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must distort the medium, giving rise to a strain energy 
term. To evaluate the strain, the actual Al/ l  for the ori- 
enting species must be calculated. 

Debye's Equation. Equation 18 is very similar to  the 
Debyeg equation. Furthermore, when the square brack- 
ets are taken to be unity, and g, is set to 1,  the Debye 
equation is obtained. However, the two differences just 
cited are quite important and in fact eliminate some of 
the original criticisms of the Debye theory. The one crit- 
icism is that short- and long-range correlations of the cen- 
tral dipole with its environment are neglected. In the 
present case the short- and long-range correlations are 
assumed to be structural rather than electrostatic in nature 
and are lumped into a geometric constant, g,. The sec- 
ond criticism of the Debye equation is that  it predicts an 
electrical Curie temperature. Equation 24 does not lead 
to an electrical Curie temperature for certain choices of 
the parameters. This point can be seen from the follow- 
ing variation of eq 18: 

When 6 D o N k T  Vg,y2, eq 34 becomes 

In other words, the polarizability, and hence the dielec- 
tric constant, are independent of temperature. Using the 
numerical constants in a previous section, the results are 

found to be quite reasonable and are given below: 

For D, = lo* dyn/cm2 
6DJVkT  -- - 2.49T 
vgry2 

For D ,  = lo-'' dyn/cm2 

-- - 2.49 x 1 0 - 4 ~  
6DJVkT  

vgry2 
In other words, for reasonably rigid systems with y - 2, 
the polarizability, and hence to, is independent of tem- 
perature. 

References and Notes 

(1) Mansfield, M. L. J.  Polym. Sci., Polym. Phys. Ed. 1983, 21 

(2) Perchak, D.; Skolnick, J.; Yaris, R. Macromolecules 1987, 20, 

(3) Onsager, L. J .  Am. Chem. SOC. 1936,58, 1486. 
(4) Kirkwood, J. G. J. Chem. Phys. 1939, 7, 911. 
(5) McCrum, N. G.; Read, B. E.; Williams, G. Anelastic and Dielec- 

tric Effects in Polymeric Solids; John Wiley & Sons: Lon- 
don, New York, and Sidney, 1967. 

(6) Frohlich, H. Theory of Dielectrics; Clarendon Press: Oxford, 
England, 1949. 

(7) Bottcher, C. J. F. Theory of Electric Polarization; Clarendon 
Press: Oxford, England, 1949. 

(8) Timosenko, S.; Goodier, J. N. Theory of Elasticity; McCraw- 
Hill: New York, 1951. 

(9) Debye, P. Polar Molecules; Dover Publications: New York, 
1929. 

(5), 787. 

121. 

Polydispersity Effects on Dilute-Solution Dynamic Properties of 
Linear Homopolymers 

R. L. Sammler,+ C. J. T. Landry,* G. R. Woltman, and J. L. Schrag' 

Department of Chemistry and Rheology Research Center, University of Wisconsin, Madison, 
Wisconsin 53706. Received October 10, 1989 

ABSTRACT: The bead-spring model of Zimm is generalized to predict the effects of molecular weight 
polydispersity in samples of linear homopolymers. The predictions agree quantitatively with the fre- 
quency depecdence of the modified birefringence coefficient, S*,, measured for several polydisperse sam- 
ples (1.06 < M,/M, < 2.5) of atactic polystyrene dissolved in Aroclor 1248. At low levels of polydispersity 
the effects are only seen in the low-frequency transition zone; at higher levels the effects are seen at  all 
frequencies. Estimations of the number-, weight-, and z-average molecular weights from the frequency 
dependence of the intrinsic birefringence are possible after calibration with monodisperse standards. Con- 
sideration of sample polydispersity (and approximating S, with S'J leads to a 15% reduction in past esti- 
mates of the molecular weight of a Gaussian submolecule for polystyrene dissolved in Aroclor 1248 at 25.00 
"C. The similarity between the frequency dependence of S*, for a sample of linear chains with a bimodal 
molecular weight distribution and that for a monodisperse sample of regular combs underscores the need 
to assess sample polydispersity when using dynamic properties to interpret long-chain structure. 

I. Introduction coefficients have been shown' to have excellent poten- 
tial for characterization of long-chain structure in mon- The frequency dependences Of the modified intrinsic 

viscoelasticity, [ o * l A ,  
odisperse samples of flexible homopolymers~ This poten- 
tial is often best realized when data are obtained under birefringence, [s*lA, and 
good solvating conditions, and recent2 computations have 
established the interpretation of ~~~~~i~~ bead-spring 
model (BSM) fit parameters obtained by fitting such non- 
8 properties. Real samples of homopolymers are sel- 

Current address: M. E. Pruitt Research Center, Dow Chemi- 

* Current address: Corporate Research Laboratories, Eastman 
cal Co., Midland, MI 48674. 

Kodak Co., Rochester, NY 14650. 

