e
Ow®
C
mﬂ
)
m o
.25
T
>'h
c@
a o
g X
@
- (O
m.g
gE
()]
o N a
PO

Molecular Weight Dependence of
Hydrodynamic and Thermodynamic
Properties for Well-Defined Linear Polymers
in Solution

Cite as: Journal of Physical and Chemical Reference Data 23, 619 (1994); https://doi.org/10.1063/1.555949
Submitted: 12 November 1993 . Published Online: 15 October 2009

L. J. Fetters, N. Hadjichristidis, J. S. Lindner, and J. W. Mays

=

T\
5 &

View Online Export Citation

A

ARTICLES YOU MAY BE INTERESTED IN

Intrinsic Viscosity, Diffusion, and Sedimentation Rate of Polymers in Solution
The Journal of Chemical Physics 16, 573 (1948); https://doi.org/10.1063/1.1746948

The coil-globule transition: Radius of gyration of polystyrene in cyclohexane
The Journal of Chemical Physics 73, 5971 (1980); https://doi.org/10.1063/1.440156

Thermodynamics of High Polymer Solutions
The Journal of Chemical Physics 10, 51 (1942); https://doi.org/10.1063/1.1723621

*
Where in the world is AIP Publishing?

Find out where we are exhibiting next

Journal of Physical and Chemical Reference Data 23, 619 (1994); https://doi.org/10.1063/1.555949 23, 619

© 1994 American Institute of Physics for the National Institute of Standards and Technology.


http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L16/222900553/x01/AIP/HA_WhereisAIP_JPR_PDF_2019/HA_WhereisAIP_JPR_PDF_2019.jpg/4239516c6c4676687969774141667441?x
https://doi.org/10.1063/1.555949
https://doi.org/10.1063/1.555949
https://aip.scitation.org/author/Fetters%2C+L+J
https://aip.scitation.org/author/Hadjichristidis%2C+N
https://aip.scitation.org/author/Lindner%2C+J+S
https://aip.scitation.org/author/Mays%2C+J+W
https://doi.org/10.1063/1.555949
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.555949
https://aip.scitation.org/doi/10.1063/1.1746948
https://doi.org/10.1063/1.1746948
https://aip.scitation.org/doi/10.1063/1.440156
https://doi.org/10.1063/1.440156
https://aip.scitation.org/doi/10.1063/1.1723621
https://doi.org/10.1063/1.1723621

Molecular Weight Dependence of Hydrodynamic and Thermodynamic
Properties for Well-Defined Linear Polymers in Solution

L.J. Fetters

Exxon Research and Engineering Company, Corporate Research-Science Laboratories, Annandale, NJ 08801

N. Hadjichristidis
Department of Chemistry, University of Athens, Athens (157 71) Greece

J.S. Lindner

Diagnostic Instrumentation and Analysis Laboratory, Mississippi State University, Mississippi State, MS 39762

and

J.W. Mays

Department of Chemistry, University of Alabama at Birmingham, Birmingham, AL 35294

Received November 12,1993; revised manuscript received June 24, 1994

Data on hydrodynamic and thermodynamic properties of several well-defined, linear
flexible polymer chains in thermodynamically good solvents and theta solvents are tabu-
lated and critically evaluated. The polymers considered are 1,4-polybutadiene, 1,4-poly-
isoprene, polyisobutylene, polystyrene, and poly(a-methylstyrene). Extensive data, ob-
tained as a function of molecular weight, are evaluated for the intrinsic viscosity, radius
of gyration, hydrodynamic radius, and second virial coefficient. The resulting power law
relationships between the measured properties and polymer molecular weight are reported.
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1. Introduction

Properties and processing characteristics of macro-
molecules depend not only on polymer type but also fre-
quently exhibit a strong dependence on molecular weight or
molecular size. In many instances polymer scientists and en-
gineers also need to be able to predict molecular size or
thermodynamic intcractions as a function of molecular weight
for a given type of macromolecule. The Polymer Handbook'
provides an exhaustive listing of relationships between
molecular weight and parameters such as intrinsic viscosity
[m], radius of gyration R,, hydrodynamic radius Ry, and sec-
ond virial coefficient A,. Unfortunately, large differences fre-
quently are seen on comparing results reported by different
groups for the same polymer/solvent system. These differ-
ences may reflect variations in polydispersity, methods used
for molecular weight determination, molecular weight range
investigated, tacticity, branching, etc. The Polymer Hand-
book' sometimes makes recommendations on preferred prop-
erty/molecular weight relationships when discrepancies exist.

In this paper, we compile and critically evaluate data on
[n], Re, Ru, and A, for several linear, flexible polymer chains
in both ‘‘ideal’’ (theta condition) and thermodynamically
good solvents. We restrict our attention to the relatively few
polymers where complete data sets (In], R,, Ry, and A,) exist
for well-defined, narrow molecular weight distribution mate-
rials e.g. polybutadiene (PBD), polyisoprene (PI), poly-
isobutylene (PIB), and poly(a-methylstyrene) (PaMS). When
care is taken to exclude data which appear to be anomalous,
it is generally seen that results from various groups can be
compiled to generate power law relationships of the form

P =CM® @

where P is the property being probed as a function of molec-
ular weight M, and C and v are empirically established con-
stants for that system, usually valid over several orders of
magnitude in M.

2. Criteria for Data Selection and Evaluation

Four of the polymers covered in this paper (PBD, PI, PS,
and PaMS) are materials which can be synthesized in a con-
trolled fashion using anionic polymerization techniques®

These methods can lead directly to polymers having ex-
tremely narrow polydispersities. Usually the ratio of weight-
average molecular weight M ,, to number-average molecular
weight M , for such materials is less than 1.1. While these
materials are clearly not monodisperse, their distributions are
the most narrow of any synthetic polymers. Furthermore,
anionic polymerization using lithium-based initiators in hy-
drocarbon solvent lead, in the case of the polydienes, to elas-
tomeric materials of consistent microstructure (~ 92% 1,4 in
both cases)®. 'These same initiator systems give atactic (prob-
ability of racemic diads (P,) of about 0.56) polystyrene® and
poly(a-methylstyrene) (P, = 0.5) (4-8).

In the casc of PIB, thec monomer is not amenable to anionic
polymerization but well-defined samples may be readily ob-
tained by fractionating products of cationic polymerization. It
should be noted that tacticity is not a consideration with this
polymer; also no branching occurs during cationic polymer-
ization of isobutylene.

A great number of studies have appeared on the solution
properties of these materials because of their well-defined
linear structures, the capacity to produce materials covering a
vast range of molecular weights, the solubility of these poly-
mers in many common solvents at room temperaturc, and
because of their commercial importance. This last factor is
enhanced because certain block copolymers comprised of
these materials function as thermoplastic elastomers. For
PBD, PI, PIB, PS, and PaMS ‘‘complete’’ data sets are avail-
able, i.e. data for A, in thermodynamically good solvents and
data for [n], R,, and Ry in both good and theta solvents have
been reported in the literature. Also, in general, results from
different groups for a given system are in agreement with one
another.

