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ABSTRACT: Oscillatory flow birefringence (OFB) has been used to determine the dilute solution and infinite
dilution conformational dynamics properties of four low molecular weight polystyrenes (PS) (M = 2.0 X 103,
5.5 X 103, 2.0 X 104, and 3.2 X 104) in Aroclor 1248. These results are well-described by the bead—spring model
(BSM) of Rouse and Zimm, using exact eigenvalue calculations and small values of the number of subchains,
N. The initial concentration dependence of the relaxation times is in good agreement with the extension of
Muthukumar and Freed. These resultsare predicated onthe appropriate subtraction of the solvent contribution
to the measured solution properties, which, in contrast to the conventional approach, is not given by the
volume-fraction-weighted neat solvent birefringence. Additionally, pulsed-field-gradient NMR and forced
Rayleigh scattering have been used to determine the infinite dilution diffusion coefficients for five PS samples
(M = 2.0 X 103, 5.5 X 10%, 9.0 X 1083, 3.2 X 104, and 9.0 X 10%) in the same solvent. These results are well-
represented by the Kirkwood-Riseman expression, using the same parameter values as used to interpret the
OFB results. Furthermore, the diffusivities are equivalent to those reported for PS in toluene and cyclo-
hexane, whenscaled by the respective solvent viscosities. The OFB and diffusivity results have been combined
with other literature data for PS in Aroclor 1248, including intrinsic viscosity, radius of gyration, and OFB
properties for other molecular weights, to provide a stringent test of the BSM. All of the dynamic properties
can be described quantitatively with one set of parameter values. This apparent success of the BSM is
surprising, given the simplified description of the chain dynamics at the segmental level and the relatively
low molecular weight samples examined. In particular, the OFB data suggest a distinct high-frequency end

to the relaxation spectrum, corresponding to the relaxation of a ca. 50 monomer subchain.

Introduction

The conformational dynamics properties of flexible
chains in solution can provide critical tests of molecular
models in addition to unique characterization information.
The former assertion rests on the precise experimental
determination of the infinite dilution relaxation behavior,
over a wide range of frequency. Measurements of the
dynamic shear viscosity, 7* (or the dynamic shear modulus,
G*) and the dynamic shear birefringence, S*, have been
shown to supply such information.!1®¢ The frequency-
dependent properties reflect characteristic motions over
arange of length scales and may therefore be quite sensitive
to details in the formulation of any given model. On the
other hand, some experimentally more accessible quan-
tities, namely, the radius of gyration, Ry, the translational
diffusion coefficient, D, and the intrinsic viscosity, [4],
may be viewed as yielding information on one moment of
the monomer distribution function, i.e., predominantly
onone length scale. From a characterization perspective,
the frequency-dependent properties have also been dem-
onstrated to be particularly dependent on the length and
topological arrangement of long-chain branches,!™2° ag
well as the location and length of the blocks in block
copolymers,21-23

A conformational dynamics experiment can be used to
measure the longest relaxation time, 71, in addition to the
relaxation time spectrum, {74}z=1,9,.. 5; in combination with
Ryg, Do, and [n], there are at least five independent observ-
ables that may be compared with theory. The most
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extensively employed model for describing the behavior
of dilute solutions of flexible polymers, the bead-spring
model (BSM) pioneered by Rouse and Zimm,?4 requires
specification (in its simplest form) of only three parameters;
thus, a stringent experimental test of the model may be
performed by determining the molecular weight (M)
dependence of these five observables, at infinite dilution.
Surprisingly, perhaps, such an extensive examination has
apparently not previously been reported for one polymer/
solvent system. The primary difficulty lies in determining
{7s} over a sufficiently wide frequency range. To this end,
very viscous solvents and time-temperature superposi-
tion have customarily been employed to assess the con-
formational dynamics via either birefringence or vis-
coelastic (VE) methods; the system polystyrene (PS)/
Aroclor 1248 (A1248) has been investigated the most
extensively. However, this polymer/solvent pair is vir-
tually isorefractive, thereby preventing the determina-
tion of R; and D, by light scattering techniques.

Previously, small-angle neutron scattering has been used
to measure R for perdeuterio-PS with M between 104 and
105in A1248.%5 In this work, we report measurements of
the oscillatory flow birefringence (OFB) properties of
A1248solutions of four low and moderate molecular weight
PS samples. The data have been extrapolated to infinite
dilution and interpreted in terms of 7; and {rx}. Inaddition,
pulsed-field-gradient NMR and forced Rayleigh scattering
have been used to evaluate D, for PS in A1248, over the
same range of M as R;. These results are combined with
[7] values in the literature,?6 as well as previously reported
OFB properties for other PS samples in A1248,414 to
provide a more rigorous test of the BSM.

© 1991 American Chemical Society
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Table I
Polystyrene Specifications
M x 10~ M,/ M, source
0.2 1.06 Pressure Chemical 61222
0.55 1.1 Goodyear CDS-S-10
0.90 1.06 Pressure Chemical 80314
2.0 1.06 Pressure Chemical 41220
3.2 1.06 Pressure Chemical 80317
9.0 1.04 Pressure Chemical 50522

One important conclusion that may be drawn from
extensive VE and OFB measurements on PS/A1248
solutions, as well as from measurements on other chemical
systems, is that the correct extraction of the polymer
contribution from the measured solution properties is not
necessarily simple. Previously, it was assumed that the
solvent contribution could be taken as the neat solvent
value, i.e., the solvent viscosity, »,, in the case of n*
measurements, and the volume-fraction-weighted solvent
birefringence, ¢,S;, in the OFB case. However, this is no
longer viewed as an appropriate method of extraction; a
more reliable procedure is to subtract the experimentally
determined high-frequency plateau value of the appro-
priate loss component, i.e., .’ in place of 7, and S.’ in
place of ¢,S,.1:37-1416.22 Thig procedure in general, and
the determination of S.’ in particular, are also discussed
in some detail.

Experimental Section

Samples and Solutions. The molecular weights (M), poly-
dispersities, and sources of the six polystyrene (PS) samples
employed are listed in Table I. The four samples examined by
oscillatory flow birefringence (M = 2.0 X 103, 5.5 X 108, 2.0 X 104,
and 3.2 X 104) were reprecipitated and freeze-dried prior to use.
The concentrations of the solutions used were as follows: 0.0250,
0.0499, 0.0999, 0.148, and 0.200 g/mL for M = 2.0 X 103 0.0175,
0.0350, 0.0526, 0.0700, and 0.0882 g /mL for M = 5.5 X 10%; 0.0200,
0.0390, 0.0589, 0.0784, and 0.100 g/mL for M = 2.0 X 104; 0.0200,
0.0395, 0.0600, 0.0799, and 0.104 g/mL for M = 3.2 X 10*. NMR
measurements were performed on three of these samples, as well
as on the M = 9.0 X 103 PS, which was used as received. Forced
Rayleigh scattering measurements were performed on the samples
with M =9.0 X 103, 3.2 X 104, and 9.0 X 104. These three samples
were labeled with the photochromic dye 4-(N,N-dimethylamino)-
azobenzene-4’-isothiocyanate (Pierce Chemical Co.). The at-
tachment procedure was essentially that described by Kim et
al.,?” yielding one dye molecule bound at random for approxi-
mately every 300 monomers along the PS chain, as confirmed via
absorption spectroscopy. The solvent, Aroclor 1248 (A1248), ot
KM 502, is a mixture of chlorinated biphenyl congeners (Mon-
santo Co.), which was filtered (0.2 um) prior to use. Allsolutions
were prepared gravimetrically by the direct addition of A1248
to PS. Concentrations were calculated by assuming additivity
of volumes and densities of 1.06 and 1.45 g/mL for PS and A1248,
respectively. To promote dissolution, the solutions were gently
stirred and heated (<50 °C).