0024-9297/90/2223-2388$02.50/0 0 1990 American Chemical Society 



Macromolecules, Vol. 23, No.  8, 1990 

dom monodisperse, and sample polydispersity is a poten- 
tial complication in the analysis of long-chain structure. 
There are many types of sample polydispersity, and our 
interest here is restricted to molecular weight polydis- 
persity in linear homopolymers and the effects it has on 
dynamic mechanical and optical properties. This work 
parallels that  of Love11 and Ferry3 who generalized the 
BSM of Zimm4 to predict polydispersity effects on the 
storage, and loss, [G”]R, components of the reduced 
intrinsic dynamic shear modulus; however, they made com- 
putational approximations, which restricted their appli- 
cation to low-frequency properties of infinitely long chains 
a t  the free-draining or non-free-draining limits. In con- 
trast, here polydispersity effects are investigated in terms 
of the magnitude, [S,,], and angle, [e,], components of 
the modified intrinsic birefringence coefficient (or their 
respective viscoelastic analogues, [qM4] and [ a,]) because 
of their superior potential to characterize long-chain struc- 
ture. More importantly, the predicted properties of these 
idealized samples are computed exactly with no restric- 
tions on shearing frequency, chain size, or degree of hydro- 
dynamic interaction. Hence, these are the first compu- 
tations that enable polydispersity effects to  be quantita- 
tively investigated for samples with M, below about lo6, 
for polymer/solvent systems with any degree of hydro- 
dynamic interaction and for properties measured at  all 
but the highest shearing frequencies. The feasibility of 
these exact computations is a result of recent advances5s6 
that substantially reduce the labor in computing BSM 
properties for monodisperse samples of linear chains. 
Resultant predictions are quantitatively compared to the 
measured frequency dependence of [S*], for atactic poly- 
styrene samples dissolved in Aroclor 1248 (a polychlofi- 
nated biphenyl solvent). Samples with narrow (M,/Mn 
< 1.1) and broad (fiw/fin N 2.5) polydispersities are stud- 
ied. All data have been acquired with updated’-’’ instru- 
mentation that now has sufficient sensitivity and preci- 
sion to obtain infinite-dilution properties for a t  least six 
decades of reduced frequency (reduction with time- 
temperature superposition). 

11. Prediction of Polydispersity Effects 
Linear viscoelastic (VE) and oscillatory flow birefrin- 

gence (OFB) properties are modeled for a polydisperse 
sample of linear homopolymers in dilute solution ( c [ t ]  
<< 2 )  when subjected to a low-shear-rate homogeneous 
shear flow. As usual, the homopolymer is also assumed 
to be flexible and amorphous and to have a uniform micro- 
structure (e.g., tacticity, arrangement of head-to-head, 
tail-to-tail, or head-to-tail structures in vinyl polymers, 
level of geometric isomers or stereoisomers within the 
”repeat unit”, etc.) so that long-chain structural features 
dominate the dynamic properties. The properties of each 
individual chain in the polydisperse sample are com- 
puted with a generalized form of the BSM of Zimm.4 This 
well-known model represents a linear homopolymer as a 
chain of identical beads (radius a ,  mass m, friction coef- 
ficient () connected by identical springs (Hookean force 
constant H); it also uses the “preaveraging” treatment of 
hydrodynamic interaction, employs Gaussian statistics, 
and ignores interchain interactions and inertial effects. 
The dilute-solution contribution of a chain composed of 
N springs to the complex mechanooptic coefficient, S*, 
or the complex viscosity coefficient, q*, is predicted to 
be 
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with q’ an optical factor, nN the number density of chains 
in solution, b2 the mean-square distance between con- 
nected beads in a nonflowing solution, k the Boltzmann 
constant, T the absolute temperature, 7 p , N  the relax- 
ation time for the p th  mode, i = dz, and C p  indicat- 
ing a sum over all N normal modes. S, and ‘le are fre- 
quency-independent terms usually dominated by chain 
environment contributions. Historically they have been 
assumed to be identical with bulk solvent properties (Sa 
and 7,) or $Ss and $q8 (where $ is the volume fraction of 
solvent); however, this has recently been shown to be incor- 
rect, in general.’*12 For the special case of an isorefrac- 
tive homopolymer/solvent system, the optical factor is 
taken to be related to the index of refraction, n,, of the 
solvent and the intrinsic optical anisotropy, a1 - a2, of 
the Kuhn statistical segment by 

4a (n,2 + 2)’ a1 - a2 

45 n, b2 
q‘ = - (3) 

Each relaxation time, 7 p , N ,  is inversely proportional to 
XP,” one of the N positive and nondegenerate eigenval- 
ues of the real symmetric matrix L.6 

b2C 
7pJ = - 6k TAP, (4) 

Polydisperse samples are modeled assuming that 5; b2, 
q,, S,, and q’ are independent of chain size N and that 
N is proportional to the molecular weight M of the chain 
(M = Ma“). There is ample experimental data,13-15 
including new data reported here, supporting such assump- 
tions. In addition, the solutions are assumed to be suf- 
ficiently dilute that  interchain interactions are negligi- 
ble so that the solution properties can be represented by 

with E N  indicating a sum over all chain sizes. These 
expressions can be converted into reduced format in a 
manner similar to that used for monodisperse samples.’ 
The reduced magnitude and angle for polydisperse sam- 
ples are 

with 
. -1 
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and f [N l  the fraction of chains of size N in the polydis- 
perse sample, the most probable chain size, and W T ~ P  
a reduced shearing frequency. 

A. Computa t ion  of the Pred ic t ed  Proper t ies .  
Reduced dynamic properties for polydisperse samples are 
computed with eqs 7-10 using a table of Zimm eigen- 
value spectra computed for the same degree of hydrody- 
namic interaction for every N up to 700. The eigenval- 
ues are computed as reported previously' and are accu- 
rate to three or more significant figures. The degree of 
hydrodynamic interaction is specified by the parameter 
h*. 