Other important polymers, such as poly(methyl methacry-
late), polyethylene, and polypropylene, are excluded from
consideration in this work because of the lack of adequately
defined samples and/or an overall lack of consistency be-
tween values reported by different groups for the same sys-
tem. Data are also excluded from consideration unless molec-
ular weights were determined by absolute methods
(preferably light scattering) and unless adequate details were
given on experimental protocol, solvent purity, etc. Data for
very low molecular weight samples are not considered be-
cause of the departure from linearity of power law relation-
ships at low molecular weights®'%, In general, power laws
determined under theta conditions are valid above 10,000 in
molecular weight. In good solvents the power laws for Ry, Ry,
and [n] usually exhibit changes in slope below about 50,000
in molecular weight. The relationship between A, and M is
usually linear down to about 10,000, depending on polymer
type. Data for polymers outside these ranges are not consid-
ered. Also, in tabulating the R, data we took into account the
experimental conditions used (most notably the wavelength of
the radiation employed) in deciding on the smallest physical
sizes which could be reliably measured. R; values smaller
than Ry/\" =20 (\" = wavelength of light in the medium) even
if they were reported by the original authors, are not consid-
ered here. Outliers, determined by considering the typical
experimental error associated with the method, are also not
considered. The reported power laws were determined by
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unweighted linear regression analyses. Because of the narrow
polydispersities of these materials, no consideration is given
to polydispersity effects'®, which should be quite modest, and
power laws are simply reported as a function of molecular
weight M. In some cases, good solvent data are reported by
different groups at slightly different temperatures, usually 25
and 30 °C. The effect of such small temperature differences
on properties-of chains in good solvents was observed to be
negligible; these data are thus compiled together and a single
power law is reported.

3. Data for 1,4-Polybutadiene

Data for 1,4-polybutadiene in the theta solvent dioxane at
26.5 °C are presented in Table 1. In Table 2, data for PBD in
cyclohexane at 25 °C (good solvent) are presented. ‘

3.1. Intrinsic Viscosity

The data of Table 1 yield the following Mark-Houwink-
Sakurada (MHS) relationship (corr. coeff. = 0.9969):

[n] = 1.77 X 107! M®® 2

The exponent of 0.503, based on 12 samples covering about
1.5 orders of magnitude in M, shows that 26.5 °C is very near
to the theta temperature for this polymer/solvent pair. Appli-
cation of the extrapolation method of Burchard'® and Stock-
mayer and Fixman'’? (BSF approach), which corrects for slight
deviations from theta, yields:

[n]e = 1.84 X 107! M2 3)

. TABLE 1.. Polybutadiene in 1,4-dioxane

Reference M % 107° ] R Ru
(g mol™) (cm® g™ (m) - (m)
23 0.108 .. 18.5
0.221 272
0.253 28.4
0.527 40.8
0.717 47.6
0.960 550 -
232 845
522 129
5.71 132
24 0.111 298
0.393 39.5
0.590 691
114 12.8 9.50
1.55 149 .
1.64 153
1.80 83.0 16.0
2.56 19.1 14.6
3.61 122 227 16.5

*Calculated from the power law given in Ref. 24.

The good solvent viscosity data of Table 2 result in the
MHS equation (corr. coeff. = 0.9998):

[n] = 3.87 X 107 M%7 “

This equation is based on 15 polymers covering nearly 2;
orders of magnitude in molecular weight (Fig. 1). Surpris-
ingly this plot is linear all the way down to 11,000 in M. As
noted above® 4, deviations from linearity are expected below
a M of about 50,000, but clearly no such curvature is observed
in Fig. 1. This effect may be due to the thin and streamlined
structure of PBD.

TABLE 2. Polybutadiene in cyclohexane

Ref. M X 107° [n] R; Ry - A; X 10°
(gmol™) (em’g™) () = (m) (em’molg™
24 0.111 257 314 1.65
0.236 1.47
0.393 ' 1.32
0.394 60,1 . 1.30
0.590 80.4 793 1.20
1.14 125 15.2 11.32 1.05
1.55 187 . 1.00
1.64 161 19.3 0.98
1.80 203 0.94
2.56 227 261 = 183 0.87
3.61 287 322 22.1 0.80
7.60 479 0.69
26 0.200 39.3
0.460 69.2
0.710 92.6
1.30 142
3.55 296
5.48 385
9.25 567
374 1450

3.2. Radius of Gyration
Data on K, of PBD are much more limited than are those for
[n] of this material. Based on the available data (Tables 1 and
2) ‘we obtain the following power laws for dioxane (corr.
coeff. = 0.9999),
‘Rg=3.79 X 1072 M*%® )
and for cyclohexane (corr. coeff, = 0,.9984)

Ry = 1.29 X 1072 M 0% (6)

Both exponents are in reasonable accord with values expected
for flexible chains under theta and good solvent conditions.

J. Phus. Chem. Ref. Data. Val. 23. Nn_ 4. 1994
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Fia. 1. [n] versus M for 1,4-polybutadicne in the thennodynaically good sulvent cyclohexane (@ = Ref, 24; [J = Ref. 26).

3.3. Hydrodynamic Radius
Data in dioxane yield the expression (corr. coeff. = 0.9997)
Ry = 3.15 X 1072 M*#! @)
while the data in cyclohexane yield (corr. coeff. = 0.9998)
Ry = 1.50 X 1072 M%7 (8)

Application of the procedure of Baumann'® to the Ry data in
dioxane yields the relationship

Ry = 2.88 X 1072 M2 ©)

3.4 Second Virial Coefficient

The data in the thermodynamically good solvent cyclohex-
ane (Table 2) yield the equation (corr. coeff, = 0.998)

A;=1.23 X 1072 M~0212 (10

Generally exponents between about —0.20 and —0.25 are
observed in thermodynamically good solvents, in accord with

.1 Phus. Chem. Ref. Data. Val. 23. No. 4. 1994

theoretical expectations®* and experimental findings re-
ported herein.

4. Data for 1,4-polyisoprene
Experimental data for narrow polydispersity, high 1,4-
polyisoprenes are collected in Tables 3 (theta solvent, dioxane
at 34.5 °C) and 4 (cyclohexane 25 °C).
4.1. intrinsic Viscosity
Twenty five data points for PI in dioxane at about 34.5 °C
covering nearly three orders of magnitude in M yield (corr.
coeff. = 0.9998)
[m] =111 X 107" M°>" an
Application of the BSF procedure (16,17) gives
[nle = 1.29 X 107! M"? (12)

Based on the analysis of 12 samples in cyclohexane, the
power law (corr. coeff. = 0.9996)

(0] = 1.97 X 1072 M*™ 13
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is determined. The molecular weight range covered is from
6.2 X 10* to 7.24 X 10°.

4.2. Radius of Gyration

The dioxane-based R; data of Table 3 yield (corr. coeff. =
0.996)

Ry =275 X 1072 Mo.snav (19
Application of the Baumann procedure'® yields
Ry =330 X 1072 M2 (15)

In cyclohexane (Table 4) twenty five data points lead to (corr.
coeff. = 0.993)

Ry = 1.26 X 1072 MOs1° (16)

TaBLE 3. Polyisoprene in 1,4-dioxane

Reference M X 107°  [m] R Ru
(gmol™) (em’g™) (nm) (nm)
23 0.134 14.2
0.195 17.4
0.257 19.7
0.380 249
0.401 25.6
0.548 30.0
0.820 37.0
1.15 448
1.50 499
1.62 52.2
2.28 63.5
2.40 63.0
3.94 83.5 20.6
5.13 233
5.37 926.4 24.6
591 102 254
6.00 103
14.1 317
15.6 166 2.5
16.1 170 42.4
2225 197 50.1
29 3.39 80.9
30 3.26 75.3 19.1 14.35
5.68 99.3 253 19.27
5.78 100 25.5 19.53
244 206 41.17
724 355 69.15

4.3. Hydrodynamic Radius

The Ry data obtained in dioxane (Table 3) yield the equa-
tion (corr. coeff. = 0.9994)

ya

Ry = 2.62 X 1072 MO** an

which upon correction by the Baumann method® yields
Ry = 2.57 107> M'# (18)
The cyclohexane Ry data (Table 4) give (corr. coeff. = 0.947)
Ry = 1.13 X 1072 M2 (19)

The correlation coefficient of Eq. 19 is much lower than that
typically observed for the other empirical equations reported
herein. Nevertheless, the exponent of 0.592 for a good solvent
system seems reasonable.

