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it is sometimes possible to locate complete breaks among
the remaining conformations. There may be boundaries
between two adjacent residues which are never included
within a single region. This permits treatment of such
molecular fragments in a completely independent way.

Application of this reduction to the conformations in
Table I shortens the list by eliminating forms 3, 5, 7, 9,
11, 21, 25, 26, 27, 28, 29, 30, 33, 35, 36, and 39. The original
42 forms are reduced to 26 in this way; however, there are
no independent fragments since conformation 12, which
spans the whole fragment, is retained. If alternation of
conformations were not imposed, then the list could be
shortened further by retaining only the most favored
conformation for each specific region, e.g., by comparing
the free energy of a;_; from Table I with that of 35 ; and
eliminating aj_;.

The results obtained by the present method are very
similar to those obtained by the authors, using another
selection scheme.? That “conformation stability” selection
can be applied to the set of conformations in Table I. This
method follows: (1) all conformations are placed in order
by their associated free energies, (2) the most favorable
conformation is chosen, (3) the next most favorable form
is chosen if it does not include residues previously chosen,
and (4) the third step is repeated until every residue is
assigned a conformation. Application to the data in Table
I yields -12.2 for 8,03 gcr; or —10.0 for 8,343+, depending
on whether or not the condition of alternation is imposed.
A comparison with the previous examples indicates that
there is a tendency for the free energy minimization to
vield somewhat shorter, less regular forms than does the
conformation stability scheme. The energy minimization
scheme would be expected to reflect somewhat more di-
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rectly any inadequacies in free energy calculations because
it does not depend so much on the effects of averaging over
longer segments. Results with both methods are usually
approximately the same; this provides an indication that
the conformation stability selection gives conformations
which closely approximate minimum free energy forms.
Both methods yield the most significant feature of the
present fragment, namely, the short helix. Experimental
X-ray results’ indicate that the correct form is approxi-
mately B03.667-10-

The present energy minimization method yields a global
minimum, within the approximation of representing the
total free energy as the sum of free energies of independent
secondary structure regions. It should be possible to im-
pose inter-region energy calculations at each selection step
in the energy minimization method. This might eliminate
the problem of choosing too many single independent
residue conformations and would incorporate some of the
tertiary interactions; however, it may introduce a depen-
dence on the selection pathway.
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Infinite-Dilution Oscillatory Flow Birefringence Properties of
Four-Armed Star Polystyrene
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ABSTRACT: The oscillatory flow birefringence properties (characterized by the magnitude S,, and relative
phase angle 6, of the complex mechanooptic coefficient S*) of solutions containing what were thought to be
four-armed polystyrene stars (equal length arms linked with SiCly) with narrow distribution number average
molecular weights of 2.34 X 10° and 8.58 X 10° have been measured over a frequency range from 10° to 2 X
10% Hz at several temperatures. The solvent was Aroclor 1248, lot KM 502, a chlorinated biphenyl. The data
have been extrapolated to obtain infinite dilution properties which are compared with the predictions of the
Zimm-Kilb theory. The fits obtained indicate that the samples have substantial amounts of functionality
polydispersity; the supposedly four-arm molecules apparently consist of a mixture of two-, three-, and four-armed
structures, with the major component having three arms. Also, the values of the hydrodynamic interaction
parameter required to generate theoretical fits to the data are essentially the same as those required to fit
infinite dilution oscillatory flow birefringence and viscoelastic properties of linear polystyrenes in Aroclor
solvents but are substantially different from those obtained for star polystyrene molecules from infinite dilution
viscoelasticity studies. The precision obtainable with the oscillatory flow birefringence technique suggests
that it may be a useful method for detecting small amounts of long-chain branching.