(11 )  

In this model h* is independent of N since {, b2, and qe 
have been assumed to have no N dependence. This is 
expected to be a good assumption for data measured at  
or near 8 conditions. In better solvating conditions h* 
is expected to show a very weak decrease with increas- 
ing chain size because the interbead dimensions, b(  Tup- ' ) ,  
have not been corrected for excluded volume effects in 
the Zimm model. Recent computations2 indicate this weak 
dependence should be insignificant until N reaches about 
200 (molecular weights about 3 X lo5 for polystyrene in 
Aroclor 1248) and small but observable for larger chains. 

The distribution f[Nl of discrete chain sizes in solu- 
tion is obtained from the molecular weight distribution, 
f ( M ) .  Due to the discrete nature of the model, f[Nl is 
set equal to f(W whenever M = MsmN ( N  is a positive 
integer). The distribution is then truncated to reduce 
computational labor a t  low and high N when f[N is so 
small that  it no longer affects the first three significant 
figures of the reduced magnitude or angle. Finally, the 
distribution is normalized such that CNf[N = 1. Of course 
the density of modes in distribution f(M) exceeds that 
of distribution f[N by a factor of Msm. This factor gen- 
erally ranges between 20 and 50, and it follows that aver- 
aged properties do depend slightly on the choice of the 
distribution function. However, for most properties of 
interest here, the molecular weights (and number of modes 
per distribution function) are sufficiently high that there 
is little difference between properties averaged with f[N 
or f ( M ) .  

B. Most Probable  Distribution. The most proba- 
ble molecular weight distribution16 is predicted from con- 
densation of a bifunctional monomer of type A-B when 
site A only reacts with site B, and the reactivity is inde- 
pendent of chain length. The idealized distribution 
depends on the monomer molecular weight, M,, and the 
fraction, p,, of functional groups that have reacted: 

(12 )  
with M / M ,  = 1,  2,  3 ,  ..., 00. The first three molecular 
weight averages of this distribution a_re Mz = M,/(l - 

po l9  M, = M, (1 + p , ) / ( l  - p J ,  and M ,  = M,(1 4 p ,  + pO2)/(1 - po2); the polydispersity index is M , / M ,  = 
+ p,, and the most probable molecular weight is also M,. 
As the condecsation reaction tends toward completion, 
p o  - 1 and Mw/Mn - 2; this yields a level of polydis- 
persity useful for illustrating typical polydispersity effects 
on dynamic properties. 

Predictions of the reduced dynamic properties for one 
polydisperse sample and for three monodisperse sam- 
ples are illustrated in Figure 1 for the free-draining limit 
(h* - 0) and Ma, = 5000 g/mol. The logarithm of the 
reduced magnitude, log ([S,,] / [SMAo)],  and reduced angle, 
-([e,] - [e,,)], are both plotted as ordinates against the 

f(M) = ( 1  - po)po(M'M"-l) 

- 4 .  

0 

MU/HN = 1.951 h * +  0.0 - 5 .  J 

- 3 . - 2 . - 1 . 0 .  I .  2 .  3 .  4 .  5 .  6. 

l O g ( ~ ~ 1 . K )  

Figure 1. Predictions of reduced dynamic properties at the 
free-draining limit (h* - 0.00) for a polydisperse sample (most 
probable distribution: p o  = 0.999, Mo = 100 g/mol; Mg, = 5000; 
M,/M, = 1.95) and for three mqnodi_sperse samples havmg molec- 
ular weights coinciding with M,, M,, and M, of the polydis- 
perse sample. 

logarithm of the reduced angular shearing _frequency, 
log ( ~ 7 ~ ~ ) .  The most probable chain size is N = 1. The 
polydisperse sample has a most probable molecular weight 
distribution described by M ,  = 100 g/mol and p o  = 0.999; 
the monodisperse samples are_ chcsen to hFve molecular 
weights corresponding to the M,, M,, and M, of the poly- 
disperse sample. Only the properties of the polydis- 
perse sample are unlabeled in the figure. Its reduced- 
angle curve is distinctive in that it gradually rises with 
increasing frequency. The usual features (lengthy pla- 
teau and sharp transition zones) of monodisperse sam- 
ples are washed out, and hence polydispersity is expected 
to restrict characterization of long-chain structure in 
homopolymers via dynamic experiments. However, the 
washed-out features are advantageous in that they can 
be used to estimate M,, and Mz once calibration measure- 
ments are made with monodisperse samples to establish 
h* and Msm for the particular homopolymer/solvent sys- 
tem. &Iz is estimated from the low-frequency portion of 
the reduced angle as it begins to deviate from 0". This 
portion of the curve can be fit with predictions for mono- 
disperse samples,  and the product of the chain size param- 
eter N arising from the fit and MSm is a good estimate of 
M,. Likewise, fin is estimated from the reduced angle 
curve at  high frequency when its shape can again be 
described by predictions for monodisperse samples. The 
reduced magnitude of the polydisperse sample monoton- 
ically drops with increasing frequency; it is difficult to 
observe in the figure because a t  the lower (or higher) fre- 
quencies it almost superposes with the-curve for a mon- 
odisperse sample computed for M = A4, (or M = M,). 
The latter result enables estimates of M ,  after calibra- 
tion factors h* and Mam are known. 