4.4. Second Virial Coefficient

The A, data obtained in cyclohexane are plotted in Fig. 2.
Clearly large differences are observed between the three data
scts, with the multiangle data of Davidson ef al.’! consistently
falling below the low-angle laser light scattering (LALLS)
data by the same authors®. Conversely, the data of
Tsunashima and co-workers® consistently lie above the other
data. By considering only the LALLS data of Davidson
et al.*' we obtain (corr. coeff. = 0.9978)

Az = 132 X 1072 022 20)

The correlation coefficient for these data is high and the
exponent is consistent with those for other linear chains.

5. Data for Polyisobutylene

Data for PIB in the theta solvents benzene and isoamyliso-
valerate at ca. 25 °C are given in Table 5. In Table 6, data in
the good solvent cyclohexane at 25 °C are given.

5.1. Intrinsic Viscosity

Benzene is a commonly used solvent for the measurement
of [n] for PIB under theta conditions. Unfortunately, it is
isorefractive for PIB so it cannot be utilized in light scattering
experiments™. It has been shown however that [n] results
obtained in benzene and isoamylisovalerate are virtually iden-
tical**, The combined data for [n] in Table 5 yield (corr.
coeff, = 0,9990)

[n] = 1.07 X 107" MO0 21

The BSF approach'®!” gives
[nle = 1.10 X 1073 M2 (22)
In the good solvent cycloheXane [n] data for 33 samples
covering the molecular weight range from 4.3 X 10 to 1.41

X 107 lead to (corr. coeff. = 0.9988)

[n] = 1.21 1072 o1 (23)
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TABLE 4. Polyisoprene in cyclohexane

Reference M x 107% i R, Ry A; X 10°
(g mol™) (ecmg™) (nm) (nm) (cm® mol g73)
31 0.152 3.49 145
0.234 4.42 12.8
0.620 63.7 1.72 10.2
1.01 9.1
1.56 129 133 8.0
1.64 19.4 7.9°
231 243 7.0°
2.97 26.2 6.8°
3,02 201 6.6
3.16 28.0 6.5°
3.50 31.2 59
5.00 310 5.5°
5.81 335 410 286 6.5(5.5%
9.20 466 303 5.4
9.42 48.0 4.7*
13.9 65.0 4.6*
16.0 68.0 3.7
16.7 702 54,6 4.8
342 1120 83.0 4.1
30 3.26 212 316 209 8.04
5.68 333 433 293 7.03
578 340 438 29.4 6.77
244 918 105 70.0 474
72.4 4.37

2174 210 140

*Muiti-angle light scattering.
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M

FiG. 2. A; as a function of M for 1,4-polyisoprene in cyclohexane (@ = Ref. 31 via low angle light scattering;
x = Ref. 31 via multi-angle light scattering;

J. Phvs. Chem. Ref. Data. Vol. 23. No. 4. 1994
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TABLE 5. Polyisobutylene in benzene or isoamylisovalerate

Reference M X 107° [n} Ry Ry
(g mol™") em’g™) @m) - (m)
3 1.60 453
252 55.3
281 62.5
391 70.1 19.1
395 73.8
8.15 102 27.4
146 136 37.1
319 206 56.0
47.0 246 67.5
33 0.49 24.1
0.86 31.8
1.30 39.6
419 70.9
8.54 99.8
12.1 117
17.9 146
34 281 . 625
395 73.8
35 0.64 : 6.45
1.33 8.69
3.30 143
448 16.5
7.44 20.6
14.8 29.9

5.2. Radius of Gyration
The data for R, of PIB in the theta solvent isoamylisovaler-
ate are restricted to five polymer samples in the range of 3.91

X 10° to 4.7 X 10°% These data result in the power law
expression (corr. coeff. =0.9999)

R, =2.62 X 1072 M°3" 24

Application of the Baumann extrapolation procedure® to
these data gives

R, =3.00 X 1072 M2 (25)
R; data in cyclohcxane arc more cxtensive and cover the
molecular weight range from 1.6 X 10° to 1.41 X 10". The
Ry-M relationship (corr. coeff. = 0.9995) is

Ry = 1.37 X 1072 M05% (26)

5.3. Hydrodynamic Radius
Data on Ry of PIB are limited to those reported by Fetters
amd co-workers™. In isvamylisovalerate (corr. coeff. =

0.9991)

Ry = 273 X 1072 p04? @7

The Baumann correction to these data!® yields
Ry =252 X 1072 M2 (28)
In cyclohexane (corr. coeff. = 0.9999)
Ru=1.36 X 1072 M57 29)
5.4. Second Virial Coefficient

Very extensive A, data are available for the PIB/cyclohex-
ane system from several sourcess®>**>¢, These data were used
to generate the following power law relationship (corr. coeff.
= (.957)

A; = 834 X 1073 M08 (&]0)]

6. Data for Polystyrene

Data for polystyrene in the theta solvent cyclohexane at
34.5 °C are presented in Table 7. These data constitute the
largest data set of this work. This system has been more
extensively studied than any other polymer/solvent system
because of both the widespread commercial availability of
inexpensive, well-defined polystyrene standards and because
of a theta temperature which is quite convenient for experi-
mentation. Likewise, extensive data sets are presented for PS
in benzene (Table 8), toluene (Table 9), and tetrahydrofuran
(Table 11). A complete data set is also available for the
PS/ethylbenzene system (Table 10) although fewer data are
available here.

6.1. Intrinsic Viscosity
For 92 polymers covering almost four orders of magnitude
in molecular weight, the relationship between [m] and M for
PS in cyclohexane (corr. coeff, = 0.9994) is
[n]M = 7.68 X 1072 MO5%® a3n
The BSF approach'®!” yields
M = 8.44 X 1072 M2 (32)

For benzene 27 samples ranging from 9.72 X 10* to 5.68 X
107 in M give (corr. coeff. = 0.9997)

[nPEN = 9.87 X 107 M7 (33)

In toluene analysis of 38 samples from 4.8 X 10* to 2.36 X
107 yields (corr. coeff. = 0.9989)

MI™" = 9.27 X 107 M €2

while ethylbenzene data (22 samples, 5.0 X 10* 10 3.88 X 10%)
yield (corr. coeff. = 0.9994)

(]F® = 1.13 X 1072 MO715 (35)

J. Phys. Chem. Ref. Data, Vol. 23, No. 4, 1994
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TABLE 6. Polyisobutylene in cyclohexane