Oscillatory Flow Birefringence Measurements. The
oscillatory flow birefringence (OFB) apparatus, measurement
protocol, and data collection and evaluation have been discussed
in detail elsewhere.?!* The apparatus is shown schematically in
Figure 1. The laser beam (Melles Griot) travels through a Glan-
Thompson linear polarizer followed by a quarter-wave plate to
generate a circularly polarized beam, which impinges on the
sample cell. The emerging beam is divided into the horizontally
and vertically polarized components by a Rochon beam-splitting
prism (Karl Lambrecht), and the intensities of the two compo-
nents are monitored by using photodiode detectors (Hamma-
matsu). The sample is confined to a thin layer between a fixed
titanium block and a black glass moving surface. The oscillatory
shear is generated by a thin fluid layer transducer (TFL) based
on the Miller-Schrag design.2 Two modifications have been
made!® in the OFB apparatus relative to previous designs: (i) a
5-mW HeNe laser and photodiode detectors have been substituted
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Figure 1. Schematic illustration of the oscillatory flow bire-
fringence apparatus, as described in the text.

for the mercury arc lamp and photomultiplier tube, respectively,
and (ii) a double-beam optical configuration has been adopted
via the Rochon prism analyzer and two photodiodes, one for each
polarization component. The higher photon flux of the laser
source relative to the lamp results in an increase in the signal-
to-noise ratio. In the double-beam configuration, both the
horizontal and vertical components of the transmitted light are
monitored simultaneously, thus reducing the effect of source
intensity fluctuations. Furthermore, in this configuration the
shuttering correction procedure becomes more accurate. (Al-
though the plane oscillates axially, there is inevitably some
undesirable lateral component of motion which results in
shuttering of the incident beam at the TFL driving frequency.
To correct for this shuttering, both horizontal and vertical
polarization components of the beam must be monitored.)

The data acquisition and processing system, which has been
discussed in great detail previously,'9282 has been tailored for
a MassComp (MC-500) computer. The number of data points
acquired per (reconstructed) signal cycle at each frequency was
at least 1013 and did not exceed 10 000. The number of signal
averages varied with the driving frequency and was typically a~4
for an 0.1-Hz signal and 256 for a 1-kHz signal. The solution
temperatures were maintained to within £0.01 °C for the duration
of each OFB measurement and were monitored by a thermistor
calibrated to £0.003 °C relative to a platinum resistance
thermometer, with a calibration traceable to NIST. All mea-
surements presented here were obtained with a gap width of
0.3855 mm and an optical wavelength of 632.8 nm.

NMR Measurements., Pulsed-field-gradient spin-echo NMR
permits the determination of molecular self-diffusion by applying
calibrated, precisely timed magnetic field gradients to the sample.
Diffusion coefficients, D, are extracted from measurements of
the spin-echo attenuation in response to the applied gradient
pulses. The technique has been described elsewhere, as have the
calibration procedures, data collection, and data analysis.®
Proton NMR was detected in the pulsed solid NMR spectrometer,
which operated at 33 MHz. These experiments were performed
onresonance with digital data collection and screening preceding
signal averaging. After application to the sample of a 90° rf
pulse (with respect to the applied steady field) and subsequent
delay of typically 10 ms during which the gradient is introduced,
a second rf pulse is applied following the principal echo two-
pulse sequence (90°-180°-echo). This was occasionally supple-
mented by the three-pulse stimulated echo sequence. The
magnetic field gradient pulses were 340 G/cm for up to 16 ms.
Tostabilize and narrow the echo, a 0.8 G/cm steady gradient was
also applied to the sample. For the duration of a particular
gradient, results from 10 to 20 echo attenuation measurements
were averaged. Values of D were extracted from measurements
using varied pulse lengths, with between 5 and 30 points collected
at constant gradient pulse magnitude. As a consequence of the
short polymer nuclear spin—-spin relaxation time, T, relative to
that of the solvent at lower temperatures, polymer diffusion
measurements were performed at 63.5 °C; at this elevated tem-
perature, where all relaxation times exceed the diffusion time,
the relative T values are less important. The calibration and
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stability of the temperature were better than 0.2 °C. Even for
the M = 3.2 X 104 PS, the fraction of the spin echo attributable
to the polymer was substantially less than the fraction of polymer
in the solution, as a consequence of a much shorter T of the long
polymer molecules as compared with that of the solvent. Thus,
the uncertainties in the D values at higher M and/or lower
concentration become particularly large. Reported diffusion
coefficients represent averages of two to three independent
measurements. The data can be scaled to 25.0 °C via the tem-
perature dependence of the solvent viscosity to compare with
the other measured properties.

Forced Rayleigh Scattering Measurements. The details
of the forced Rayleigh scattering (FRS) apparatus and mea-
surement technique have been described elsewhere.3! Briefly,
the experiment is performed as follows: an intense Ar* laser
beam (A = 457.9 nm) is divided and recombined to generate an
optical interference pattern in the sample. The dye (covalently
bound to the polymer) photoisomerizes where the recombined
light experiences constructive interference. As the two dye
isomers possess different optical properties, an attenuated HeNe
laser can then be used to monitor the decay of the diffracted
intensity as the optical grating erodes in the sample by inter-
diffusion. Each decay curve comprises 1000 discrete points
collected with 12-bit resolution at equal time intervals. Decay
curves were obtained for five or more grating spacings for each
solution. To extract the diffusion coefficients, these curves were
fit to the form

V(t) = |A exp(-t/7) + BE + C? (1)

where V(¢) is the time-dependent photomultiplier response; 7 is
the decay time; and A, B, and C are adjustable parameters cor-
responding to the diffracted, coherent background, and inco-
herent background amplitudes, respectively. The diffusion
coefficients were determined as the average of two different
values, obtained by linear regression from the slopes of (i) decay
rate versus inverse grating spacing squared and (ii) decay time
versus grating spacing squared. The values determined by the
two methods were in agreement to better than 10%. The tem-
perature was maintained at 25.00 £ 0.02 °C, again by use of
thermistor with a calibration traceable to NIST. The measure-
ments were performed on A1248 solutions containing a blend of
labeled and unlabeled PS (from the same PS lot) in the
approximate ratio of 1:4 for the 9.0 X 10* PS and 1:5 for the two
lower molecular weight samples, to minimize possible interaction
between the dye moieties.