Estimates of M,, M,, and Mz from the reduced mag- 
nitude and angle are not restricted to samples having a 
most probable molecular weight distribution. This empir- 
ical result has been found for all distributions investi- 
gated to  date, and each molecular weight average is 
expected to be accurate to about 15% for samples with 
M, exceeding about 2 X lo5 g/mol. Attempts to derive 
these relations for an arbitrary distribution indicate that 
the molecular weight-averages actually found only approx- 
imate values of M,, M,, and M, and depend on the degree 
of hydrodynamic interaction. The effects of h* on the 
molecular weight averages obtained are small; the mag- 
nitude of this effect can be seen by comparing the pre- 
dictions in Figure 1 (h* - 0) to those in Figure 2 (h* = 
0.25) since the averaged properties are computed with 
the same molecular weight distribution. 

C. Low Levels of Polydispersity. Here the effects 
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Table I 
Polystyrene Samples 

manufacturer sample fi,,,, g/mol M,.,/fi, [VI,* dL/g 
Pressure Chemical 80314 9 000" <1.06 0.12 
Pressure Chemical 60917 53 700 <LO6 0.30 
Pressure Chemical 4b 111000 <1.06 0.43 
Pressure Chemical 3b 390000 <1.11 1.02 
Pressure Chemical 6a 860000 <1.15 1.66 
Pressure Chemical 61124 1 800 000 C1.30 2.24 
Dow Chemical 1683 250 000 2.5 0.73 

KM 502; 25.0 "C. 
" Only fin is provided by the manufacturer. * Aroclor 1248, Lot 

1 - 3 .  
E 
o, - 4 .  N = 1 0 2 4 7 1  N = 20 . .  .,- 

U = 199942 N = 40.'.,, 
v 

0 2 = 299850 N = 6 0 ~ '  
- 5 .  

- 
- 3 .  - 2 .  - 1 .  0. I .  2. 3. 4 .  5 .  6 .  

- 
40. 4 

0 
I 

20 ,  - 
0 

10 9 ( OT1.N ) 
Figure 2. Predictions of reduced dynamic properties at the 
non-free-draining limit (h* = 0.25) for a polydisperse sample 
(most prohable distribution: p ,  = 0.999, M ,  = 100 g/mol; M,, 
= 5000; M,/M, = 1.95) and for three mogodisperse samples 
having molecular weights coinciding with M,, M,, and M ,  of 
the polydisperse sample. 

, /  ...., ',.MN MU = = 98676 I13490  , , N N = = , 20 23 , , y2;: 
M2 = I30529 N = 2 6  

t lU/MN = 1.150 h* I 0150 - 5 .  - 
- 3 .  - 2 .  - 1 .  0 .  I. 2 .  3 ,  4 .  5 .  6 .  

l o g ( o t l , R )  
Figure 3. Predictions of reduced dynamic properties at h* = 
0.15 for a polydisperse sample (ZOL distribution: M = 80 OOO 
g/mol, u = 0.374; Ms = 5000; M J M ,  = 1.15) and for three 
mondisperse Eamplesnhaving molecular weights coinciding with 
M,, M,, and M ,  of the polydisperse sample. 

of polydispersity _on the dynamic properties are investi- 
gated at levels (M,,,/M, N 1.15) common to molecular 
weight standards. The dynamic properties of a sample 
with such a low level of polydispersity are expected to 
be indistinguishable regardless of the distribution func- 
tion assumed to  empirically approximate the molecular 
weight distribution. This has been substantiated in part 
from modeling predictions for six assumed functions, and 
so for convenience a zeroth-order logarithmic (ZOL) dis- 
tribution" has been chosen. This two-parameter distri- 
bution is more commonly used in the analysis of parti- 
cle sizes. While i t  works well for our particular applica- 
tion, caution is advised for more general uses since to 
our knowledge the ZOL distribution does not naturally 
arise from modeling any polymerization or fractionation 
procedure used to  obtain molecular weight standards. 

The ZOL distribution has a slight positive skew and 
allows a continuum of positive molecular weights. Its 
functional form is 

with K-' = (27r)1'20fi exp(u2/2), M the most probable 
molecular weight, and u the distribution breadth param- 
eter. The first three molecular weight averages of this 
distribution are M - M exp(3a2/2), Mw = M exp(5a2/2), 

= exp(02) depends only on Q. 

Polydispersity effects on reduced dynamic properties 
are illustrated in Figure 3 for a sample with a ZOL dis- 
tribution (&I = 80000 g/mol, u = 0.374; = 1.15), 
h* = 0.15, and M,, = 5000 g/mol. As in the previous 

and Mz = &l exp(7a %- 12). The polydispersity index M,/M, 

figures, curves of reduced magnitude and angle for the 
polydisperse sample are not labeled; the labeled curves 
are predictions for monodisperse samples. Inspection of 
the reduced-angle curves indicates that polydispersity, 
at such low levels, only affects the low-frequency transi- 
tion zone; i t  decreases the steepness of the curve relative 
to that observed for monodisperse samples. Similar com- 
putations indicate that this effect should be experimen- 
tally observable in the reduced angle at polydispersity 
levels as Iow as Mw/Mn = 1.08 regardless of the degree 
of hydrodynamic interaction. 