There have been several studies of the frequency de-
pendence of the oscillatory flow birefringence (OFB) and
viscoelasticity (VE) of linear polymers in solutions suffi-
ciently dilute to enable extrapolation to obtain infinite
dilution properties.!® The theory of Zimm! has been
shown to be in very good agreement at low frequencies with

* Address correspondence to this author at the Department of
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the above data when exact eigenvalues obtained by the
method of Lodge and Wul2 are used. Branched polymers
have also been of interest since the long time end of the
relaxation spectrum is affected substantially by overall
chain topology. Several viscoelastic studies have been
reported for polymers with a variety of types of branching,
some of which have included extrapolations to obtain in-
finite dilution properties.!>'® Again these data have agreed
quite well at low frequencies with the Zimm-Kilb theory®
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as evaluated by Osaki and Schrag,? although some of the
theoretical fits required anomalously high values of the
hydrodynamic interaction parameter h*.1314.18

This paper describes initial OFB studies of the effect
of chain topology on molecular dynamics. Data for two
samples thought to be four-armed star polystyrenes have
been extrapolated to obtain infinite dilution properties
which are compared to predictions of the Zimm-Kilb
theory and to earlier VE studies of the identical sam-
ples. 131819

Experimental Section

Materials. The two samples of four-armed star polystyrene
were synthesized in the laboratory of Professor S. Onogi of Kyoto
University, Japan, via anionic polymerization with n-butyllithium
catalyst to give living polystyrene arms of narrow molecular weight
distribution. These branches were then linked with SiCl, to form
the four-armed stars with branches of equal length.!318% Sample
LB-16 has a reported M; of 2.34 X 10° (osmometry) with a M/ M,
ratio of 1.17 (GPC), while the corresponding values for sample
LS-13 are 8.58 X 10° and 1.29, respectively. These were dissolved
in Aroclor 1248, lot KM 502, a chlorinated biphenyl manufactured
by the Monsanto Chemical Co. This solvent was selected both
for its large dependence of viscosity on temperature and for its
close match in index of refraction to polystyrene to minimize form
birefringence effects which are not included in the Zimm or
Zimm-Kilb theories.> Solutions were prepared by weight with
moderate heating (40 °C) and very gentle stirring by hand once
a day. The highest concentrations were made first, with subse-
quent dilution to obtain the lower concentrations, primarily due
to very limited amounts of sample; this also restricted the number
of concentrations studied. The solution concentrations were
0.0188, 0.0117, and 0.00506 g/cm?® for LB-16 and 0.0165, 0.00933,
and 0.00427 g/cm? for LS-13 (assuming p = 1.4523 and 1.06 g/cm®
for Aroclor 1248 and the polystyrenes, respectively, and additivity
of volumes).

Method. The thin fluid layer OFB apparatus used to obtain
the measurements has been described previously.”® This system
has now been interfaced to a second generation computerized data
acquisition and processing system (DAPS) based on a Varian
620/L-101 minicomputer, providing substantial improvement over
the lock-in amplifier used in previous studies. The effective
frequency range of five decades is double that obtainable with
the lock-in, resulting in fewer data runs required to cover a so-
lution's complete relaxation spectrum. In addition, the minimum
measurable birefringence (approximately 107! difference in the
principal indices of refraction for £1% precision) is two orders
of magnitude better than was obtained previously. This enhanced
sensitivity is essential for the low concentration studies necessary
for reliable extrapolations to obtain infinite dilution properties.

Many of the principles and procedures utilized in the new
DAPS are similar to those of the first generation system designed
by Massa and Schrag for use with the modified Birnboim and
multiple-lumped resonator apparatuses for measurement of so-
lution VE properties.?* % Hardware improvements over the old
system include faster amplifiers, computer-controlled frequency
selection, and more memory.?? The major change in the data
processing is the inclusion of signal averaging which is accom-
plished in real time during the data acquisition. The combination
of this technique for random noise rejection and the previously
used cross-correlation methods of the first version of the DAPS#*#
provides an unexpectedly large enhancement of the noise rejection
capability. For example, the measured relative phase angle be-
tween two sinusoidally time-varying signals typically will exhibit
less than 0.1° of scatter at a signal-to-noise ratio of 1. This level
of precision is especially important for these studies since the
Aroclor solvent is itself birefringent. Thus, following the procedure
of Sadron,? it is necessary to subtract off (vectorially) the relatively
large (at low concentrations) contribution of the solvent to obtain
the net polymer contribution.??