Reference M X 107° R, Ry Az X 10*
(g mol™) (cm® g™ {nm) (nm) (cm® mol g7%)
32 1.60 106 7.36
2.52 145 6.69
391 203 29.0 6.16
8.15 342 43.0 465
14.6 552 61.0 428
319 989 98.3 3.73
410 1370 124 3.15
36 0.43 379 9.55
0.77 59.2 8.40
1.81 107 18.7 7.05
4.88 232 334 5.30
8.78 356 416 4.60
15.8 532 66.8 3.85
339 946 107 3.13
783 1830 177 2.68
141 2740 252 2.54
34 5.59 2717 36.6 499
7.07 329 42.8 5.29
35 1.08 722 6.77
1.26 5.46
127 71.8
1.29 81.1 5.50
1.33 847 117 6.47
1.67 102 13.4 5:51
221 116 5.63
3.25 163 5.30
3.30 168 19.6 522
436 198 5.42
4.48 207 23.6 5.9
6.32 254 485
7.45 297 312 451
10.1 375 426
14.8 482 46.7
15.4 3.73
16.1 533 3.0

In tetrahydrofuran the data are extensive (63 samples from 5.0
X 10% to 1.81 X 107 in M) and exhibit slightly more scatter
than do the data for PS in the other solvents. We believe that
much of this scatter may be auributable to faiture to consider
the need for kinetic energy corrections in many of these ex-
periments. Such corrections are needed frequently when
working with THF because of the lower viscosity of this
solvent as compared to the common aromatic solvents, e.g.
toluene and benzene. To illustrate this point, compare the [n]
data from Refs. 72 and 73 in Table 11. Two of the samples
employed by the two groups were identical (inter-laboratory
exchange), yet the [)] values found by the latter group were
consistently lower by a significant amount. Also, the ky values
found in the latter work were in the range of 0.43 to 0.54.
These values are higher than observed in most of the other
work in THF (and in other good solvents). When the samples
of Ref. 73 werc rerun using viscomcters having longer flow
times, [n] values identical to those in Ref. 72 were obtained.
We note that we have measured [n] values for PS in THF
when the THF is rigorously dried and distilled, used as re-
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ceived with stabilizer present, and with 1% water intention-
ally added. The [n] values appear to be quite insensitive to
these changes in solvent quality. These variations in solvent
quality would, however, have a big impact on dn/dc darta.
We believe that the {n] data reported for PS in THF in Refs.
75-78 may also reflect kinetic energy effects because they are
consistently smaller than other [n] values. If we exclude these
data from consideration and calculate the power law based
only on data from Refs. 67, 72, 74, and 80 (34 samples from
5 X 10*to 1.81 X 107 in M;; corr. coeff, = 0.9997), we obtain

[,q]THF =996 X 10-3 M0.734 . (36)

6.2. Radius of Gyration

As was the case with intrinsic viscosity data, many studics
of R, have also appeared for the PS/cyclohexane theta system.
Table 7 compiles R, data from light, neutron, and x-ray scat-
tering experiments performed on solutions. Analyzing data
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TaBLE 7. Polystyrene in cyclohexane

TaBLE 7. Polystyrene in cyclohexane — Continued

Reference M X 1078 Il Ry Ry Reference M X 1073 ] Rg Ru
(g mol™) (cm® g™") (nm) (nm) (g mol™) (cm® g™ (nm) (nm)
37,38 0.198 11.9 44 3.10 48.7
0,440 18.0 4.90 60.3
0.505 19.2 123 99.2
0.550 20,0 242 133
0.760 24.5 363 172
0.962 26.6 459 186
1.25 29.0 553 206
1.60 34.0 76.2 245
1.80 354 97.2 275
2.47 20
3.94 54,5 17.5 45 0.37 16.2
4,06 55.0 0.50 18.7
507 60.0 1.11 A279
6.22 66.0 21.5 2.54 42.4
6.26 22.0 392 52.3
8.62 78.0 ' 9.50 82.3
10.5 86.0
10.6 21.7 46 0.100 8.90
12.0 30.5 0.204 123
133 31.5 0.470 18.4
15.6 106 348 0972 264
40.4 57.1 1.60 34.7
44.0 68.1 4.11 55.0
13.4 99.0
39 0.84 6.53 30.8 155
1.16 279 7.83 48.0 192
2.16 383 86.7 259
2.38 10.4 150 350
275 41.4 232 435
6.75 68.4 229 18.5 319 522
8.60 77.6 25.5 390 564
17.0 37.7 282 568 667
40 2.38 40.9 11.1 47 1.06 28.1
426 52.8 19.0 146 294 46.6
12.1 92.0 322 24.7 4.20 55.7
385 165 575 456 6.40 68.7
54.7 195 69.2 53.6 9.60 84.2
41 879 87.9 48 0.510 19.0
152 116 4.81
235 145 0,982 21.0 6.52
320 167 1.10 29.0 7.28
380 183 1.83 36.0 8.73
557 228 3.90 53.0 126
4.11 56.0 13.0
42 2.49 440 498 61.0 14.3
341 53.1 8.67 74,0 179
7.65 80.0 257 18.0 114 26.2
157 116 21.45 26.9
28.8 153 489
49 109 25.1
43 0.175 10.78 1.70 338
0.500 17.63 422 51.3
1.00 24,79
233 41.79 50 3.59 51.2 13.0
6,00 68.77 7.32 73.4 18.7
18.0 113.9 13.2 98.1 25.1
-35.2 162

J. Phvs. Chem. Ref. Data. Vol. 23. No. 4. 1994
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TABLE 7. Polystyrene in cyclohexane — Continued

Reference M X 107% ] Rg Ry
(g mol™") (em® g™) (nm) (nm)
51 0.205 3.97
0.400 5.66
0.973 9.10
52 0.101 9.0
53 64.8 228 74.1
65.5 230 74.6
54 422 18.5
1.5 26.0
12,6 31.8
55 0.107 2.76 2.38
0.146 3.28 401
56 12,6 255
28.8 39.3
448 481
505 515
67.7 59.2
03.5 Mg
57 0.21 3.35
110 7.16
2.00 9.86
6.70 18.1
27.0 358
58 0.27 3.50
0.57 5.04
0.84 6.58
125 7.85
2.30 10.0
4.60 140
495 142

for 37 samples (1.07 X 10* to 5.57 X 107 in M) we derive
(corr. coeff. = 0.9995)

RS = 2.42 X 1072 MO 37)

If only light scattering data are considered for PS in cyclohex-
ane, we find (M from 3.94 X 10° to 5.57 % 107)

Ry =225 X 1072 MV (38)

with a correlation coefficient of 0.9991. Clearly the previous
two equations are in close agreement and we give preference
to Eq. 37 because of its being based on a larger molecular
weight range. Treatment of these data by the method of Bau-
mann"® yields

Ry =279 X 1072 M™2 39)

In benzene, analysis of 19 samples over the molecular weight
range of 3.42 X 10° to 5.68 X 107 reveals that
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REEN = 1.21 X 1072 M55 (40)

with corr. coeff, = 0.9998. An essentially identical equation is
found for PS in toluene (corr. coeff. = 0.9979)

R™ = 120 X 1072 M°%% 1)

based on consideration of data for 36 samples covering about
the same range of M.