111. Experimental Section 
A. Materials. Seven samples of linear, atactic polystyrene 

have been investigated. Six samples have been purchased from 
the Pressure Chemical Co. as molecular weight standards with 
small polydispersities. The remaining sample is the broad molec- 
ular weight standard No. 1683 generously supplied by Dr. E. 
R. North of the Dow Chemical Co. Molecular weight charac- 
terizations provided by the manufacturers and our intrinsic vis- 
cosity results are summarized in Table I. 

All samples were dissolved in Aroclor 1248, Lot KM 502, man- 
ufactured by the Monsanto Chemical Co. This chlorinated biphe- 
nyl solvent was selected because its viscosity has a strong depen- 
dence on temperature and because it is almost isorefractive with 
polystyrene. The latter property is expected to minimize form 
birefringence. Solutions were prepared by weight, and concen- 
trations in grams per milliliter were computed at 25.00 "C, assum- 
ing additivity of volumes and using densities of 1.445 and 1.06 
g/mL for Aroclor 1248 and polystyrene, respectively. The most 
concentrated solution for the narrow polydispersity standards 
was prepared by direct addition of polymer to solvent; the lower 
concentrations were made by diluting this stock solution. Sol- 
vation of the stock solutions was assisted with moderate heat 
(<60 " C )  and occasional gentle stirring; they required 6-9 weeks 
depending on the molecular weight. The dilutions were treated 
with occasional gentle stirring and low heat (C40 "C) for at least 
2 weeks before use. 

The polydisperse standard was first transformed from clear 
extruded pellets to a fluffy white powder by freeze-drying a 
1% solution in p-dioxane. The sample was dried for 2 days at 
pressures of about 100 pmHg; 'H NMR analysis of the result- 
ing powder dissolved in CDC1, indicated no detectable traces 
of p-dioxane. Each Aroclor 1248 solution was prepared by add- 
ing the polymer directly to the solvent. Solution was effected 
with low heat (<40 "C) and occasional gentle stirring over a 
period of 1 mo. The solutions were then filtered through 0.5- 
pm Millipore membranes to remove a fine white haze assumed 
to be insolubles arising from the pellet extruding process. After 
filtration they were subjected to more low heat and occasional 
stirring for another month. 

The stock solution for the sample with the bimodal molecu- 
lar weight distribution was made by combining portions of the 
solutions prepared for samples 4b and 6a. The ratio of poly- 
styrene from sample 4b to that of 6a is 4.00 by weight, and the 
total concentration of polystyrene in the blend is 0.01648 g/ 
mL. Mixing of this stock solution was assisted with occasional 
gentle stirring and low heat (<40 "C) for 2 weeks. 

B. Oscillatory Flow Birefringence Measurements. The 
second-generation thin fluid layer OFB apparatus and measure- 
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ment procedures are described e l ~ e w h e r e . ~ ~ ~ * ' ~  The transduc- 
ers of the apparatus are interfaced to a third-generation com- 
puterized data acquisition and processing system,+" which sub- 
stantially increases the effective frequency range and improves 
the sensitivity of the apparatus. All data were obtained using 
the 577.0-nm line of a Hg superpressure arc lamp and were 
acquired at  five solution temperatures (+45.00, +25.00, +15.88, 
+2.81, and -1.42 "C). The temperature was controlled to 10.01 
"C with thermistors calibrated against an NBS-calibrated stan- 
dard platinum resistance thermometer. Data at  each temper- 
ature is obtained at  about 20 shearing frequencies distributed 
in equal logarithmic steps between 0.25 and 1588 Hz. The uncer- 
tainties in the shearing or sampling frequencies are less than 1 
part in lo'. The precision of the OFB properties at  each tem- 
perature, when expressed as S* - S,' = S,, exp(+ie,), is usu- 
ally &0.4% for s,, and i0.3" for 8,; s,' (=SJ is the high- 
frequency, frequency-independent plateau observed in plots of 
S' versus frequency. The precision becomes poorer only when 
S* is dominated by the contribution of the solvent (e.g., at very 
low molecular weight, at extremely dilute polymer concentra- 
tions, and/or at high shearing frequency). 

Time-temperature superposition is used to empirically shift 
S,, and 8, to reference temperature To = 25.00 "C at each 
concentration. Superpositions are done independently on the 
magnitude and on the angle. Though the shift factors aT never 
differed by more than 2%, we report only values arising from 
the magnitude since the algorithm employed to obtain this aT 
was slightly more precise. S,' is obtained at  +2.81 and -1.42 
"C from the analysis of S' = Re{S*I measured for the solution 
at  high frequency; it is identified as the limiting high- 
frequency slope of a plot off 2S' versus f ', where f denotes the 
shearing frequency in hertz. Examples of such plots are reported 
elsewhere." At higher temperatures S,' must be estimated 
because a linear relationship no longer exists between f 2S' and 
f at accessible f .  The relationship 

