole moment of the
saturated monomer unit.- Therefore, comparison of
such normalized dipole moments for these two types
of chain molecules will directly yield information on
the effect of intramolecular interactions on the con-
formations of vinyl oligomers and polymers. As is
well known, the unperturbed dimensions of a chain
molecule serve a similar and complementary purpose.*

In this paper we therefore present calculations of
both the mean-square unperturbed dimensions (r2),
and dipole moments (u®), of p-chlorostyrene chains
as a function of their stereochemical structure, degree
of polymerization x, and temperature. A preliminary
test of the calculated results in the limit of large x will
be provided by several previously reported experimental
studies of poly (p-chlorostyrene).

THEORY

{

We adopt for the present calculations the rotational
isomeric state model formulated for vinyl chains by
Flory and co-workers.®* In this representation, each
skeletal bond is restricted to a choice of one of three
rotational states. These states are designated frans (¢),
gouche positive (g+), and gauche negative (g7) and,
as a first approximation may be assumed to be located
at rotational angles ¢ of 0°, 120°, and —120°, respec-
tively. (The conventions employed in defining these
rotational angles are described in the preceding paper.)
On the basis of previous analyses of the properties of
polystyrene chains,”#1 it is anticipated, however, that
steric interactions in p-chlorostyrene chains are rather
large. Calculations must therefore also be carried out
for the case in which some of the rotational states are
displaced from these cited locations by an amount A¢,
as previously described for poly(a-olefins) .2 The nature
of these displacements may readily be comprehended
by reference to Figs. 1 and 2. Rotational states for the
two skeletal bonds leading into and out of a C* atom
of d configuration (e.g., bonds i—2 and i—1, respec-
tively, of Fig. 1) are located at — A¢, 120, and — 120+
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Fic. 1. The planar, all-frans conformation of a portion of a
p-chlorostyrene chain consisting of an isotactic (dd) dyad fol-
lowed by a syndiotactic (dl) dyad. In this diagram and in Fig.
7, bonds extending toward the reader are represented by lines
of increasing thickness, and those extending away, by lines of
decreasing thickness. The group dipole in each repeat umit is
located along the line joining the Ce and Cl atoms. The symbol
Ph stands for the p-phenylene (p-CsH,) group.
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Fi6. 2. Rotational states about skeletal bonds in p-chlorostyrene
chains and the associated statistical weight factors.

A¢°, and A¢, 120—A¢, and —120°, respectively. The
same two sets of rotational angles pertain to the two
skeletal bonds leading, respectively, out of and into
a C= of I configuration (e.g., bonds i+3 and i+2, re-
spectively).

As shown by Williams and Flory, several statistical
weight factors are required in order to calculate con-
figuration-dependent properties of vinyl chains having
pendant substituents larger than methyl groups.’ In
view of the large size of the p-C¢H, group,”*''° we adopt
their scheme for the analysis of the conformations of
p-chlorostyrene chains. Intramolecular interactions de-
pendent on only one rotational angle in these chain
molecules and the corresponding statistical weight
factors (v, 1, and 1) are shown in Fig. 2 and are de-
scribed in detail elsewhere.!* Interactions dependent
on two consecutive rotational angles involve atoms or
groups separated by four bonds. Except in the case
where one of the interacting species is an H atom, these
interactions are strongly repulsive. A single statistical
weight factor w1 is therefore introduced to take into
account the resulting suppression, or near suppression,
of any conformation giving rise to such interactions.?