Ethylbenzene appears to be a somewhat less good sotvent,
in the thermodynamic sense, for PS than is either benzene or
toluene. The data here are limited to 10 samples, ranging from
6.0 X 10° to 2.2 X 107 in M, which yield (corr. coeff. =
0.9977)

REB = 1,92 X 1072 MO5€2 (42)

R, data for the PS/tetrahydrofuran system  (Fig. 3) show
considerably greater scatter than for other systems. Based on
21 data points (corr. coeff. = 0.991)

RT™ = 2.45 X 1072 M5 (43)

Notice that the four data points at M = 3.7 X 10° give R,
values ranging from 91.5 to 105 nm, a range of about 14%.
Clearly, the need exists for additional careful studies on this
system.

6.3. Hydrodynamic Radius

Extensive high quality data are available for the molecular
weight dependence of Ry for PS in cyclohexane. Based on 43
samples (1.07 X 10*to 9.35 X 105 corr. coeff. = 0.9975) we
obtain

R = 2.15 X 1072 M* (44)

Application of the Baumann procedure'® gives
R =218 X 102 M2 (45)
In contrast to the extensive data for [)], R,, and A, for PS
in benzene, only one group™ has reported Ry data for this
system. Fortunately, these data cover the broad molecular
weight range from 7.75 X 10° to 1.34 X 107 and result in

(corr. coeff. = 0.9982)

RE™N = 1.55 X 1072 M2 | (46)

Neverthéless, more studies on Ry of this polymer/solvent pair

- would appear to be worthwhile.

For PS/toluene, based on 38 samples covering just over two
orders of magnitude in M, we compute (corr. coeff. = 0.9974)

R =1.06 X 107> M* (47)

and for PS/ethylbenzene, based on 9 specimens ranging from
9.3 X 10°t0 2.2 X 107 in M, we find (corr. coeff. = 0.9982)
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TABLE 8. Polystyrene in benzene

Reference M X% 1073 Ml Ry Ru A; X 10*
(g mol™) (em® g7") (nm) (nm) (cm® mol g7%)
42 2.46 101 4.46
3.42 131 24,0 4.12
1.56 230 374 3.34
159 399 57.5 291
28.7 583 829 2.25
41 87.6 164 1.82
150 227 1.66
232 297 1.44
319 353 1.28
390 392 1.22
568 506 1.09
a4 3.10 118
4.90 152 30.1 372
12.3 293 50.9 2.86
242 521 : 79.1 2.33
363 690 982 221
459 798 112 2.03
55.3 : 126 1.89
76.2 152 1.73
97.0 17 1.60
134 211 1.50
46 0.972 47.2
1.60 68.8
‘4,11 136
13.4 320
30.8 600
48.0 825
87.6 1302
150 2004
232 2802
319 3508
390 4007
568 5306
59 1.75 28.0
24.2 52.9
55.3 770
97.0 112
134 129
60 0.378 73
1.13 52.4 5.1
1.77 732 46
3.79 127 39
6.19 179 3.25
61 0.364 7.47
1.17 5.30
3.79 3.90
6.19 3.25

17.5 2.22

1. Phus Cham. Raf. Data. Vni. 23. Nn. 4 (1994}
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REP = 1.18 X 1072 pOse* (48)

In contrast to the scatter observed in some other data for the
PS/tetrahydrofuran system (see above and below), excellent
literature data are available for 27 samples (2.04 X 10%to0 2.2
X 107 in M) giving a correlation coefficient of 0.9990. The
power law

REF = 1.44 X 1072 M58 (49)

is obtained.

6.4. Second Virial Coefficient

Some of the most extensive and reliable good solvent A,
results available in the literature are probably those for PS in
benzene and toluene. For the former system (corr. coeff. =
0.9949 based on 30 samples)

AP = 1.06 X 1072 M%7 © (50)

whereas for the latter (corr. coeff. = 0.9774 based on 43
samples)

ATt = 1.02 X 1072 M08 (51)
More than two orders of magnitude in M are covered in both
cases, and the data indicate that benzene and toluene are
equally good solvents thermodynamically for PS, in agree-
ment with R, exponents reported above for these systems.
Much less data is available for the PS/ethylbenzene system,
but the most extensive and reliable data®™ suggest (8 sam-
ples; corr. coeff, 0.994)
AP =130 X 1072 M0 (53)

In tetrahydrofuran 23 data points covering just under three
orders of magnitude in M (corr. coeff. = 0.985) yield

ATF 29,03 X 1072 M0 (54)

7. Data for Poly(a-Methylistyrene)
Data for PaMS in the theta solvent cyclohexane (8 =
36 °C) and good solvent toluene are presented in Tables 12
and 13, respectively.

7.1. Intrinsic Viscosity

The cyclohexane data for [n)] of 26 samples over two orders
of magnitude in M yield (corr. coeff. = 0.9980)

[n] = 6.75 X 1072 MO (55)

The BSF treatment (16,17) yields
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[nle = 7.35 X 1072 M*? (56)

In toluene, 17 samples ranging from 5.9 X 10*to 7.47 X 10°
in M yield (corr. coeff, = 0.9989)

[] = 6.30 X 1073 Mo | 57
7.2. Radius of Gyration
The R, data in cyclohcxane give the power law
R, =233 X 1072 M*¥ | (58)

This result is based on 16 samples from three research groups
(corr. coeff. = 0.9979). The Baumann plot gives

Ry =277 X 1072 M (59)
This equation is virtually identical to Eq. 39, which relates R,
to M for the similar PS/cyclohexane system.
The R, data in toluene exhibit considerable scatter (Fig. 4).
Linear regression analysis (corr. coeff. = 0.9911) gives
Ry = 9.39 X 1073 M0 | (60)
The exponent is slightly larger than expected for a flexible

chain/good solvent system'>'*, More work on this system
appears to be needed.

7.3. Hydrodynamic Radius
Excellent and extensive Ry data are available for PaMS in
both cyclohexane and toluene. For the former, the data cover
almost 3 orders fo magnitude in M and yield (corr. coeff. =
0.9993)
Ry =2.49 X 1072 M%7 | (61)
The Baumann procedure'® yields

Ry =217 X 1072 M, (62)

In toluene (26 samples; 5.9 X 10*to 7.47 X 10°%) we find (corr.
coeff. = 0.9985)

Ry = 1.08 X 1072 M (63)

7.4. Second Virial Coefficient
For PaMS in toluene analysis of 27 samples covering two
orders of magnitude in molecular weight result in (corr. coeff,
= 0.9964)
A; =857 X 107 M7, 64)

The magnitude of the exponent is reasonably consistent with
theoretical expectations'®*.
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TABLE 9. Polystyrene in toluene

Reference M X 107° Ml R, Ry Az X 10°
(g mol™) (em® g™ (nm) (nm) (cm® mol g%
39 1.16 478 9.21
2.16 751 134
275 91.8 20.4 15.0
6.75 171 329 26.1
8.60 213 385 299
17.0 361 59.4 44.0
40 2.38 87 13.4 4,52
426 127 278 284 4.06
12.1 260 513 335 2.74
315 600 99.8 63.0 207
54,7 760 123 78.1 1.91
42 2.52 05.2 4,10
341 118 233 3.79
7.65 216 375 3.06
15.7 371 554 233
203 545 819 2.21
62 0.48 239 594
1.17 46.6 4,37
2.66 833 3.59
333 99.2 3.14
499 30.2
5.13 135 3.63
7.01 173 3.22
7.07 374
9.80 452
109 236 2.95
18.6 353 66.3 2.88
315 92.5
320 541 2.26
88.0 173
91.5 1147 1.93
232 303
236 2245 1.40
63 12.9 280 48.6 2.35
25.8 478 75.0 1.99
61.2 922 126 1.64
111 1429 178 1.34
159 1997 218 1.21
64 0.99 8.20 6.8
7.83 38.6 21.0 2.8
12.8 520 36.2 27
289 84.4 68.6 2.35
65 6.97 39.2 24,7
11.3 50.2 31.6
16.5 61.9 39.6
29.3 89.2 56.3
38.4 104 65.0
60.7 137 85.4
55 0.485 5.36
097 ' 8.28
424 28.0 18.5
58 0.57 5.89
: 0.84 7.16
1.25 9.07
2.30 12,6
4.60 19.4