S,'(T) = $(7? s,(n + (aT/aT*)[S"(T,)  -@(TI) S,(T,)I 
(14) 

has been used to obtain S,'(T) at temperature T from data 
measured at T and T,. Here, @(T) is the volume fraction of 
solvent at  temperature T,  S,(T) is S* measured for pure sol- 
vent at  temperature T ,  and aT is the time-temperature super- 
position shift factor arising from shifting data expressed as S* 
- @Ss = S,, exp(+ie,) from temperature T to reference tem- 
perature To. All estimates of S,' used T ,  = -1.42 "C, and values" 
of S, for Aroclor 1248, Lot KM 502, measured at  +45.00, +25.00, 
+15.88, +2.81, -1.42, -4.95, and -9.91 "C are (1.19 f 0.1) X 
lo-'', (6.07 f 0.2) X (1.92 1 0.1) X lo-', (2.34 f 0.1) X 

(2.00 f 0.1) X and (1.10 1 0.1) X 

Infinite-dilution properties, [s,,] or [e,], are obtained inde- 
pendently from the extrapolations log [SM,] = hmC+ !og S,/c 
and [e,] = limcd0 9, (data at  different concentrations mea- 
sured at the same shearing frequency and temperature). Such 
extrapolations were linear in concentration c when c [ v ]  < 2 and 
are of similar quality to those reported" previously. The dimen- 
sions of [S,,] and [e,] used here are seconds.milliliters per 
gram and degrees, respectively. 

IV. Results 
A. Frequency Dependence of S*,. BSM computa- 

tions are applicable to OFB data measured at  finite con- 
centration when the data is acquired at sufficiently dilute 
concentrations that interchain interaction effects are neg- 
ligible. The effects of polymer concentration on the fre- 
quency dependence of S*,  are shown in Figures 4-8 for 
samples with &Iw of 9000,111 000,860 000,1800 000, and 
250 000 g/mol, respectively. For clarity, a smooth curve 
is drawn through each set of 60-80 data points super- 
posed to 25.00 "C. The product c[o] ranges approxi- 
mately between 0.5 and 4 for each of the four molecular 
weight standards with narrow polydispersity and between 
0.4 and 1.8 for the polydisperse standard. Comparison 
of the two lowest concentrations of each figure indicates 

(6.96 1 0.3) x 
s, respectively. 
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Figure 4. Measured concentration and frequency dependence 
of S,, and e, (A, = 577 nm, To = 25.00 "C) for polystyrene 
( M ,  = 9000, M,/M, = 1.06) in Aroclor 1248. 
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Figure 5. Measured concentration and frequency dependence 
ofS,, and 8, (Ao =-577 nm, To = 25.00 "C) for polystyrene 
( M ,  = 111 000, M w / M ,  = 1.06) in Aroclor 1248. 
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Figure 6. Measured concentration and frequency dependence 
of_SM, and 8,  (Ao =-577 nm, To = 25.00 "C) for polystyrene 
( M ,  = 860 000, M,/M,, = 1.15) in Aroclor 1248. 

that the properties still depend on c: as c decreases s M A /  
aT and 0, shift to higher faT and SM,/aT shifts down. 
However, the changes in the relative shape of the fre- 
quency dependence of S M A / a T  or 8, are very small, and 
it is this shape that can be interpreted with the BSM. In 
section 1V.B this argument is confirmed by showing that 
model parameters arising from fitting data measured at  
about c [ q ]  = 0.5 are the same as those arising from infi- 
nite-dilution properties. For those interested, the con- 
centration dependence of the longest relaxation time T~ 
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Figure 8. Measured concentration and frequency dependence 
of_S,, and 8, (Ao =-577 nm, To = 25.00 "C) for polystyrene 
(M,  = 250 000, M,/M, = 2.5) in Aroclor 1248. 
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Figure 9. Measured frequency dependence of S,, and B (A, 
= 577 nm, To = 25.90 "C) for polystyrene (c = 0.04336 glmL, 
A?, = 9000 g/mol, M,/M, = 1.06) in Aroclor 1248. Solid lines 
are BSM fits to data (circle?) assuming a ZOL distribution with 
u = 0.241, h* = 0.15, and N = 3. 
obtained for the narrow polydispersity standards with 
this data has been reported elsewhere." 

The frequency dependence of S*, measured for sam- 
ples with narrow polydispersities and M, of 9000,53 700, 
111 000, and 390 000 are shown in Figures 9-12. The prod- 
uct c [ q ]  values for these solutions were 0.50, 0.30, 0.43, 
and 0.46, respectively, and the data reported here for M, 
of 9000 and 111 000 correspond to the lowest concentra- 
tion data shown in Figures 4 and 5. This time the mea- 
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Figure 10. Measured frequency dependence of S,, and 8 
(A, =-577 nm, To 25.90 " C )  for polystyrene (c = 0.0099 g4 
mL, M, = 53 700, M,/M,, = 1.06) in Aroclor 1248. Solid lines 
are BSM fits to data (circle?) assuming a ZOL distribution with 
u = 0.241, h* = 0.15, and N = 9. 
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Figure 11. Measured frequency dependence of S,, and 8, 
(X  = 577 nm, To = 25.00 "C) for polystyrene (c = 0.009 97 g/ 
mL, M, = 111 000, Mw/Mn = 1.06) in Aroclor 1248. Solid lines 
are BSM fits to data (circle!) assuming of ZOL distribution with 
u = 0.241, h* = 0.15, and N = 22. 
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Figure 12. Measured frequency dependence of S M A  and 8 
(A, =-577 nm, To = 25.00 "C)  for polystyrene (c = 0.004 49 g4 
mL, M ,  = 390 000, M,/Mn = 1.11) in Aroclor 1248. Solid lines 
are BSM fits to data (circle?) assuming a ZOL distribution with 
u = 0.309, h* = 0.15, and N = 74. 