As outlined in the preceding paper,! these statistical
weight factors, in conjunction with bond lengths, bond
angles, and group dipole moments, may be used to cal-
culate statistical mechanical averages (over all con-
figurations) of the squares of the unperturbed dimen-
sions and dipole moments of a vinyl chain of any length
and stereochemical structure3=® As previously de-
scribed,!? representative stereochemical sequences for
any chosen replication probability p, (i.e., probability of
isotactic placement) may be generated by means of
Monte Carlo methods. For convenience, the calculated
results will be expressed as the characteristic ratio
(r*)o/nl? and the dipole-moment ratio (u2)o/xm?. In these
ratios #=2x is the number of skeletal bonds, each of
length /, in the chain and x, being the degree of poly-
merization, is also the number of group dipoles, each
of magnitude m. As is the case for vinyl chloride chains}!
long-range interactions should have no effect on the
mean-square dipole moments of p-chlorostyrene chains.
The zero subscript in {(u?) is therefore unnecessary and
may be deleted, thus simplifying comparison of theo-
retical and experimental values of (u)/xm?.
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Fi6. 3. The characteristic ratio shown as a function of stereo-
chemical composition for poly(p-chlorostyrene) chains having a
degree of polymerization of x=4# of 100. In this and the following
figures the temperature is 25°. In the case of stereoirregular
chains, each point in these figures represents the average result
of calculations on five Monte Carlo chains having the specified
value of the replication probability p,; lines through the points
have been drawn with a length twice the standard deviation in
that set of results. Included for purposes of comparison are
previously calculated results® for poly(vinyl chloride) chains at
the same degree of polymerization.

CALCULATED RESULTS AND DISCUSSION

The statistical weight factors required for the averag-
ing* of the properties of p-chlorostyrene chains may be
obtained, to good approximation, from the correspond-
ing factors determined for (unsubstituted) styrene
chains,® as shown by the following theoretical argu-
ments and experimental results. Interactions between
groups separated by three bonds should be approxi-
mately the same in these two chain molecules for the
following two reasons. The Cl atom is too far from the
chain backbone to change significantly the steric inter-
actions present in styrene chains and, in any case,
there is little difference between the van der Waals
radius of a Cl atom [1.75 A ] and the thickness of
the CeHy group (1.70 A for a C atom!). Second, any
electrostatic effects between the p-CsH,Cl group and
the hydrocarbon backbone should be very small. Simi-
larly, interactions between groups separated by four
bonds should be unchanged by the presence of the Cl
substituent: Conformations in which p-C¢H,Cl groups
are sufficiently close for strong steric or electrostatic
interactions are already largely excluded due to the
previously mentioned steric repulsions between the
CeH, groups.® The above arguments are supported by
experimental results on several, presumably “atactic”
polymers: most importantly, poly(p-chlorostyrene)
(PPCS) has a value of the characteristic ratio, 10.6
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(£0.6) >V which is the same, within experimental
error, as that of polystyrene, 10.0 (4:0.2) 4 In addition,
even larger X substituents in CH;-[ CH(p-CsHX)~
CH,-].H seem to have only a modest effect on the
unperturbed chain dimensions. For example, for X =
Br, CH;, and cyclohexyl, the van der Waals radii are’
1.851 ~2.0,1® and >2.0 3, respectively, and the char-
acteristic ratios are 12.3 (£1.1),79 10.7 (40.1) 1420
and 13.7,% respectively. On the above grounds, we adopt
without modification the statistical weight factors ob-
tained by Williams and Flory® by analysis of the stereo-
chemical equilibrium compositions of styrene dimers?
and trimers.® As a result, the calculated values of the
characteristic ratio (but not, of course, the dipole-
moment ratio) should pertain to styrene as well as
p-chlorostyrene chains. At 25°, these factors are n=1.6
and w=0; the value of r is relevaht only when w is
nonzero. Both # and w for p-chlorostyrene chains are
smaller than the corresponding statistical weight factors
for vinyl chloride chains at the same temperature
(n=4.2, w=w""=0.032, and «'=0.071). These differ-
ences are of course due to the difference in size between
p-CsHCl groups and Cl atoms.2® Additional charac-
teristics assumed for these chain molecules are (i)
skeletal bond angles and lengths of 112° and 1.53 &,
respectively,® (ii) tetrahedral orientation of the group
dipoles with respect to the adjoining skeletal bonds,?
and (iii) group dipole moments of 1.68 D, the dipole
moment of p-chloroethyl benzene in a variety of non-
polar solvents.?