J. Phvs. Chem. Ref. Data. Vol. 23, No. 4, 1994
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TaBLE 9. Polystyrene in toluene — Continued

Reference M X 10°° [l Ry Ru A, X 104
(g mol™) (cm’g™") (nm) (nm) (em’® mol g%
66 0.51 5.49
0.982 7.44
1.10 8.63
1.83 11.4
3.90 16.1
470 17.0
498 193
8.67 26.0
18.0 39.5
67 390 126
28.8 525
740 1050
96.0 1250
152.0 1700
181.0 1900

TABLE 10. PS in ethylbenzene

Reference M X 107° ] Ry Ry A; X 10*
(g mol™) (em® g™y (nm) (nm) (cm® mol g™
68 0.93 B 7.8
3.07 147 3.58
6.20 215 3.10
8.95 206 35 26.0 2.48
18.5 355 62.0 40.1 2.10
388 575 95.0 56.0 1.70
56.3 118 78.0 1.61
84.6 161 1.40
69 84.2 161 107
220 246 159
70 37.1 92.5 174
43 0.50 26.1
1.00 417
7 6.00 34.8
18.0 60.8
72 0.50 26.0
111 48.3
2,07 70.3
2.16 70.6
2.54 84.6
3.92 114
6.75 163
9.50 225
13.5 275
73 0.944 39.3
2.16 69.7
4.14 115°
7.57 178
8.67 189
13.5 266
33.7 519

J. Phys. Chem. Ref. Data, Vol. 23, No. 4, 1994



HYDRODYNAMIC AND THERMODYNAMIC PROPERTIES FOR LINEAR POLYMERS IN SOLUTION 633

8. Conclusions

" Values of the hydrodynamic and thermodynamic proper-
ties, [n], Ry, Ry and A,, have been collected for five common
linear, flexible chains in theta solvents and in good solvents.
It is believed that all of the pertinent literature results on
studies of narrow polydispersity (M /M , < 1.1) chains using
reliable instrumental methods, where all of the above men-
tioned parameters are reported, have been examined. Linear
power law expressions were observed for all parameters as a
function of molecular weight. This work appears to be the

first major effort in critically analyzing such data and compil-'

ing the corresponding power laws for narrow distribution

- chains.

Some conclusions are directly obtainable from the data.
First, it appears that in some cases the estimated unperturbed
dimensions of chains may depend on whether measurements
are made on samples in solution or in the bulk®". Second,
it appears that, in most instances, the results from different
investigators, in some cases using different methods, are
consistent. For example the results from photon correlation
spectroscopy and sedimentation velocity provide similar
diffusion coefficients and Ry values. Third, in contrast to the
claim'® that the MHS relationship breaks down at very high
molecular weights (M=10%, the extensive viscosity data
presented herein show no such deviations. Finally, the need
for additional measurements on certain systems has been
noted in the text.

TaBLE 11. Polystyrene in tetrahydrofuran

Reference M X 107° i Rg Ry A; X 10*
(g mol™") (cm® g™ (nm) (nm) (cm® mol g™
72 0.50 282
L1t 51.1
2.07 78.1
2.16 79.1
2.54 91.8
3.92 127
4.14 130
6.75 186
8.67 219
8.84 220
9.50 250
135 307
337 609
73 0944 405
2.16 733
4,14 122
1.57 191
8.67 204
8.84 205
13.5 287
17.8 349
33.7 556
74 0.506 29.3
0972 46.4
1.59 64.6
4.05 132
8.29 225
75 0.68 313
2.13 81.5
2.90 96.7
9134 221
223 391
76 2.00 72.6
8.67 223

21.6 473
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TABLE 11. Polystyrene in tetrahydrofuran — Continued

Reference M x 1073 ) Rg Ry As X 10*
(g mol™") (em® g™ (nm) (nm) (cm® mot g~%)
77 0.51 289
0.98 46.8
1.73 672
411 128
8.67 219
215 380
78 0.51 28.7
0.982 440
1.73 63.6
4.11 128
6.70 176
26.7 450
67 0972 48.7
2.00 78.8
3.90 134
6.70 189
123 309
242 498
25.3 521
45.9 800
55.5 895
96.0 1350
181 2100
80 0.51 28.0
0972 446
1.60 65.6
398 133
8.60 22
81 16.6 66.0
353 983
82 2.75 468
594 4.06
9.03 39.5 3.41
20.7 68.5 3.01
65 7.10 39.5 263
112 51.4 338
16,5 643 41.7
29.5 917 60.2
.1 105 69.5
62.7 138 01.1
68 037 5.75
0.51 631
1.10 103
3.90 20.4
411 202
6.00 262
8.92 438 3.96
182 59.0 482 295
30.0 623
38.0 94.5 2.57
548 86.6
555 118 2.20
76.0 116
842 137 2.06

J. Phys. Chem. Ref. Data, Vol. 23.. No. 4. 1994
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TaBLE 11. Polystyrene in tetrahydrofuran — Continued

Reference M x 107° [nl R, Ry A; X 10*
(g mol™") {em® g™ (nm) (nm) (cm® mol g%
69,83 0.94 591
3.20 4,10
6.30 3.69
9.20 : 40.0 3.09
18.2 2.56
18.35 58.0
377 . 915 69.5 2.19
54.7 118 89.3 2,01
83.2 136 109 1.83
220.0 244 195 1.41
84 0.204 3.7
0.510 6.2
0.97 8.7
1.60 119
4.11 20.2
8.60 29.8
18.0 47.1
85 0.48 6.83
0.90 5.40
1.57 5.15
4.05 394
8.06 3.53
10°F
—
£ 10°1
o -
(0 L
101 | Lt tirtl | (e | L il
5 6 7 - 8
10 10 10 10

FiG. 3. Ryasa function of M for PS in THF (x = Ref. 81; A = Ref. 82; @ = Ref. 65 O = Ref. 68; M = Refs.
69 and 83).
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TABLE 12. Poly(a-methylstyrene) in cyclohexane