Results

The birefringence data obtained at an optical wavelength
Ao = 5770 A are reported in terms of the frequency de-
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Figure 1. Plots of magnitude (S,,/ar) and relative phase angle
6, of the complex mechanooptic coefficient S* plotted loga-
rithmically against frequency and reduced to 25.00 °C for the
234000 molecular weight four-armed star polystyrene/Aroclor
solution noted in the figure; data obtained at four temperatures
as shown.

pendence of the magnitude S, and phase angle 6, of the
complex mechanooptic factor S* defined as

S* = S exp(if,) = —An* /4* (1)

where An, the real part of An*, is the difference in indices
of refraction n, and n, in principal directions 1 and 2, and
4, the real part of 4*, is the sinusoidally time varying shear
rate, as defined previously.”® Measurements were obtained
at four temperatures for each solution, and the data were
reduced to 25.0 °C reference temperature via time—tem-
perature superposition,?®% resulting in reduced variable
(logarithmic) plots of Sp/at and 6, vs. log far (frequency
f in Hz) as illustrated in Figures 1 and 2 for the highest
concentrations of each polymer that were studied. The
shift factors ar were obtained from the temperature de-
pendence of the low-frequency, frequency-independent S,
values where possible.”®® For some low-temperature data,
it was necessary to also obtain shift factors from the tem-
perature dependence of the birefringence of the solvent
which for Aroclors is essentially identical with the tem-
perature dependence of viscosity.?® As can be seen from
the figures, the superpositions obtained are excellent. Data
scatter (before superposition) for S, and 6, was under 0.1%
and 0.2°, respectively, throughout most of the frequency
range for these solutions except for the lowest concentra-
tion and/or high frequencies where the solvent birefrin-
gence correction becomes large.

For both polymer samples, 6, changed by more than 90°
from the steady flow limit, as has been reported earlier for
linear polystyrenes.”® The character of the low-frequency
data for these branched polymers resembles that of linear
polymers as well 23 but there is a marked increase in the
sharpness of the knee of the phase curve (log fap = 2.5 to
3 for LB-16 and 1.5 to 2 for LS-13) relative to curves for
linear polymers of comparable molecular weights and
concentrations.

To obtain infinite dilution properties, values of log
(Swm/car) and 6, were plotted vs. concentration c; sample
plots for sample LB-16 are shown in Figure 3 for repre-
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Figure 2. (S,,/ar) and 6, plotted logarithmically against frequency
and reduced to 25.00 °C for the 858 000 molecular weight four-
armed star polystyrene/Aroclor solution noted in the figure; data
obtained at four temperatures as shown.
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Figure 3. Log (S, /at) and 6, plotted against concentration for
selected values of log (fat) (shown to the right of each line) to
illustrate extrapolation procedures to obtain infinite dilution [S,]
and [6,] properties (filled circles); polystyrene LB-16 in Aroclor
1248, data reduced to 25.00 °C.

sentative values of fat (listed at the right end of each line).
The extrapolation curves for L.S-13 are essentially identical
in character. The intercepts of the lines (filled circles)
define the intrinsic values log [S,,] and [6,]. Figures 4 and
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Figure 4. Infinite dilution properties [S,] and [8,] plotted log-
arithmically against frequency at 25.00 °C for the star poly-
styrene/Aroclor solution noted in the figure; theoretical curves
are Zimm-Kilb predictions for Ny, h*, and F values listed and
are arbitrarily shifted to obtain best fit. Log f at which each
theoretical plot gives wr; = 1 is indicated by short vertical lines
subscripted with the appropriate value of F.
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Figure 5. [S,] and [6,] plotted logarithmically against frequency
at 25.00 °C for the star polystyrene,/Aroclor solution noted in the
figure; theoretical curves are Zimm—Kilb predictions for Ny, h*,
and F values listed and are arbitrarily shifted to obtain the best
fit. Log f at which wr; = 1 are indicated by subscripted short
vertical lines.

5 present the intrinsic properties for LB-16 and LS-13,
respectively. These extrapolations have been carried out
in order to examine the topological influence on the ob-
served polymer dynamics, not to study the concentration
dependence per se, primarily due to the very limited
quantitiy of sample that was available; this also dictated
the use of only three dilutions with the maximum con-
centrations as noted above. However, extensive studies
of concentration dependence of OFB properties of poly-
styrene/Aroclor solutions have been carried out in these
laboratories;”® based on these additional studies and the
high degree of reproducibility of the data, the extrapolated
properties reported here are expected to have an uncer-
tainty for [S,,] of less than 3% and for [6,] of less than 1°,
In general, OFB data extrapolations to obtain intrinsic
properties of polymer solutions have much less scatter than
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comparable VE plots, 1792531