Using the above information and methods, values

P, =100

S0 100 150
x=n/2

Fic. 4. The characteristic ratio of poly(p-chlorostyrene)
chains shown as a function of the degree of polymerization. In
this figure and in Fig. 8, each curve is labeled with the value of
the replication probability used to generate the stereochemical
structure of the chains.
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of the characteristic ratio at 25° were calculated for
PPCS chains having x= 100 and A¢=0, over the entire
range of stereochemical composition. These results are
shown in Fig. 3; also shown for purposes of comparison
are characteristic ratios calculated' for poly(vinyl
chloride) (PVC) at the same temperature and value
of x. The very different dependence of this ratio on the
replication probability for these two vinyl polymers is
obviously due to the large size of the p-CeH4Cl group
relative to the Cl atom. In the region of high syndio-
tacticity, PPCS has a lower characteristic ratio than
PVC because highly extended frans sequences are less
favored in PPCS (3=1.6) than in PVC (y=4.2). For
highly isotactic chains PPCS has the higher value of
this ratio, since deviations from extended 3; helical
conformations are permitted in PVC (w, o', o’'>0)
but not in PPCS (w=0).

Values of the characteristic ratio for PPCS chains
are shown as a function of the degree of polymeriza-
tion, for selected values of ¢, in Fig. 4. As was found
to be the case for PVC chains, the larger the value of
the ratio at x=100, the more protracted the conver-
gence to its value in the limit of very large x. As shown
in Fig. 5, displacement of some of the rotational states?
by A¢=20° was found to increase the characteristic
ratio slightly for low values of p, and to decrease it
markedly for high values of p,. Increase in w from 0.00
to 0.05 at 7=0.5* was found to decrease the charac-
teristic ratio for all values of p,, with the largest de-
crease occurring in the region of p, approaching unity.
Abe” has used a similar model to obtain a limited num-
ber of calculated values of the characteristic ratio of
styrene chains which, for reasons already cited, should
pertain to p-chlorostyrene chains as well. The present

Fi16. 5. The effect of A¢ and w on the characteristic ratio of
poly (p-chlorostyrene) chains of degree of polymerization 100;
see text for details.
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F1c. 6. The dipole-moment ratio for poly(p-chlorostyrene)
chains and poly(vinyl chloride) chains having x=100, as a
function the replication probability. In this figure and in Fig. 8,
A¢ and w have been restored to zero.

results are in excellent agreement with his results, which
were obtained using x=100, n=14, A¢=20° and
»=0.01. As expected, his results lie slightly below the
curve in Fig. 5 corresponding to x=100, n=1.6, Ap=
20°, and w=0.00 except at values of p, close to unity,
where the assignment w>0.00 causes a more marked
decrease in the characteristic ratio. The dependence
of the unperturbed dimensions on the statistical weight
factors was calculated for PPCS chains at a temper-
ature of 25° and a value of % of 100, for illustrative val-
ues of p,, A¢, and w. These results are shown in Columns
5-7 in the upper portion of Table I. Temperature coeffi-
cients of (), calculated in the usual manner,? are given
in the last column of this portion of the table. Where ap-
proximate comparison of calculated values of the tem-
perature coefficient of {r?), is possible, these results are
in good agreement with those reported by Abe’ for
polystyrene chains. The large negative values of this
coefficient in the region of low p, result of course from
the fact that the lowest energy conformations in syndio-
tactic sequences, viz., i, are also the most highly ex-
tended.

Figure 6 shows the dependence of the dipole-moment
ratio on p, for PPCS and PVC chains at a temperature
of 25°, a value of =100, and with A¢ and w restored
to zero. The relatively low value of this ratio for highly
syndiotactic PPCS is due to the significant fraction of
(g%g*) (#) (g*g*) sequences in such chains’ As shown
in Fig. 7, all-#rans conformations would have large
dipole moments; (gtgt) (¢) (gtgt) sequences [and
(gg) (1) (g g) sequences], however, would have
almost zero dipole moments because of the near can-
cellation of neighboring pairs of group dipoles in such
conformations. The high values of the dipole-moment
ratio at large p, are due to the fact that each group
dipole in a helical sequence has a component pointing
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TasLE I. The effect of the statistical weight factors and temperature on the mean-square unperturbed dimensions and dipole moments
of poly (p-chlorostyrene).»