Results

This section is divided into two main parts, one
describing the oscillatory flow birefringence data and the
other the diffusion results. In the former, the quantities
of interest are first defined. Then a discussion of the
extraction of polymer dynamics information from solution
data is provided, focusing primarily on the correct sub-
traction of the solvent contribution to the measured
solution response. The finite concentration results are
then presented, followed by those obtained via extrapo-
lation to infinite dilution. In the second part, the NMR
and FRS diffusion data are described.

OFB Data. Definitions. The OFB data are assessed
in terms of the complex mechanooptic coefficient, S*,
defined as the ratio of the sinusoidally time varying bi-
refringence (An*) to the sinusoidally time varying shear
rate (v*). This dynamic shear birefringence can be
expressed in phasor notation as

S* = An*/y* =8 +iS” = S exp(if) )

where S’ is the (viscous) in-phase component of the bi-
refringence, S’ is the (elastic) out-of-phase component,
Sm is the magnitude, and 6 is the phase angle between the
birefringence and the shear rate. Rheological properties
can also be derived from these optical measurements via
the stress-optical relation (SOR).32 The SOR rests on the
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assumptions that the refractive index tensor and the stress
tensor have (i) identical principal axes, resulting in
identical stress orientation and extinction angles, and (ii)
proportional differences in principal values. According
to the SOR, Cnp* = Sp*, where C is the stress-optical
coefficient, np* is the dynamic viscosity, and Sp* and »p*
refer to the polymer contributions to the respective
dynamic properties. For homopolymer solutions and
melts, abundant evidence exists that supports the validity
of the SOR, at least for low to moderate frequencies.®-12:32

Solvent Contribution to Solution Dynamics. In
order to extract the polymer contribution to the solution
dynamics, the solvent contribution must first be estab-
lished. Conventionally, this solvent contribution is taken
as ¢¢S;, where S; is the neat solvent birefringence at a
given temperature and ¢, is the volume fraction of solvent
in the solution. Thus, the polymer contribution to the
measured response is determined at each frequency as24%

SP* = Ssoln* - <zssSs 3)

The solvent is further assumed to act as a viscous
continuum and therefore contributes only to S’g1n in the
frequency range employed here. However, extensive
results presented by J. L. Schrag and co-workers dem-
onstrate that eq 3 does not account for the solvent
contribution correctly.’-121418,1922.23 Simjlarly, n, does not
account for the solvent contributionton*. Athigh effective
frequencies as measured by either OFB or VE techniques,
the loss components approach frequency-independent
plateaus, designated S’ and 7', respectively.3® Stokich,
Schrag, and others have suggested that it is these quantities
which represent the relevant solvent contributions.!118
Empirically, the ratio S’=/S, (and 7'=/ns) can be greater
or less than unity; it is also an approximately exponential
function of concentration.l:37-13.1922 Physically, these
observations have been interpreted as reflecting a polymer-
induced modification to the properties of the solvent.
Recent measurements of the effect of added polymer on
the rotational and translational mobility of the solvent
have provided direct evidence for this interpretation, at
least for Aroclor solutions of polystyrene, polybutadiene,
and polyisoprene.16303¢ When the solvent contributions
are accounted for in this manner, the polymer OFB and
VE properties (i) are describable by the bead-spring model
over the entire accessible frequency range, (ii) adhere to
the SOR, and (iii) are thermorheologically simple (i.e.,
obey time—temperature superposition). Ifthe “traditional”
solvent corrections are used, the resulting polymer prop-
erties do not satisfy these three criteria (although the
breakdown in any particular criterion may only be observed
at relatively high frequencies). Thus, for the purposes of
the results to be presented here, S’ is assumed to provide
the best estimate of the solvent contribution to S*g,, and
the polymer contribution is extracted accordingly.

The extraction of S’. itself is not a trivial matter,
particularly as the high-frequency plateau is only ap-
proached at the lowest temperature examined (-1.42 °C)
and at the highest effective frequencies measured. Stok-
ich!! and Landry® have described in detail extrapolation
methods to obtain S’. from S'4n(w) at low temperatures
[where w (=27f) is the drive frequency], as well as the
subsequent calculation of S’ for higher temperatures. Cast
in terms of the BSM parameters

N Tk ‘
’ - effective solvent
S goin(w) = "Z 2 2 + ™ contribution 4
k=1{1+ w1y

where « is a model-dependent constant, given a particular
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Figure 2. Determination of S'. for a solution of PS (M = 2.0

X 104, ¢ =0.0784 g/mL) in A1248 at ~1.42 °C: (a) from the slope
of 2540 versus %, and (b) from the intercept of S’y versus f2.

polymer/solvent system. Equating S’ with the effective
solvent contribution, the summation in eq 4 can be
approximated for wry > 1 as

225
8 p(w) =~ 8, +— —=8.+ /WD) (5
soln w2 ; T /
where «’ is a collection of constants. When the data are
plotted by following the two different formats f25’,1, versus
f? and 8'go1n versus 1/f2, 8’ can be extracted as the slope
and intercept from the two plots, respectively. The
frequency-dependent components of Sy, are emphasized
to different extents by the two plotting schemes, and thus
averaging the two results improves the accuracy of the
determination. An example is shown in Figure 2, parts
a and b, for M = 2.0 X 10* and ¢ = 0.0784 g/mL. Note
that this method of S’ extrapolation does not assume the
validity of the BSM per se, but rather that the polymer
contribution is expressible as a discrete sum of contri-
butions from various relaxation processes. Values of S’
for the three higher temperature data sets (25.00, 15.88,
and 2.81 °C) may then be calculated from S« (Tres = -1.42
°C) and the relative time-temperature superposition shift
factors, a7, by

S’n,T = ( or )(aT)(S/m - ¢5S9)Tref + ¢sSs,T (6)
PTyes
where pr is the density at temperature T.

In Figure 3, values of 8’ for T' = -1.42 °C are displayed
semilogarithmically as a function of ¢, for PS/A1248.
Included in the plot are data for the four M examined
here, in addition to data for six other M reported in the
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Figure 4. OFB properties for a solution of PS (M = 3.2 X 104,
¢=0.0395g/mL) in A1248, compared with the predictions of the
MF theory.

literature.!® Within the experimental uncertainty, S’ is
independent of M for PS chains in A1248 when M 2 9 X
103, in agreement with the M dependence exhibited by
7. The values of S’ for the M = 2 X 10° sample lie
significantly below those for the higher M samples, while
for M = 5.5 X 103, the values lie slightly below those for
higher M. A dashed line representing the traditional
solvent correction, ¢,S;, isalso shown in the figure, Clearly,
the disparity between ¢,S; and S’ increases with increasing
concentration, reaching a full order of magnitude by ¢ ~
0.20 g/mL for M = 9 X 108,