Discussion

The curves in Figures 4 and 5 are for the Zimm-~Kilb
bead-spring model theory?2? incorporating exact eigen-
values calculated by the method of Lodge and Wu,!112
assuming star-shaped topology with F branches of equal
length each containing Ny, beads. All branches are linked
to a central bead giving (N,F + 1) total beads per model
molecule. The mechanooptic coefficient defined by eq 1
is given by
S* 2Nb—1
o =HF-1D X [O/MIL - ieriO0/ N/ +
SO Poda=1

2Nb

(@r)? (/A + Z 2[{(>\1/>\p)[1 —lwri (M /AL +
pmn=

INy-1 2N,
(r)®M/M)ANAEFE -1 X N/ X+ 2 N/ (D)
Poga=1 Peven=2
where S, is the steady flow limit of S*, A, is the pth ei-
genvalue of the Zimm H-A matrix,? w is the angular fre-
quency, 7; is the longest relaxation time, and { = -1Y/2, The
primary effect of the star geometry is to weight the odd-
and even-numbered modes differently. Curves are shown
for functionality F = 2, 3, and 4, since it has been reported
that when chlorosilanes are used to link polystyrene seg-
ments to form star structures, steric factors which can lead
to substantial bond strains result in less than complete
linking.3>* Thus it is probable that both the LB-16 and
LS-13 samples contain appreciable amounts of two- and
three-armed stars in addition to the desired four-armed
structure, In synthesis, the linear branches (with very
narrow molecular weight distribution) are linked to form
the stars; thus Ny, is kept constant for each theoretical
curve for a given sample. The curves were empirically
positioned to obtain the best fits to the data in the wr; =
1 region (the model-dependent values of wr; = 1 for each
value of F are indicated by short vertical lines below the
curves). Sample quantities precluded [n] determinations
for absolute positioning of the theoretical curves.l"® The
values of the hydrodynamic interaction parameter shown
in Figures 4 and 5 were those that provided optimum fits
in the frequency regime around wr; = 1 and are in good
agreement with values obtained from OFB and VE studies
of linear polystyrenes.}>™® For both samples, the curves
for F = 3 provide the best fit but clearly differ from the
data, indicating that the samples contain mixtures of
significant amounts of two-, three-, and four-armed stars,
with the major fraction being three-armed structures.
Viscoelasticity measurements have previously been
carried out and extrapolated to infinite dilution for both
LB-16 and LS-13, using the multiple-lumped resonator.?'
A surprising result of these studies was the unusually large
value of h* required to generate theoretical curves that fit
the data. In a © solvent, values of h* = 0.40 were required,
whereas O conditions are expected to correspond to h* =~
0.221112 g5 has been found for linear polystyrenes.!'?®
Similar large values of h* were necessary to fit data for a
nine-armed star polystyrene;!* the data were fit with A*
= (.40 in two different © solvents and 0.25 for a good
solvent. The VE properties of LS-13 have also been
measured at finite concentrations in an Aroclor solvent
with the modified Birnboim apparatus;'® an A* = 0.09 was
required to fit the data obtained at the lowest measured
concentration (0.0181 g/mL). The VE data obtained at
finite concentrations for LS-13 are in reasonable agreement
with the OFB results reported here. It is expected that
h* will increase as O conditions are approached, but the
physical significance of a value exceeding h* = 0.22 is
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unclear. Since VE properties are substantially more dif-
ficult to obtain than OFB, the scatter seen in such plots
tends to mask what may be small deviations from theory.
Thus the previous VE results were compared with theo-
retical curves calculated assuming no functionality poly-
dispersity; it may be that the large values of h* required
to obtain fits are in part a result of this assumption.

In summary, some previous VE data have indicated that
branching enhances hydrodynamic interaction,!®1418
However, contradicatory VE evidence exists for poly-
butadienes in a good solvent where A* = 0.1 was required
for a four-armed star while h* = 0,15 was necessary for a
linear molecule.? In view of the apparent functionality
polydispersity of both the LS-13 and LB-16 samples, it is
difficult to establish the influence of polymer branching
on the theoretical hydrodynamic interaction parameter
required to obtain curve fits for either the OFB or VE data.
In fact, because of this polydispersity problem, previous
VE data for polystyrene stars referenced herein—as well
as the present OFB study—probably are not quantitatively
stringent tests of theory or of the utility of these methods
for determining molecular topology. However, the qual-
itative aspects of the observed topological influences on
OFB and VE properties—such as the bump appearing in
the (G — wn,) and 6, curves in the wr; = 1 frequency
regime, the decrease in G’ relative to (G — wn,) for wry <
1, and the shift of wr; = 1 with functionality shown in
Figures 4 and 5—are correct. The high precision obtain-
able with the OFB technique suggests that it may be a
useful method for exploring molecular topology and for
detecting small amounts of long-chain branching for ap-
propriately monodisperse samples.