(V2) A (deg) @ P aln(v2)/alny  aln(V)/dlnr  8In(V?)/dlne —10%d In(V?)/dT
% 0 0.00 0.0 0.960 3.78
0.2 0.628 2.48
0.5 0.346 1.36
0.9 0.011 vee 0.039
1.0 0.000 0.000
20 0.00 0.0 0.618 2.4
0.2 0.476 1.87
0.5 0.216 0.850
0.9 0.001 0.005
1.0 0.000 0.000
0 0.05 0.0 0.894 —0.091 —0.118 4.92
0.2 0.694 —0.052 —0.064 3.50
0.5 0.410 —0.040 —~0.104 2.75
0.9 0.077 —0.065 —0.269 3.16
1.0 0.019 —0.09 —0.367 3.97
() 0 0.00 0.0 1.80 7.00
0.2 1.2 4.77
0.5 0.512 2.02
0.9 0.017 . 0.066
1.0 0.000 . . 0.000
20 0.00 0.0 1.50 5.89
0.2 1.07 . 4.23
0.5 0.446 1.76
0.9 0.007 0.027
1.0 0.000 0.000
0 0.05 0.0 1.51 0.015 —0.043 6.35
0.2 1.00 0.009 —0.012 4.04
0.5 0.556 0.003 0.011 2.07
0.9 0.134 —0.033 —0.079 1.40
1.0 0.090 —0.068 —0.155 2.07

& Calculated for a degree of polymerization of 100, temperature of 25°C,

in the same direction along the helix axis, as is readily
apparent from the examination of suitable models.

The dependence of the dipole-moment ratio of PPCS
chains on the degree of polymerization is shown in
Fig. 8. The rate of convergence of this ratio to its limit-
ing value for large x is very similar to that shown by
the characteristic ratio of these chains, at the same
values of p,. As shown in Fig. 9, increase in A¢ from
0° to 20° or increase in w from 0.00 to 0.05 decreases
the dipole-moment ratio, with the largest decrease being
observed for the change in w, in the region of large
values of p,. The dependence of {(u?) on the statistieal
weight factors and on temperature are given in the
lower portion of Table I. These coefficients are very
similar to those obtained for {#?), because of the general
correspondence, in these molecules, between high chain
extension and large dipole moments.

and values of the statistical weight factors given in the text.

COMPARISON OF THEORY AND EXPERIMENT

A number of experimental studies have been carried
out on samples of PPCS prepared by free-radical poly-
merizations at temperatures in the vicinity of room
temperature or higher; in the literature, such polymers
are usually described as being ‘“atactic,” i.e., stereo-
chemically random. Danusso and co-workers® have
concluded from NMR measurements that a typical
free-radically prepared polymer of styrene is indeed
essentially random in its stereochemical structure.
Bywater and co-workers? and Bovey and co-workers®-#
have obtained NMR results, however, that have led
them to the contrary conclusion that an “atactic”
styrene polymer is predominantly syndiotactic in
structure, with the specific suggestion® that a replica-
tion probability p, of ~0.2 is appropriate for such
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chains. Pending resolution of this disagreement, one is
apparently limited to the general statement that the
value of p, characterizing ‘“‘atactic” styrene chains
almost certainly lies in the range 0.2-0.5. In lieu of
better information, we adopt this interval as appro-
priate for free-radically prepared PPCS as well. Fortu-
nately, as shown in Figs. 3 and 6, the characteristic
ratio and dipole-moment ratio of PPCS chains are not
strongly dependent on p, over this range of values. In
addition, Figs. 4 and 8 indicate that the characteristic
ratio and dipole-moment ratio for PPCS chains having
stereochemical compositions in this interval are rela-
tively insensitive to x for values of x exceeding approxi-
mately 50 and 20, respectively. Thus, since experi-
mental results pertinent to the present study have been
carried out on high-molecular-weight PPCS, the limit-
ing values of these ratios, estimated from calculations
using x= 100, will be used in the comparison of theory
with experiment.
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Fic. 7. Locations of
the chain backbone and
group dipoles in the low-
energy conformations of
a syndiotactic (dldl)
sequence in poly(p-
chlorostyrene).
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There is only one study®?® reporting measurements
on PPCS chains in a system at the O condition, i.e.,
the condition under which the effect of long-range inter-
actions on the chain dimensions is nullified.® Since
these datal® show a great deal of scatter, the value of
the characteristic ratio, 11.8, obtained from this study
cannot be considered definitive. One must therefore
also resort to results obtained by approximate correc-
tion®? for such interactions in the interpretation of
viscosities measured in solvents lacking this charac-
teristic. Use of a value of the hydrodynamic constant
of ®=2.5X10% in the interpretation of such data in
the vicinity of 25° yields values of the characteristic
ratio for PPCS of 10.1,2816 10,6* and 11.2%; the
average 10.6 (£0.6) of all the experimental values is
in good agreement with the range 10.3 to9.0indicated by
theory for this temperature and for p,=0.2 to 0.5. It
is perhaps appropriate to specify here the origin of the
values of the characteristic ratio quoted for several
other substituted styrene polymers in the preceding
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F16. 8. The dependence of the dipole-moment ratio on degree of
polymerization for poly (#-chlorostyrene) chains.