sured properties, reduced to 25.00 "C via time-temper- 
ature superposition, are displayed as discrete points. BSM 
fits to these properties are drawn as solid lines. The model 
predictions assume that the samples have a ZOL molec- 
ular weight distribution. The distribution breadth param- 
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Figure 13. Measured frequency dependence of S, and 0 
(A, = 577 nm, To = 25.00 " C )  for polystyrene ( c  = 0.804 04 g4 
mL, &Iw = 860 000, Mw/M,,  = 1.15) in Aroclor 1248. Solid lines 
are BSM fits to data (circles) ignoring sample polydispersity; 
h* = 0.125 and N ,  = 190. 
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Figure 14. Measured frequency dependence of S,, and 0, 
(A = 577 nm, To = 25.00 _"C) for polystyrene (c = 0.003 04 g/ 
me, fiw = 1 800 000, Mw/Mn = 1.3) in Aroclor 1248. Solid lines 
are BSM fits to data (circles) ignoring sample polydispersity; 
h* = 0.125 and N ,  = 400. 
eter, U, was not varied to obtain this fit; it wgs simply 
set to the value obtained from the relation M,/M,, = 
exp(u2), using the M,/M,,- provided by the manufac- 
turer. The value of h* (or N )  used in each fit was ascer- 
tained from the height (or width) of the plateau in 8,. 
The frequency dependences of 8, and S,,/aT are fit 
quantitatively by the model; these fits are definitely supe- 
rior to those obtained when polydispersity is ignored. The 
value of h* is found to be essentially independent of molec- 
ular weight for these samples as is usually assumed for 
the model, and calculationpf !he Gaussian submolecule 
molecular weight, M,, = M / N  = [ M ,  exp(-502/2)1/N, 
yields 2600 f 1300,5160 f 500,4400 f 200, and 4150 f 
200 g/mol for samples with Mw of 9000,53 700, 111 000, 
and 390 000, respectively. The average value (4200 g/ 
mol) is 15% smaller than that estimated previou~ly, '~ 
which was obtained ignoring sample polydispersity and 
assuming S ,  = $Ss. 

Data for the two higher molecular weight samples with 
narrow polydispersities are shown in Figures 13 and 14. 
The product c [ v ]  is 0.67 (or 0.68) for the sample with a 
Mw of 860 000 (or 1 800 000) g/mol. Sample polydisper- 
sity is ignored when this data is fit to model predictions 
because the larger chains in the distribution exceed the 
maximum size ( N  5 700) currently in our data base. 
Regardless, the fit to the data with the simple Zimm model 
is very good. Here, the value of hydrodynamic interac- 
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Figure 15. Measured frequency dependence of [S a] and [e ] 
(Ao =-577 nm, To = 25.00 "C)  for polystyrene (e = 111 008, 
Mw/Mq = 1.06) in Aroclor 1248. Solid lines are BSM fits to 
data (circles)_ assuming a ZOL distribution with u = 0.241, h* 
= 0.15, and N = 22. 
tion parameter, h* (or number of springs N, in the chain), 
is ascertained from the height (or width) of the plateau 
in 8,. The value of h* (0.125) required for both fits is 
slightly lower than that (0.15) for the lower molecular 
weight samples. This drop is not caused by the neglect 
of sample polydispersity;' it may be due to excluded- 
volume effects expected2 to be observable in the level of 
the plateau in 8, when N ,  exceeds about 200 The Gaus- 
sian subchain molecular weight, Msm = M,/N,, esti- 
mated from these fits is 4500 f 200 g/mol, which is in 
agreement with that found at  lower molecular weight. 

B. Frequency Dependence of [PI,. BSM predic- 
tions of dynamic properties are expected to be most appli- 
cable to measured properties after extrapolation to infi- 
nite dilution. Such extrapolations, when done properly, 
remove the effects of interchain interactions invariably 
present to some degree in all data measured a t  finite con- 
centrations. An example of infinite-dilution properties 
is displayed in Figure 15. This sample has a narrow poly- 
dispersity and an Mw of 111 000 g/mol. The properties 
have been fit with the BSM (considering sample polydis- 
persity) in the same manner as in section 1V.A. The model 
parameters arising from such fits are the same as are 
observed at  finite concentration (e.g., compare Figures 
11 and 15). However, the fits to the infinite-dilution prop- 
erties are not as good for samples with narrow polydis- 
persities. The problem is most prevalent in 0, in the 
low-frequency transition zone (ca. log ( f a T )  = 2). Here 
the data falls below the predictions of the model. Such 
a deviation is puzzling since our measurements are very 
precise in this region due to the high signal levels. I t  is 
not an excluded-volume effect,2 and it vanishes when the 
sample polydispersity is higher (see below). Noting that 
the model predictions describe dilute-solution data so well, 
we suspect that our extrapolation method of obtaining 
infinite-dilution properties is inducing a small system- 
atic error in regions where there is a sharp change in the 
properties with faT.  