Reference M X 107° m R, Ry
(g mol™) (em® g™ (nm) (nm)
86 2,04 33.6
3.42 420
4.44 43.5
7.68 62.8
119 81.1
18.2 98.5
33.0 130
747 206
87 0.59 176
1.18 25.0
3.05 40.4
6.65 59.1
9.03 69.5
11.4 76.1
88 0.49 16.6
121 253
1.83 330
2.68 382
89 0.96 233
2.20 36.2 ,
4.80 520 19.1
6.60 64.5 225
8.40 69.5 24.8
125 90.0 3238
15.4 10t 346
400 160 575
91 119 324
182 39.6
33.0 522
747 78.6
92 0.246 351
0.71 5.58
1.09 7.18
2.93 111
5.84 16.1
7.26 179
10.1 21.6
29.0 369
93 2.04 9.44
4.44 13.8
7.68 18.1
119 205
182 276
330 37.3
747 56.2
94 0.15 276
0.57 5.09
0.96 6.84
2.18 10.1
4.86 15.1
8.45 20.0
90 6.65 227
9.03 26.4
114 296
140 32.6
31.0 48.8
34.1 51.3

J..Phys. Chem. Ref. Data, Vol. 23, No. 4, 1994
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TaBLE 13. Poly(a-methylstyrene) in toluene

Reference M x 107° ) Ry Ry A X 10*
(g mol™) (mg™ (nm) (nm) (cm® mol g™
86 2.04 62.1
3.42 89.5
4.44 104
7.68 159
119 242
182 317
330 465
741 940
95 0.59 24.1 5.33
0.76 287 6.49
1.18 40.3 8.32
177 522 10.1
3.05 79.5 143
3.13 82.1- 142
6.65 139 219
9.03 170 26.4
11.4 198 29.1
91 2,04 3.24
3.42 22.3 2.80
4.44 27.0 2,65
6.94 345 : 2.20
119 48.0 1.85
12.4 457 1.94
146 55.4 1.82
182 63.0 1.67
33.0 85.6 1.48
74.7 137 1.17
96 0.69 407
114 3.55
297 2.71
6.11 2.29
7.79 218
10.5 2.00
30.0 1.56
6.51 29.1
10.8 41.4
28.0 88.7
97 571 28.1 19.1 2.42
1.7 411 28.1 2.00
29.6 740 50.2 1.48
92 0.71 6.44 413
1.09 8.25 3.78
293 142 2.89
5.84 21.8 2.30
726 24.4 223
10.1 289 1.98
29.0 52.1 1.56
93 2.04 11.9
444 18.5
7.68 25.4
1.9 320
18.2 41.4
33.0 57.8

747 87.5
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FIG. 4. R, as a function of M for PaMS in toluene (@ = Ref. 91; x = Ref. 96; [J = Ref. 97)



HYDRODYNAMIC AND THERMODYNAMIC PROPERTIES FOR LINEAR POLYMERS IN SOLUTION 639

Acknowledgements

‘We thank the Reviewers for their thorough readings and
insightful comments. NH thanks Exxon Research & Engi-
neering Company and Exxon Chemical Company for finan-
cial support. JSL acknowledges with gratitude support by the
Diagnostic Instrumentation and Analysis Laboratory of MSU.
JWM thanks the National Science Foundation for support
(Grant CTS-9107025. DMR and CTS Divisions) during the
time this review was written.

10. References

'J. Brandrup and E.H. Immergut, Eds, Polymer Handbook, 3rd Edition (Wi-
ley-Interscience, New York, 1989).

M. Morton and L.J. Fetters, Rubber Chem. Technol., 48, 359 (1975).

*H. Sato, Y. Tanaka, and K. Hatada, J. Polym. Sci., Polym. Phys. Ed., 21,
1667 (1983).

“S. Brownstein, S. Bywater, and D.J. Worsfold, Makromol. Chem., 48, 127
(1961). -

51.M.G. Cowie and S. Bywater, J. Polym. Sci., Part A, 6, 499 (1968).

°T. Kato, K. Miyaso, 1. Noda, T. Fujimoto, and M. Nagasawa, Macro-
molecules, 3, 777 (1970).

Y. Inoue, A. Nishioka, and R. Chujo, Makromol. Chem., 156, 207 (1972).

K.-F. Elgert, R. Wicke, B.S. Stutzel, and W. Ritter, Polymer, 16, 465 (1975).

°T.G. Fox, J.B. Kinsinger, H.F. Mason, and EM. Schuele, Polymer,3, 71
(1962).

I°T. Altares, D.P. Wyman, and V.R. Allen, J. Polym. Sci., Part A, 2, 4533
(1964).

'Y, Einaga, H. Koyama, T. Konishi, and H. Yamakawa, Macromole'cules,
22, 3419 (1989).

T, Konishi, T. Yoshizaki, T. Saito, Y. Einaga, and H. Yamakawa, Macro-
molecules, 23, 290 (1990).

E, Abe, Y. Einaga, and H. Yamakawa, Macromolecules, 24, 4423 (1991).

ME, Abe, K. Horita, Y. Einaga, and H. Yamakawa, Macromolecules, 27, 725
(1994) and references therein.

*Reference 1, sections 11 and VII.

'6W. Burchard, Makromol. Chem., 50, 20 (1960).

‘"W .H. Stockmayer and M. Fixman, J. Polym. Sci., Part C, 1, 137 (1963).

'*H, Baumann, J. Polym. Sci., Polym, Lett. Ed., 3, 1069 (1965).

H. Yamakawa, Modern Theory of Polymer Solutions (Harper and Row,
New York, 1971).

P G, de Gennes, Scaling Concepts in Polymer Physics (Cornell Univ. Press,
Ithaca, 1979).

'Y, Fujita, Polymer Solutions (Elsevier, Amsterdam, 1990).

2], Des Cloizeaux and G. Jannink, Polymers in Solution (Clarendon Press,
Oxford, 1990).

BN. Hadjichristidis, Z. Xu, L.J. Fetters, and J. Roovers, J. Polym. Sci.,
Polym, Phys. Ed., 20, 743 (1982).

], Roovers and LE. Martin, J. Polym. Sci., Polym. Phys. Ed., 27, 2513
(1989).

], Roovers, Polymer, 26, 1091 (1985). ‘

%R H. Colby, L.J. Fetters, and W.W. Graessley, Macromolecules, 20, 2226
(1987).

7J. Roovers, P. Toporowski, and J. Martin, Macromolecules, 22, 1897
(1989).

3N. Hadjichristidis and J.E.L. Roovers, J. Polym. Sci., Polym. Phys. Ed., 12,
2521 (1974).

®J. Prud’homme, J.E.L. Roovers, and S. Bywater, Eur. Polym. J., 8, 901
(1972).

%Y. Tsunashima, M. Hirata, N. Nemoto, and M. Kurata, Macromolecules,
21, 1107 (1988).

IN.S. Davidson, L.J. Fetters, W.G. Funk, N. Hadjichristidis, and W.W.
Graessley, Macromolecules, 20, 2614 (1987).

%T. Matsumoto, N. Nisicka, and H. Fujita, J. Polym. Sci., Polym. Phys. Ed.,
10, 23(1972).

®F. Abe, Y. Einaga, and H. Yamakawa, Macromolecules, 24, 4423 (1991).

3%T. Tsuji and H. Fujita, Polym. J., 4, 409 (1973).

3L.J. Fetters, N. Hadjichristidis, J.S. Lindner, J.W. Mays, and W.W. Wilson,
Macromolecules, 24, 3127 (1991).

%y, Nakamura, K. Akasaka, K. Katayama, T. Norisuye, and A. Teramoto,
Macromolecules, 25, 1134 (1992).

¥G.C. Berry, J. Chem. Phys., 44, 4550 (1966).

%G.C. Berry, J. Chem. Phys., 46, 1338 (1967).