section. Measurements on solutions of poly(p-bromo-
styrene) and poly(p-methylstyrene) at their respective
O points gave values of the characteristic ratio of 13.4"
and 10.8,2 respectively. Approximate values of the
ratio for these two polymers from results not obtained
under © conditions are 11.27 and 10.6,* respectively.
In the case of poly(p-cyclohexylstyrene), apparently
only the result obtained by the approximate methods,
a value of the characteristic ratio of 13.7,% is available
at the present time.

There is a larger amount of experimental data ap-
propriate for calculating reliable values of the dipole-
moment ratio, since the absence of any effect of long-
range interactions on (u?) permits the use of dielectric
constant measurements on the polymer in any nonpolar
solvenf. When necessary, such experimental results
were corrected to 25° by means of dln{u?)/dT=

-
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Fic. 9. The effect of A¢ and « on the dipole-moment
ratio of poly(p-chlorostyrene) chains having a degree of poly-
merization of 100.
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—3X107% deg™, a value chosen from the entries in
Table I. Values of the dipole moment ratio thus ob-
tained are 0.53,% 0.55,% 0.60,34% 0.71,23:3 0.74 % 0.77 %
and 0.80.%% The average of these results, 0.68 (40.10),
is in good agreement with the range 0.80-0.65 calcu-
lated for p,=0.2-0.5. The most detailed study® of the
dipole moments of PPCS reports a number of unex-
pected results which have not yet, however, been veri-
fied. In this study, the dipole-moment ratio is reported
to be 0.77 and 0.71 when measured in toluene and
p-xylene, respectively, but 0.55 when measured in
isopropylbenzene. Since these solvents are very similar
in dielectric constant®® and chemical structure, this
strong solvent effect is very difficult to understand.
The temperature coefficient of {(u?) was also reported®
to be highly unusual in the two solvents, toluene and
isopropylbenzene, in which it was determined. These
results suggest a value of d In{u?)/dT of approximately
—4X 1073 deg* for the approximate range 10-60°, This
value is in good agreement with the value —5X1073
deg™! obtained by Stockmayer and co-workers® from
measurements in benzene and in carbon tetrachloride
over approximately the same temperature range, and
it is in excellent agreement with the range —35 to
—3X 1073 deg™! calculated for this temperature interval
and for p,=0.2-0.5. Over the approximate temperature
range 60-100°, however, a positive temperature co-
efficient of approximately 4X 1073 deg™ is reported,®
in very poor agreement with the range —2 to —1X 103
deg™ predicted by theory. Since the reported® marked
solvent dependence of the dipole-moment ratio and
its highly unusual temperature dependence would seem
to be inexplicable in terms of the present theories of
chain configuration, further experimental investigations
would obviously be of considerable importance.

ACKNOWLEDGMENTS

We wish to thank the National Science Foundation
for support of this work through Grant GP-16028 and
to acknowledge several very helpful discussions with
Professor W. H. Stockmayer.

11. E. Mark, J. Chem. Phys. 56, 451 (1972).

2 P.)]. Flory and A. D. Williams, J. Am. Chem. Soc. 91, 3118
(1969).

3P. J. Flory, J. E. Mark, and A. Abe, J. Am. Chem. Soc. 88,
639 (1966).

4 P. J. Flory, Statistical Mechanics of Chain Molecules (Inter-
science, New York, 1969).
(1;16\9')]). Williams and P. J. Flory, J. Am. Chem. Soc. 91, 3111

E. MARK

¢Y. Fujiwara and P. J. Flory, Macromolecules 3, 280 (1970).