Polymer Contribution to Solution Dynamics:
Finite Concentration Data. For the remainder of the
paper, the effective solvent contribution is taken to be
S’., and the polymer contribution to S*g,, extracted
accordingly. Values of S’ were obtained at -1.42 °C by
the procedure detailed in the previous section, whereas
those at the other three measurement temperatures (2.81,
15.88, and 25.00 °C) were obtained via eq 6. For a given
M and ¢, the data at each of the four temperatures were
combined via time-temperature superposition to provide
one master curve, with Tps = 25.00 °C. An example is
shown in Figure 4, for M = 3.2 X 10¢and ¢ = 0.0395 g/mL,;
the data are plotted as log (Spp/a7) and 8p versus log far.
The shift factors were determined empirically, relying
primarily on the low-frequency limiting value of Spp,
(Smo)p, which was accessible for almost all the concen-
trations and temperatures employed, as a consequence of
the low values of M. There exists a substantial body of
OFB and VE data for predominantly higher molecular
weight PS in A1248 than those considered here, and for
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which the values of ar have been tabulated;!! ar is found
to be independent of M, but an increasing function of c,
for these measurement temperatures. The values obtained
here are within experimental uncertainty equal to those
reported previously. The theoretical curves in Figure 4
will be discussed subsequently.

Of the four samples studied, each at five different c,
only the data for the lowest ¢ (0.0250 g/mL) of the lowest
M (2 % 10%) did not superpose well. The observed bire-
fringence signal decreases with M and c, rendering the
data for thissolution the least certain of all those measured.
Although A1248 is not strongly birefringent, its contri-
bution to the measured response exceeded that for the
polymer at all frequencies evaluated for three solutions
examined: ¢ = 0.0250 and 0.0499 g/mL for M = 2 X 103,
and ¢ = 0.0175 g/mL for M = 5.5 X 103 PS. The sign of
the solvent birefringence is positive, whereas that for the
polymer is negative. Thus, when the magnitude of the
solvent contribution approaches that of the polymer, the
net solution birefringence can approach zero, making the
extraction of the polymer contribution particularly pre-
carious. Forthethree dilute solutions of low M mentioned
above, §'so1n Was positive for all frequencies measured.

Examination of eq 6 reveals that to determine values of
S’. at the higher temperatures, the values of ar must be
known. However, the values of ar obtained will in prin-
ciple depend on the solvent correction employed, sug-
gesting the possibility of an iterative procedure. In fact,
for sufficiently high M samples, the values of (Swmo)p
obtained do not vary significantly with the magnitude of
the solvent correction; thus the ar values are not sensitive
either, and consequently such iteration is not necessary.
On the other hand, for the lowest M sample examined
here, 2 X 103, and the two lowest ¢, it was necessary to
recalculate arp after first estimating the values of S’ via
eq 6, and then to repeat the calculation of the polymer
contribution.

Polymer Contribution to Solution Dynamics:
Infinite Dilution Properties. Tocompare directly with
the BSM predictions the OFB data must first be extrap-
olated to infinite dilution, as the original model incorpo-
rates no polymer/polymer interaction terms. A variety
of extrapolation schemes have been reported and discussed
in the literature, both for OFB and VE properties;1464:10,13,14
however, for data of sufficient precision and adequately
low c, the resulting intrinsic values are sensibly indepen-
dent of the extrapolation method. For the majority of the
data considered here, the extrapolations were performed
as log (-S’p/c) and log (S”p/c) versus c; the minus sign is
simply a consequence of the negative stress-optical co-
efficient for PS. The extrapolations uniformly display
the high precision demonstrated previously for OFB
measurements on PS in A1248 and are therefore not shown
here 1488101314 For the two lower ¢ with M = 2 X 108, the
data were excluded from the extrapolations due to the
larger uncertainty. Afterthe intrinsicquantities [S’]pand
[S1p were determined in this fashion, [Sy]p and [6]p were
calculated and then reduced to master curves via time-
temperature superposition. Figures 5-7 present the
resulting infinite dilution master curves for the three
highest M, along with theoretical curves whose significance
will be discussed subsequently. The intrinsic properties
for the shortest chain, M = 2.0 X 103, were not sufficiently
precise to justify extensive analysis at this point.

Diffusion Data. NMR. Amongthe strengths of NMR
as a technique for measuring diffusion coefficients are the
absence of a need for chemical labeling and the absence
of any imposed concentration gradients. On the other
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Figure 5. Infinite dilution OFB properties for PS (M = 3.2 X
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Figure 6. Infinite dilution OFB properties for PS (M = 2.0 X
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Figure 7. Infinite dilution OFB properties for PS (M = 5.5 X
103) in A1248, compared with the predictions of the BSM.

hand, there are weaknesses that are particularly relevant
in the PS/A1248 case. First, the high solvent viscosity
renders D too small to be measured for higher M. Second,
the contribution from the solvent limits the precision for
low polymer concentrations (<0.05 g/mL). Third, ex-
trapolation to infinite dilution requires measurements in
dilute solutions, which can only be achieved for low M
under the previous concentration restriction. Neverthe-
less, it was possible to measure D and extrapolate to infinite
dilution for four M, ranging from 2 X 108 to 3.2 X 104, at
63.5 °C. The data are presented in Figure 8, as log D
versus ¢; the values of D,, the intercepts obtained by linear
regression, are listed in Table II. The NMR values of D,
have been scaled to 25.0 °C by the ratio of the quantity
(T'/ns), determined from the temperature dependence of
nsreported by Merchak.1® Thisscaling assumes that there
is no change in the hydrodynamic radius of the polymer
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Figure 8. PS diffusivity versus concentration for PS in A1248
at 63.5 °C, for the indicated molecular weights, determined by
NMR.

Table 11
Diffusion Data*

D, D,
MXx (25.0°C), measurement M X (25.0°C), measurement
104 cm?/s technique 104  cm?/s technique

02 14x10°% NMR 32 23x10° NMR
0.55 6.8x10® NMR 32 23x10°® FRS
09 58x10° NMR 9.0 1.3x10°? FRS
09 4.6x10° FRS

8 25.0 °C NMR data have been scaled from 63.5 °C data.
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Figure 9. PS diffusivity versus concentration for PS in A1248
%tR 255.0 °C, for the indicated molecular weights, determined by

with 7. Given the relatively low M employed and the fact
that A1248 is a moderately good solvent for PS, this
assumption is reasonable; in light of the uncertainty in
the measured D values, it is even less of a concern.