Future OFB and VE studies are being planned on
homopolymer star molecules with various functionalities
and low functionality polydispersity in a variety of dif-
ferent solvents to reexamine the effect of branching on
chain dynamics.
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Estimation of Solubility Parameters for Some Olefin Polymers
and Copolymers by Inverse Gas Chromatography
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ABSTRACT: Flory-Huggins x parameters have been determined by gas chromatography at 30 °C for ten
standard hydrocarbons in ethylene (40% )-propylene (60%) copolymer, cis-polyisoprene, and amorphous
polypropylene to estimate the polymer solubility parameter (8,°) by the method developed by DiPaola-Baranyi
and Guillet. The results are as follows: 8,” = 7.70 % 0.11 for ethylene—propylene, 7.96 % 0.10 for cis-polyisoprene,
and 7.67 £ 0.16 for polypropylene. The parameters for ethylene—propylene were also estimated by extrapolation
from the higher temperature data (63-83 °C) and found to be in good agreement with those estimated directly.

The solubility parameter concept has been used exten-
sively in practical applications of polymers. DiPaola-
Baranyi and Guillet? have recently shown that inverse gas
chromatography, using a polymer as the stationary phase,
can be a simple and convenient method for estimating
solubility parameters for polymers. The method is based
on the principle that the Flory-Huggins x parameter can
be readily determined from retention data on various small
molecule probes and that x can be related to solubility
parameters by Hildebrand—Scatchard theory* combined
with Flory theory,’® as follows:

x = (Vi/RT)(5, - §y)* )
where x has free-energy characteristics, i.e.,
X=xutxs (2)

and V, is the molar volume of the probe used, §; is the
solubility parameter of the probe, and 3, is the solubility
parameter of the polymer. In the usual experiment, x is
determined under conditions approximating infinite di-
lution of the prob# in the polymer, and hence the value
of 8, is more correctly designated 6,7, since it is also an
infinite dilution quantity. For reasons outlined previously,?
this quantity may have more fundamental significance
than the value of §, measured at finite solute concentra-
tions by classical methods such as swelling or solubility
measurements. Furthermore, at the high dilution of the
experiment, it is possible that the assumptions of regular
solution behavior, inherent in the Hildebrand-Scatchard
treatment, are more closely fulfilled.

The method has been successfully applied to estimate
consistent 8, values for polystyrene at 193 °C, poly(methyl

0024-9297/79/2212-1163801.00,/0

acrylate) at 100 °C, and poly(vinyl acetate) at 135 °C, using
a variety of standard hydrocarbon solutes of different §,
values. 8, was also estimated at 25 °C, using x parameters
computed by extrapolation of the higher temperature data
according to

x=a+8/T (3)

where the constants o and 8 should have characteristics
of entropy and enthalpy, respectively. This empirical
equation is usually valid only for relatively small ranges
of temperature; however, the §,” values thus obtained were
shown to agree well with literature data, supporting the
idea that the derived parameters might be practically
useful in predicting polymer solubility even at finite con-
centrations.

The present work extends the method to polymers in-
cluding ethylene—propylene copolymer (EPR), cis-poly-
isoprene (PIP), and amorphous polypropylene (PP). Since
these polymers have very low glass-transition temperatures
(-20 °C or lower), the GLC data can be obtained close to
room temperature, so that their §,” values can be deter-
mined directly and compared with those estimated by the
extrapolation method. It will also be shown that the x
parameters are more properly expressed by the relation
derived by Huggins’ and by Scott and Magat:®

x = (Vi/RT)(6; - 52)2 + v 4)

where v is an entropy correction term which is often
considered to be a constant near 0.3 for many polymers.??

Experimental Section

Ethylene-propylene rubber was Exxon Vistalon 404 with a
composition of 40% ethylene and 60% propylene. cis-Poly-
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