7 A. Abe, Polymer J. 1, 232 (1970).

$H. J. M. Bowen (Ed.), Chem. Soc. (London), Spec. Publ.
11 (1958); L. E. Sutton (Ed.), Chem. Soc. (London), Spec.
Publ. 18, (1965).

(199;(;).)Abe, A. E. Tonelli, and P. J. Flory, Macromolecules 3, 294

10 A. E. Tonelli, Y. Abe, and P. J. Flory, Macromolecules 3,
303 (1970).

11 A, Bondi, J. Phys. Chem. 68, 441 (1964).

27, E. Davis, Ph.D. thesis, Massachusetts Institute of Tech-
nology, Cambridge, Mass., 1960, quoted in Ref. 13.

13 M. Kurata and W. H. Stockmayer, Fortschr. Hochpolymer.
Forsch. 3, 196 (1963).

¥ N, Kuwahara, K. Ogino, A. Kasai, S. Ueno, and M. Kaneko,
J. Polymer Sci. Pt. A 3, 985 (1965).

1. A. Baranovskaya and V. Ye. Eskin, Polymer Sci. USSR
7, 373 (1965).

16 R. B. Mohite, S. Gundiah, and S. L. Kapur, Makromol.
Chem. 116, 280 (1968).

17Y. Noguchi, A. Aoki, G. Tanaka, and H. Yamakawa, J.
Chem. Phys. 52, 2651 (1970).

181,. Pauling, The Nature of the Chemical Bond (Cornell U. P.,
Ithaca, N.Y.; 1960).

¥ K. Takashima, G. Tanaka, and H. Yamakawa, Polymer J.
2, 245 (1971).

® G. Tanaka, S. Imai, and H. Yamakawa, J. Chem. Phys. 52,
2639 (1970).

2 N. Kuwahara, K. Ogino, M. Konuma, N. Iida, and M.
Kaneko, J. Polymer Sci. Pt. A2 4, 173 (1966).

2 A. D. Williams, J. I. Brauman, N. J. Nelson, and P. J.
Flory, J. Am. Chem. Soc. 89, 4807 (1967).

% L. L. Burshtein and T. P. Stepanova, Polymer Sci. USSR 11,
2885 (1969).

24y, Fujiwara and P. J. Flory, Macromolecules 3, 43 (1970).

% P. J. Flory, V. Crescenzi, and J. E. Mark, J. Am. Chem. Soc.
86, 146 (1964).

2% A. L. Segre, P. Ferruti, E. Toja, and F. Danusso, Macro-
molecules 2, 35 (1969).

% S. Brownstein, S. Bywater, and D. J. Worsfold, .J. Phys.
Chem. 66, 2067 (1962).

8F. A. Bovey, F. P. Hood ur, E. W. Anderson, and L. C.
Snyder, J. Chem. Phys. 42, 3900 (1965).

2], F. Johnson, F. Heatley, and F. Bovey, Macromolecules
3, 175 (1970).

A misplaced asterisk in Ref. 13 incorrectly labeled a result
obtained from measurements made in a thermodynamically good
solvent as one obtained under the © condition [W. H. Stockmayer
(private communication) ].

8 P, F. Flory, Principles of Polymer Chemistry (Cornell U. P.,
Ithaca, N.Y., 1953).

2 See, for example, Ref. 13.

a8 H) A. Pohl and H. H. Zabusky, J. Phys. Chem. 66, 1390
(1962).

# T. M. Birshtein, L. L. Burshtein, and O. B. Ptitsyn, Sov.
Phys. Tech. Phys. 4, 810 (1959).

% F. H. Smith, L. C. Corrado, and R. N. Work, Polymer
Preprints 12, 64 (1971).

% A. Kotera, K. Suzuki, K. Matsumura, M. Shima, and E.
Joko, Bull. Chem. Soc. Japan 39, 750 (1966).

# P, Debye and F. Bueche, J. Chem. Phys. 19, 589 (1951).

# R. Salovey (unpublished results).

3 B. Baysal, B. A. Lowry, H. Yu, and W. H. Stockmayer, in
Dielectric Properties of Polymers, edited by F. E. Karasz (Plenum,
New York, to be published).

9 A. A. Maryott and E. R. Smith, Natl. Bur. Std. (U.S.)
Circ. No. 514, (1951). :