FRS. Incontrast to NMR, FRS is almost ideally suited
for determining D, in the PS/A1248 system. Polymer
concentrations as low as 0.1% give a large signal, at least
with this particular dye and labeling level, and very small
diffusion coefficients are accessible. The major experi-
mental difficulty is the introduction of the dye label, which
must be achieved without degradation of the narrow mo-
lecular weight distribution. The values of D obtained at
25.00 °C for three M are plotted logarithmically as a
function of ¢ in Figure 9. Values of D, were obtained by
linear regression and are listed in Table II. Note that two
of the FRS samples (M = 9.0 X 103 and 3.2 X 10%) were
also examined by NMR. For the higher M, the two
techniques agree very well, while for the lower M sample
the NMR value lies 25% above the FRS datum.
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Discussion

This section is organized in the following manner. First,
the bead—spring model (BSM) is briefly reviewed, par-
ticularly in relation to the predictions for the OFB
properties. Second, the frequency dependence of the
infinite dilution OFB results is evaluated in terms of the
BSM parameters, N and h*. Third, the finite concen-
tration OFB data are compared with the Muthukumar-
Freed extension of the BSM.3 Fourth, the longest
relaxation time, 71, is extracted from both the finite
concentration data and the infinite dilution results.
Following this analysis of the OFB data, the polymer dif-
fusivities are examined in the BSM framework, via the
Kirkwood-Riseman expression.? The OFB and diffusion
results are then combined with R, and [n] values from the
literature to provide an initial assessment of the self-
consistency of the BSM.

Bead-Spring Model (BSM). The BSM, a statistical
mechanical theory pioneered by Rouse and Zimm,?* was
designed to describe the infinite dilution viscoelastic
properties of flexible, long-chain macromolecules. In the
model, the actual polymer chain is replaced by N + 1
beads connected by N Hookean springs. The model chain
is freely jointed and each bead-spring unit represents a
Gaussian subchain of the actual macromolecule; i.e., a sub-
chain represents a sufficient number of monomers such
that the subchain end-to-end vector obeys Gaussian
statistics. Each spring has a root-mean-square length, b,
and a friction coefficient, ¢, is associated with each bead.
The model chain is immersed in a solvent taken to be a
Newtonian continuum with viscosity 7.

The three independent parameters of the BSM are thus
N, b, and {; either of the latter two parameters may be
replaced by h*, the so-called hydrodynamic interaction
parameter, defined as3’

h* = ¢/(127%)/2by, (7

The BSM can be used to make explicit predictions for all
of the measured properties presented in this report. In
terms of the BSM parameters, the dynamic shear bire-
fringence defined in eq 2 can be written as

N 4 N Tk
S* = ﬂ:q’(——a—)bzz { - } + solvent contribution
M =1 (1 +iwT, ®

where N, is Avogadro’s number, i = (-1)1/2, and ¢’ is an
optical factor given by

242\ o -
)z e
Ny b

where n, is the solvent refractive index and (a; — ap) is the
polarizability anisotropy of a subchain. Asdiscussed under
Results, the solvent contribution is represented as S’ in
this work.

Before discussing the comparison of the predictions of
eq 8 with the data in Figures 5-7, a few general features
of the BSM are first mentioned with regard to its
application to the interpretation of OFB data. The
primary strengths of the BSM are that it is (i) a physically
plausible model for the dynamics of isolated flexible chains;
(ii) exactly solvable (numerically) for arbitrary values of
the parameters; and (iii) extendable to more complicated
systems, for example, branched chains,"20 cyclic chains,?
and block copolymers.2-28 The limitations of the BSM
are also substantial; among the most prominent are (i) the
failure to account explicitly for excluded volume effects,
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(ii) the failure to predict shear-thinning at higher shear
rates, and (iii) a rather crude representation of the local
dynamics of the chain. For the purposes of the ensuing
analysis, however, only the last of the three limitations is
potentially serious. In terms of (i), for example, it has
been established experimentally that the static structure
factor for PS in A1248 is well-represented by the Debye
function, at least for M < 105,25 and that therefore the
monomer distribution function is at least approximately
Gaussian. Furthermore, allowing h* to vary has been
shown to be quite successful in describing changes in the
relaxation spectrum due to changes in solvent qual-
ity.166:1420 A variety of approximate schemes to account
for excluded volume in the BSM have been developed;
however, all require specification of at least one more
parameter.20:38 In this report we are focusing on assessing
the self-consistency of the BSM in its simplest form.
Relative to (ii), we are concerned with the regime of linear
viscoelasticity, and therefore nonlinear effects are not of
concern.

Infinite Dilution OFB Properties. The infinite
dilution intrinsic quantities, [Sn]p and [8]p, are plotted as
functions of reduced frequency in Figures 5-7, for M = 3.2
X 104, 2.0 X 104, and 5.5 X 103, respectively. The smooth
curves represent predictions of the BSM, with parameter
values (N and h*) as indicated. For all three samples,
time—temperature superposition appears to work very well.
For the two highest M samples, the theoretical curves
describe the results extremely well over the entire exper-
imental frequency range; the agreement for the M = 5.5
X 103 sample is somewhat less satisfactory, but still quite
reasonable. Forthe M = 2.0 X 103sample (data not shown),
the superposition is less than satisfactory, as noted under
Results, and the BSM fit to the infinite dilution properties
is also poor. This reflects primarily the uncertainty in
extracting the small polymer contributions from the
measured solution properties, compounded with the error
inherent in an extrapolation procedure. Therefore, the
only information that could be extracted reliably from
these data are the values of the longest relaxation time,
71, 88 a function of ¢ and at infinite dilution, as will be
discussed subsequently.

Although only two parameters (N and h*) are specified
in Figures 5-7, in fact four parameter values are necessary
to compare the BSM calculations with the data quanti-
tatively. The other two are [Sp]p (or equivalently, ¢’ in
eq 8) and b (or {). These establish the vertical position
of the Spp curve and the absolute frequency scale for the
horizontal axis, respectively. Values of the former have
been discussed elsewhere,11:26 whereas values of the latter
will be addressed in the discussion of r;. The values of N
and h* determine the eigenvalues of the Zimm H-A matrix
(or Lodge-Wu B matrix3?), and thus the breadth and
spacing of the relaxation spectrum, [ra}e=1,2,.N. Specifi-
cally, the breadth of the spectrum is controlled primarily
by N, while the value of 2* influences the relative spacings
among the relaxation times. Inthe free-draining or Rouse
limit, h* = 0, and the relaxation times scale approximately
with k2 (particularly for large N and small k), as is well-
known. The principal effect of increasing h*, up to the
non-free-draining or Zimm limit of A* =~ 0.25, is to decrease
the spacing between successive relaxation times. In
general, there is little interaction between N and h* when
BSM calculations are compared with the OFB data; in
other words, the effect on the predicted OFB properties
of changing N cannot be duplicated by changing h*, and
vice versa. Therefore, “best-fit” values for both parameters
may be uniquely determined visually. For all values of M
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considered here, and for values of M up to 1.8 X 108
presented elsewhere,%14 the appropriate value of N can be
determined to within £1 or 2. For higher M samples, h*
may be determined to within £0.01 to 0.02. For the low
M samples considered here, the N values are sosmall (<10)
that the value of h* has relatively little effect on the
theoretical curves. A value of h* = (.15 has been selected,
based on extensive prior measurements for 5 X 104 < M
< 1.8 X 108; a value of h* = 0.175, which has been employed
in some cases for PS/A1248, would also be satisfactory to
describe these data. Values for N of 7, 4, and 1 have been
used to describe the results for M = 3.2 X 104, 2.0 X 104,
and 5.5 X 103, respectively, corresponding to an apparent
subchain molecular weight, M,, of approximately 5 X 103,
This value of M, is also in good agreement with those
inferred from higher M samples, particularly when the
inevitable uncertainty (=~10%) in the M values themselves
is recalled; for example, a value of 4.3 X 10? has recently
been proposed.l* The exact value of M, is also dependent
on whether a polydispersity correction is included in the
BSM calculations.!4 Additionally, in a previous publi-
cation the infinite dilution OFB properties determined
for asample with M = 1.0 X 10* were examined, and values
of N = 2 and h* = 0.15 described the data well.4