%], Roovers and P.M. Toporowski, J. Polym. Sci., Polym. Phys. Ed., 18,
1907 (1980).

“B K. Varma, Y. Fujita, M. Takahashi, and T. Nose, J. Polym. Sci., Polym,
Phys. Ed., 22, 1781 (1984).

Y, Miyaki, Y. Einaga, and H. Fujita, Macromolecules, 11, 1180 (1978).

“2A. Yamamoto, M. Fujii, G. Tanaka, and H. Yamakawa, Polym. J., 2, 799
(1971).

“°F. Gundert and B. A. Wolf, Makromol. Chem., 187, 2969 (1986).

‘M, Fukuda, M. Fukutoni, Y. Kato, and T. Hashmoto, J. Polym. Sci., Polym.
Phys. Ed,, 12, 871 (1974).

*J.W. Mays, N. Hadjichristidis, and L.J. Fetters, Macromolecules, 18, 2231
(1985).

“Y. Einaga, Y. Miyaki, and H. Fujita, J. Polym. Sci., Polym. Phys. Ed., 17,
2103 (1979).

“TA.A.A. Abdel-Azim and M.B. Huglin, Polymer, 24, 1429 (1983).

4%y, Petrus, B. Porsch, B. Nystrom, and L.-O. Sundelof, Makromol. Chem.,
184, 295 (1983).

“A. Kotera, T. Saito, and T. Hamada, Polym. J., 3, 421 (1972).

**Konishi et al., Macromolecules, 24, 5614 (1991),

T, Konishi, T. Yoshizaki, T. Saito, Y. Einaga, and H. Yamakawa, Macro-
molecules, 23, 290 (1990).

5?y, Einaga, H. Koyama, T. Konishi, and H. Yamakawa, Macromolecules,
22, 3419 (1989).

Y. Miyaki, Y. Einaga, H. Fujita, and M. Fukada, Macromolecules, 13, 588
(1980).

*T. Oyama, K. Shiokawa, and K. Baba, Polym. J., 13, 167 (1981).

**K. Huber, S. Bantie, P. Lutz, and W. Burchard, Macromolecules, 18, 1461
(1985).

%@, Jones and D. Caroline, Chem. Phys., 37, 187 (1979).

*'T.A. King, A. Knox, W.I. Lee, and J.D.G. McAdam, Polymer, 14, 151
(1973).

%8J.M.G. Cowie and S. Bywater, Polymer, 6, 197 (1965).

*N. Nemoto, Y. Makita, Y. Tsunashima, and M. Kurata, Macromolecules,
17, 424 (1984).

“P, Munk and M.E. Halbrook, Macromolecules, 9, 568 (1976).

#'$.G. Chu and P. Munk, J. Polym. Sci., Polym. Phys. Ed., 15, 1163 (1977).

“R. Kniewski and W.-M. Kulicke, Makromol. Chem., 184, 2173 (1983),

®H. Utiyama, S. Utsumi, Y. Tsunashima, and M. Kurata, Macromolecules,
11, 506 (1978).

%S, Bantle, M. Schmidt, and W. Burchard, Macromolecules, 24, 5729 (1991).

8. Park, T. Chang, and I.H. Park, Macromolecules, 24, 5729 (1991).

%y, Petrus, B. Porsch, B. Nystrom, and L.-O. Sundelof, Makromol. Chem.,
183, 1279 (1982).

G, Meyerhoff and B. Appelt, Macromolecules, 12, 968 (1979).

R, Venkataswamy, A.M. Jamieson, and R.G. Petschek, Macromolecules,
19, 124 (1986).

“M. Bhatt and A.M. Jamieson, Macromolecules, 22, 2724 (1989),

M, Bhatt, A.M. Jamieson, and R.G. Petschek, Macromolecules, 22, 1374
(1989).

"'F, Gundert and B.A. Wolf, J. Chem. Phys., 87, 6156 (1987).

S, Nan and J.W. Mays, unpublished data.

N. Hadjichristidis and L.J. Fetters, unpublished data.

™L.J. Tung, J. Appl. Polym. Sci., 24, 953 (1979).

7. Grubisic, P. Rempp, and H. Benoit, J. Polym. Sci., B-5, 753 (1967).

"M.R. Ambler and D. Mcintyre, J. Polym. Sci., B-13, 589 (1975).

7, Pannell, Polymer, 13, 277 (1972).

"W.S. Park and W.W. Graessley, J. Polym. Sci., Polym. Phys. Ed., 15, 71
(1977).

B, Appelt and G. Meyerhoff, Macromolecules, 13, 657 (1980).

%K A. Boni, F.A, Sliemers, and P.B. Stickney, J. Polym. Sci., A-2, 6, 1567,
1579 (1968).

#11.S. Lindner, W.W. Wilson, and J.W. Mays, unpublished data.

1. Phus. Cham. Raf Data_ Vol. 23. No_ 4. 1994



840 FETTERS ET AL.

MY, Wan, Z. Xu, J. Li, W. Rosenblum, and J.W. Mays, J. Appl. Polym. Sci.,
49, 967 (1993).

¥M. Bhatt and A.M. Jamieson, Macromolecules, 21, 3015 (1988).

%W, Mandema and H. Zeldenrust, Polymer, 18, 835 (1977).

#C.J. Stacy and G. Kraus, J. Polym. Sci., Polym. Phys. Ed., 17, 2007 (1979).

1, Noda, K. Mizutani, T. Kato, T. Fujimoto, and M. Nagasawa, Macro-
molecules. 3. 787 (1970).

¥].S. Lindner, N. Hadjichristidis and J.W. Mays, Polym. Commun., 30, 174
(1989).

®A. Kotera, T. Saito, and T. Hamada, Polym. J., 3, 421 (1972).

¥J.M.G. Cowie, S. Bywater, and D.J. Worsfold, Polymer, 8, 105 (1967).

%7, Li and J.W, Mays, unpublished data.

'T. Kato, K. Miyaso, 1. Noda, T. Fujimoto, and M. Nagasawa, Macro-
molecules, 3, 777 (1970). :

2P M. Cotts and J.C. Selser, Macromolecules, 23, 2050 (1990).

J. Phys. Chem. Ref. Data, Vol. 23, No. 4, 1994

%I. Noda, K. Mizutani, and T. Kato, Macromolecules, 10, 618 (1977).

%1.M.G. Cowie and S. Bywater, J. Polym. Sci., Part C, 30, 85 (1970).

%1.S. Lindner, W.W. Wilson, and J.W. Mays, Macromolecules, 21, 3304
(1988).

%3. Kim and P.M. Cotts, J. Appl. Polym. Sci., 42, 217 (1991).

8. H. Kim, D.J. Ramsey, and G.D. Patterson, J. Polym. Sci., Polym. Phys.
Ed.. 28. 2023 (1990). '

%Z. Xu, N. Hadjichristidis, L.J. Fetters, and J.W. Mays, Adv. Polym. Sci., in
press (1994).

%Q. Quadrat, M. Bohdanecky, and L. Mrkvickova, Makromol., Chem., 182,
445 (1981).

195 M. O’Reitly, D.M. Teegarden, and G.D. Wignall, Macromolecules, 18,
2747 (1985).

"'H. Ito, T.P. Russell, and G.D. Wignall, Macromolecules, 20, 2213 (1987).

192p J, Barham and A. Keller, Colloid Polym. Sci., 267, 494 (1989).