The most surprising feature of the results in Figures
5-7, and indeed for the finite concentration OFB results
as well, is the apparent distinct “end” to the relaxation
spectrum. In other words, [#]p or fp can only approach
-270° for wry > 1,1.e., at frequencies higher than the inverse
of a “shortest” relaxation time. (A substantial gap in the
relaxation spectrum could also have the same effect.) The
data approach -270° more closely for finite concentrations,
and for higher M samples,24-812-14 than do the results in
Figures 5-7, due to reduced signal-to-noise ratios, but the
results as a whole are completely consistent on this point.
It is for this reason that a specific, finite value of N is
required to describe the frequency dependence of the OFB
and VE properties for a given M. The resulting apparent
value of M, corresponds to a subchain of approximately
50 monomer units, which is surprisingly large. Taken
literally, this suggests that no conformational relaxations
take place on a shorter length scale. However, the
characteristic ratio for PS implies a persistence length
closer to 10 monomer units, clearly indicating that motions
onashorter lengthscale must occur. Thus, the appropriate
question is why these motions are not evident in the con-
formational dynamics experiments. Asyet,noclear answer
has emerged.

One issue to consider is the dynamics of the solvent in
the neighborhood of the chain. Aspointed out previously,
it is clear that the reorientational mobility of the A1248
molecules is significantly retarded by the presence of the
PS chains.3* The A1248 molecular dimensions are within
a factor of 2-3 of Ry for a 50 monomer PS chain, and
furthermore, A1248 as a glass-forming liquid (T, ~ -44
°C34) may well exhibit significant intermolecular orien-
tational correlation. Thus, it is conceivable that dynamic
rigidity in the solvent may inhibit relative polymer/solvent
motion; this possibility is clearly quite speculative. It is
clear, however, that the modified solvent contribution and
concomitant subtraction scheme are not the primary cause
of the large apparent value of M,; the fact that $'- and n’«
reflect predominantly properties of the solvent has been
well-established.”-12:14,16,19,22,23,34

OFB Finite Concentration Results. The range of
applicability of the BSM has been extended to finite
concentrations by Freed and Edwards,* Muthukumar and
Freed,? Freed and Perico,*! and most recently by Muth-
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Figure 10. OFB properties for a solution of PS (M = 3.2 X 104,
¢ =0.0600 g/mL) in A1248, compared with the predictions of the
MF theory.

ukumar.#2 As the Muthukumar and Freed (M-F) mod-
ification is adequate to describe the data examined here
and is also simpler in form than the others, only the M-F
modification is utilized in this report. The initial con-
centration dependence of the relaxation times in the M—F
analysis is given as

7= 7C[1+ cAR™ + ..] (10)

where 7° refers to the infinite dilution (BSM) value of
the kth relaxation time, A is a molecular weight depend-
ent parameter proportional to the product of [n] and the
Huggins coefficient, and « is an exponent analogous to the
Mark-Houwink intrinsic viscosity exponent. The values
of both A and « vary with the extent of excluded volume,
and therefore with solvent quality as well. Thus, for a ©
system, « =~ 0.5, whereas for a good solvent, x may range
from approximately 0.65 to 0.80. As A1248 is considered
to be a moderately good solvent for PS, « has been assigned
the value 0.65, following the results of Lodge and Schrag;5
however, the predictions are relatively insensitive to values
of x, especially for small values of N. From eq 10, it is
apparent that in the M-F expression higher modes of
motion are progressively less sensitive to ¢. Physically,
this description is quite reasonable, as the higher modes
correspond to relaxations on shorter length scales. Such
motions require smaller volumes than those involving
longer chain segments and, therefore, will be less strongly
influenced by the presence of other chains., Previously,
the M-F modified BSM predictions have provided ex-
cellent descriptions of the experimental results when
applied to PS/A1248 solutions with M = 3.9 X 105, and
for which c¢[n] S 1. The agreement with the data is still
reasonable, although not as good, when 1 < ¢[5] < 2. For
the solutions examined here, 0.15 < ¢[5] S 1.4.

InFigure 4, the OFB properties for a solution (¢ =0.0395
g/mL) of the M = 8.2 X 10¢ PS were presented, along with
the M~F theoretical curves. The values of N and h* were
retained from the infinite dilution analysis (Figure 5) and
the parameter A was chosen as 14 mL/g, based on the
71{c) behavior discussed in the next section. For this
solution, ¢[n] = 0.9, based on [4] values from the literature.26
The agreement between theory and experiment is very
good over the entire frequency range. However, when ¢
is increased to 0.0600 g/mL, and ¢[n] =~ 1.3, the quality of
the fit deteriorates, as shown in Figure 10. In essence, the
cdependence of the relaxation times is stronger than linear.
Qualitatively, the effect is comparable to increasing the
breadth of the relaxation spectrum by increasing N; a curve
vp\;ith N = 8 matches the data more closely than one with

=1
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Figure 11. OFB properties for a solution of PS (M = 2.0 X 104,

¢=0.0200g/mL) in A1248, compared with the predictions of the
MF theory.
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Figure 12. OFB properties for a solution of PS (M = 2.0 X 104,
¢=0.0784 g/mL) in A1248, compared with the predictions of the
MF theory.

In Figures 11 and 12, data for M = 2.0 X 104 at two
concentrations (¢ = 0.0200 and 0.0784 g/mL) are shown,
along with the corresponding M-F predictions. Here, A
is chosen to be 12 mL/g. For the lower ¢ data displayed
in Figure 11, where ¢[n] = 0.4, the agreement is again
excellent. For the higher ¢ data displayed in Figure 12,
where c[n] ~ 1.3, the agreement is much less satisfactory.
Also shown is the theoretical curve with N incremented
by 1, i.e.,, N = 5, which corresponds more closely to the
data. Increasing the value of 4, however, would not result
in closer agreement, at least not without compromising
the quality of the fits at lower c.

For M = 5.5 X 103, the infinite dilution results were
well-described by a BSM curve with N = 1, implying that
there is only one relaxation time. In this case, the M-F
modification has no effect on the shape of the relaxation
spectrum; changes in A are reflected only in the ¢
dependence of 7;. In Figure 13, the data for this sample
with ¢ = 0.0700 g/mL, c¢{n] = 0.6, are plotted. The data
fall between BSM curves drawn with N = 1 and N = 2,
again suggesting an increase in the breadth of the relaxation
spectrum with increasing concentration. This is, in fact,
not too surprising, given these small values of N. The two
general conclusions that may be drawn from the data and
predictions in Figures 4 and 10-13 are that (i) the M-F
modification to the BSM provides an excellent description
of the initial ¢ dependence (c[n] < 1) of the relaxation
spectrum, even for these very low M, but that (ii) with
increasing ¢, the number of “visible” relaxation modes
appears to increase.

Longest Relaxation Time. Values for the longest
relaxation time, 4, for all four M are shown in Figure 14,
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Figure 13. OFB properties for a solution of PS (M = 5.5 X 103,

¢ =0.0700 g/mL) in A1248, compared with the predictions of the
MF theory.
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Figure 14. Longest relaxation time versus concentration for PS
in A1248 at 25.00 °C, for the indicated molecular weights.
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Figure 15. Infinite dilution longest relaxation time45814 versus
molecular weight for PS in A1248 at 25.00 °C, compared with the
predictions of the BSM.

as a function of ¢. For the three highest M samples, 7;(c)
was obtained by comparing the OFB data with M-F theory
curves. Although at the higher ¢ the predictions do not
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match the data over the entire accessible frequency range,
values of 71(c) were extracted after the agreement in the
low-frequency region was optimized; these values are rather
insensitive to small variations in the BSM parameters (N,
h*) chosen. For these three samples, the infinite dilution
values of 71 in Figure 14 were similarly obtained from the
BSM fits in Figures 5~7. For the lowest M sample, the
difficulties in extracting the polymer contribution, par-
ticularly at low ¢, rendered the determination of 71(c)
uncertain. Therefore, an alternate scheme was employed.
Because the data for this sample appeared to be dominated
by a single relaxation process, r1(c) can be taken as the
inverse of the frequency where the elastic component, S"’p
exhibits a maximum. As the solvent contributes only to
S’s0ln, this method circumvents the difficulties described
previously. For the three highest c, it was also possible
to use BSM curves to extract 7,; both approaches yielded
equivalent results. Furthermore, the alternate method
(maximum in S”p) was applied to the M = 5.5 X 103
solutions, and again the values of 7,(c) obtained by the
two methods were equivalent.

From eq 10, the M—F theory predicts an initially linear
¢ dependence for 7;. In Figure 14, however, the data
(plotted semilogarithmically) are reasonably well described
by an exponential dependence, i.e., 71 = 7,° exp(Ac).
Similar observations have been reported for a variety of
other M.8812 From Figures 4 and 10-13, the M-F
predictions describe the ¢ dependence of the breadth of
the relaxation spectrum quantitatively up to ¢[n] = 1;
however, for 71(c) higher order terms omitted from eq 10
apparently become significant even for ¢[n] < 1. The
straight lines in Figure 14 represent the exponential
dependence suggested above, using the corresponding
values of A employed in Figures 4 and 10-13. It should
be emphasized that this (approximately) exponential
dependence is empirical, although it has been rationalized
by a scaling argument.? At the higher ¢ in Figure 14, as
well as in previous studies involving larger values of M
and/or ¢[n], deviations from this exponential dependence
have been observed.6812

The infinite dilution values of the longest relaxation
time, 71°, are compared directly with BSM predictions in
Figure 15. Here, 71° is plotted versus M in a double-
logarithmic format; also included are values for other
M #814obtained in asimilar manner. The BSM prediction
for 7,° may be written as

7,.° = [b%/6RTIA, (N, h*) (11)

where A; is the first (nonzero) eigenvalue of the Zimm
H-A matrix. Once a value for h* has been selected, either
b or { may be adjusted to obtain the best agreement with
the data. The slope of the log 7:° versus log M curve at
high M depends on the value of h*, varying between 1.5
(h* = 0.25) and 2.0 (h* = 0). Following Figures 5-7, M,
is taken as 5 X 103, and h* as 0.15. By selecting a value
of 6.0 nm for b, the theoretical curve displayed in Figure
15 is generated; the curve stops at M = 5 X 103, corre-
sponding to N = 1. Clearly, the BSM is able to provide
a good description of the M dependence of 71° over this
range, with the same parameters as used to describe the
frequency dependence of Sp*. At this stage, the set of
three parameters (N, b, and ¢) is established, and it is
interesting to ask whether the M dependence of D,, Ry,
and [} can be similarly well-described with the same
parameter values.

Diffusivity. The Kirkwood-Riseman expression®® for
the translational diffusion coefficient of a chain at infinite
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Figure 16. Infinite dilution diffusivity for PS versus molecular
weight, compared with the predictions of the BSM.

dilution may be written as

G
(R () J

ij

where r;; is the distance between the ith and jth beads,
and the average is taken over the equilibrium distribution
function (in the preaveraging approximation). Note that
the summation is over the number of beads in the chain,
and thus N + 1 is the correct upper limit. The first term
ontheright-hand side of eq 12 is the Rouse or free-draining
contribution, whereas the second term represents the
Zimm or non-free-draining contribution. For a Gaussian
chain, the latter becomes 3.77h* /(N + 1)%8 in the limit of
large N. For the range of N considered here, the
summation should be performed explicitly and can be
simplified by rewriting eq 12 as

- ()(52)-

1 )2 15 N N+1—j}
(e o] oo

jO.

The experimental values of D,, listed in Table II, are
plotted as a function of M in Figure 16, in a double-
logarithmic format. Additionally, several values of D, for
PSintoluene (agood solvent) and cyclohexane (a O solvent)
are shown for comparison. These data were obtained by
Huber et al.44 via dynamic light scattering and have been
scaled by the factor (T/ny) to make the comparison
quantitative. The data presented here are in excellent
agreement with those of Huber et al., and furthermore, no
substantial effect of solvent quality is apparent over this
M range. This provides additional justification for ap-
plying the Gaussian chain result (eq 13) to the PS/A1248
data. Inthe preceding sections, the infinite dilution OFB
results (both in terms of 7; and {7i}) were very well described
by the BSM with M; = 5 X 103, h* = 0.15, and b = 6.0 nm.
As the preaveraged Kirkwood-Riseman hydrodynamics
are incorporated into the BSM, the diffusion data may be
compared with eq 13 and evaluated with these parameter
values. The resulting prediction is shown in Figure 186.
The agreement between experiment and theory is really
quite good, especially given that no parameter values were
adjusted. However, the Gaussian chain assumption in eq
13 guarantees that D, ~ M-05 at high M, whereas for a
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Figure 17. Intrinsic viscosity versus molecular weight? for PS
in A1248 at 25.00 °C, compared with the predictions of the BSM.

moderately good solvent an eventual crossover to D, ~
M6 ig expected. Further FRS measurements will be
required to investigate this issue.

The parameter values listed above correspond to a bead
friction coefficient, ¢, of 3.75 X 10 g/s. This may be
compared to a monomeric friction coefficient of 3.8 X 10-7
g/s, estimated from the diffusivity of azobenzene in the
neat solvent at the same temperature.? In other words,
the solvent diffusivity is ~1 order of magnitude larger
than that for a PS chain with M = 5 X 103, It should also
be noted that there exist several different ways to describe
the diffusion of short chains, for example, those such as
the helical wormlike chain of Yamakawa, which take
account of the effects of chain stiffness.4 Toexplore these
in detail is beyond the scope of this article, in which we
are trying to compare a broader set of experimental
measurements within one theoretical framework. But it
isimportant to emphasize that there is no reason tosuppose
that eq 13 provides the best possible description of D, for
short chains.

Self-Consistency of the BSM. The OFB and diffusion
results presented above indicate that for PS in A1248, the
BSM provides a quantitative description of the chain
dynamics at infinite dilution, at least for 5 X 103 < M <
105. Two other properties, [7] and Rg, have previously
been examined for this system. InFigure 17, the intrinsic
viscosity results as a function of M are reproduced,? along
with the BSM prediction:

RT\&
[n] = (M—)Zn (14)

M/ &

The parameter values M, = 5 X 108, h* = 0.15,and b =
6.0 nm were retained from the previous results. The M
dependence of [7] is very well represented by eq 14 with
these parameters (the slope depends rather sensitively on
the value of h*), but the magnitude is slightly underes-
timated. The agreement could be improved markedly by
changing M; or b, but this is not attempted here. Rather,
it should be noted that these values of [] have been
determined in the traditional way, namely, as

N,
} (15)

cn,
where 7 is the measured solution viscosity. However, as

[n] =lim
0
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discussed previously, the solvent contribution is more
properlygiven by n’.. Athigh M, where n’.isindependent
of M, replacing », with ' in eq 15 would result in values
of [n] that are approximately 14 mL/g lower. This
adjustment would bring the results into closer agreement
with the theoretical curve in Figure 17. At low values of
M (ie., M < 2 X 10%), the adjustment is more uncertain,
because the values of 7'~ are comparable to the measured
solution viscosities themselves. In short, the BSM may
provide a quantitative description of [5] as well, once the
appropriate solvent contribution is taken into account. In
support of this suggested adjustment, it should be noted
that the values of the Flory constant, ® (=M[n]/615R;®),
obtained with the “uncorrected” [9], lie in the range (3.5—
5) X 1028 mol-!, whereas use of the “corrected” [7] gives
& in the range (2-3) X 1023 mol-1.13 The latter values are
in much better agreement with theory, and with exper-
iments on higher molecular weight polymers in a variety
of solvents.4

The dependence of R,? on M for PS in A1248 with 10*
< M < 10° is very well described by Nb2/6, the BSM
prediction, provided that b is chosen as 5.0 nm.!325 This
value is smaller than that extracted from the chain
dynamics measurements. The possible significance of this
difference is not immediately clear. On the one hand,
perhaps a factor of 20% in b should not be viewed as a
serious discrepancy. Alternatively, the difference might
reflect a breakdown of the BSM that is not apparent in
the analyses of the dynamic quantities, which appear to
beinternally consistent. The magnitude of b, correspond-
ing to a subchain containing approximately 50 monomers,
is much larger than the static persistance length of PS.
The value of M, (and ultimately b) extracted from the
OFB results hinges directly on the surprising appearance
of a distinct end to the relaxation spectrum at a relatively
long time and length scale. The resolution of this issue
might well result in significantly modified parameter
values. Another possibility is that incorporation of
excluded volume in the BSM, by one of several approx-
imate schemes, would change the parameter values.
Lastly, as noted previously,? the fact that R scales with
MO for M < 105 for this system is somewhat surprising,
given that A1248 is a moderately good solvent for PS.
However, the diffusion data in Figure 16 indicate that
solvent quality plays only a small role for M < 105. With
the imminent development of superior neutron scattering
facilities at the NIST, we intend to pursue measurements
of Rg for higher molecular weight PS, which should provide
more opportunity to investigate this point further.

Various nondimensional groups can be formed from the
measured properties discussed in this report. Anexample
is presented in Figure 18, where the ratio D,r1°/R;? is
plotted as a function of M. In this case, the actual D, and
71° values were used for all five points, except for the largest
M point where an interpolated value of 7,° was employed;
the infinite dilution R, values were determined either by
interpolation (highest two M) or by extrapolation (lowest
three M). The error bars indicate relative uncertainties
of £10% in each measured quantity. The smooth curve
represents the BSM prediction with M, = 5 X 103 and h*
= (0.15. However, the sensitivity to h* is very weak,
particularly in the plateau attained at large M. The BSM
is within ~25% of a quantitative prediction for this ratio,
which is formed from the results of four completely
different experimental techniques; this conclusion is
insensitive to the choice of parameter values. The fact
that the data lie above the theoretical curve is directly
related to the appearance of R, in the denominator, and
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Figure 18, Dimensionless quantity D,7,°/R;? versus molecular
weight for PS in A1248 at 25.0 °C, compared with the predictions
of the BSM.

the previously noted lower value of b (i.e., if Ry were also
described by b = 6.0 nm, then the data and theory in
Figure 18 would match almost exactly).

Summary

The technique of oscillatory flow birefringence has been
used to determine the infinite dilution conformational
dynamics properties of four low molecular weight poly-
styrenes (2 X 103, 5.5 X 103, 2.0 X 104, and 3.2 X 104) in
Aroclor 1248 (A1248). The techniques of field-gradient
NMR and forced Rayleigh scattering have been used to
determine the infinite dilution diffusivities for five low
and moderate molecular weight PS (2.0 X 103, 5.5 X 103,
9.0 X 103,3.2 X 104, and 9.0 X 105) in A1248. These results
have been combined with intrinsic viscosities and radii of
gyration from the literature for the same system and the
same M range and interpreted in the framework of the
bead-spring model. The principal conclusions from this
work are as follows.

1. With one choice of values for the three BSM
parameters, it is possible to describe the experimentally
observed relaxation spectrum, longest relaxation time, dif-
fusivity, and intrinsic viscosity, in a quantitative fashion.
This success is predicated on the correct subtraction of
the solvent contribution to the measured solution prop-
erties.

2. This success of the BSM, with its crude description
of the dynamics of a polymer chain on a local scale, is
somewhat surprising, as it apparently persists down to
values of M corresponding to a single bead-spring unit.

3. The most intriguing result is the fact that the OFB
results indicate a well-defined short time end to the
relaxation spectrum, corresponding to a single bead-spring
unit containing approximately 50 monomers. This ob-
servation has been made previously and is equally evident
in viscoelastic measurements on the same system. While
itis clear that conformational rearrangements must occur
on shorter length scales, they are not evident in these
measurements.

4. The exact values of the BSM parameters employed
here should not be viewed as definitive, for several reasons.
First, when the phenomenon identified in point 3 is
explained, reevaluation of the significance of the param-
eters will undoubtedly be appropriate. Second, inclusion
of excluded volume in the BSM can also change the
parameter values; for example, the effects of excluded
volume on the relaxation spectrum, here modeled by
varying h*, can be equally well accounted for with an
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approximate excluded volume term. In particular, the
use of an intermediate value of h* to describe the results
presented here does not necessarily indicate that the chains
are “partially draining”.47
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