The infinite-dilution properties of the polydisperse 
molecular weight standard (Dow Chemical, No. 1683) are 
illustrated in Figure 16. The BSM predictions (solid lines) 
were computed with no adjustable parameters. The 
molecular weight distribution (provided by the manufac- 
turer) used in eqs 7 and 8 was that measured for the 
standard via gel permeation chromatography (GPC), and 
h* and Msm for this homopolymer/solvent system are 
taken from the analysis of the narrow polydispersity stan- 
dards. The model predictions clearly fit the data quan- 
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Figure 16. Measured frequency dependence of [S, ] and 
Le,] (A, = 577 nm, To = 25.00 "C) for polystyrene ( M  = 2%0 000, 
M J M ,  = 2.5) in Aroclor 1248. Solid lines are BgM predic- 
tions using the measured molecular weight distribution and val- 
ues of h* and M,, ascertained from samples with narrow poly- 
dispersity. 

titatively. Model predictions ignoring polydispersity (bro- 
ken lines) were successfully used to estimate the a,, and 
Mz from [e,]; the precision of each estimate is about 
10% * 

C. Multimodal Molecular Weight Distributions. 
Application of this polydispersity model to multimodal 
distributions is its next important challenge. Measure- 
ments of OFB properties for blends of narrow-distribu- 
tion polystyrene standards are currently in progress, but 
as yet they have been only completed for samples too 
concentrated to  fairly assess the quantitative predic- 
tions of the model. Regardless, two important points per- 
taining to OFB properties of blends in the dilute and 
semidilute regime are now evident: (1) samples with mul- 
timodal molecular weight distributions can have multi- 
ple levels in the plateau region of angle e,, and (2) the 
concentration dependence of the longest relaxation time 
T~ observed for the high molecular weight component in 
a blend may be substantially larger than is observed when 
it is the only component in solution. Both features have 
been observed in OFB data of bimodal and trimodal blends 
of narrow-distribution polystyrene standards;" data for 
a bimodal blend are illustrated and discussed in more 
detail below. The significance of the first point is that  
it again (see section 1I.B) underscores the need to assess 
sample polydispersity when using dynamic properties to 
interpret long-chain structure. This time, however, an 
ambiguity arises when a two-level plateau in 8, is observed, 
since such a feature is also observed for monodisperse 
samples of regular  comb^.',^^^^ The origin of the second 
point is unknown; it is currently suspected to be an effect 
due to interaction between chains of different sizes 
although the concentration dependence of the relax- 
ation times does not show the significant mode depen- 
dence usually observed.20s22 

Both points are illustrated here with properties mea- 
sured for a bimodal blend. The blend is composed of 
two of the narrow-distribution polystyrene standards used 
in sections 1V.A and 1V.B. The low molecular weight 
(LMW) component has a M, of 111 000 g/mol; the high 
molecular weight (HMW) component has a M ,  of 860 000 
g/mol. The dilute solution OFB properties for the com- 
ponents are illustrated in Figures 11 and 13; the concen- 
tration dependence of T~ for the components has been 
reported elsewhere.'2*20s22 The properties of the blend 
are shown in Figure 17; here the circles denote the data 
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Figure 17. Measured frequency dependence of S, and 8, 
(A, = 577 nm, To = 25.00 "C) foj a blend of pohstyzene 
narrrow-polydispersity standard 4b ( M ,  = 111 OOO) and 6a ( M ,  = 
860 000) in Aroclor 1248; 80% of the polystyrene concentration 
(0.016 48 g/mL) is sample 4b. The solid line is BSM fit to 8, 
assuming a two-component solution with h* = 0.15 and 0.125 
and N ,  = 25 and 190 for 4b and 6a, respectively (7,(HMW) 
shifted to obtain fit; see text). 

measured at  discrete frequencies. The two-level plateau 
in 0, is clearly visible and very similar to that for mon- 
odisperse samples of regular combs. The weight frac- 
tion of the LMW component is 0.800. The total poly- 
styrene concentration is a 0.016 48 g/mL; the concentra- 
tion of the LMW (or HMW) component is 0.013 18 g/ 
mL (or 0.003 30 g/mL). Ignoring interactions between 
the two narrow-distribution components, one would expect 
a t  these concentrations that each component would be 
in its dilute regime since the product of the component 
concentration and its intrinsic viscosity (Table I) is below 
unity (0.57 or 0.55 for the LMW and HMW component, 
respectively). However, the data for the blend appar- 
ently is not in the dilute regime since extrapolation curves 
required to obtain infinite-dilution froperties are non- 
linear (combining this data with data' measured at  higher 
concentrations). Not surprisingly, attempts to f i t  this 
data with no adjustable parameters as done in section 
IV.BZ3 were poor since the polydispersity model ignores 
all types of interchain interaction. However, the model 
successfully predicts the observed two-level plateau in 
angle 0,. 

Values of the longest relaxation times for the LMW or 
HMW components in the bimodal blend are 3.9 X 
and 1.59 X lO-'s, respectively. These values were ascer- 
tained by fitting the blend data with the polydispersity 
model again but this time multiplying all the relaxation 
times of the HMW component by a factor exceeding unity 
before using eqs 7 and 8. This artificially shifts the pla- 
teau of 0, for the HMW component to lower frequen- 
cies as is experimentally observed. (Shifting all relax- 
ation times is unrealistic since there is ample experimen- 
tal data indicating that the shortest relaxation time of 
both components is the same. Use of this type of shift 
is expected to cause the computed properties to deviate 
from those measured at  high frequency as is observed. 
Currently, there are no theoretical predictions for the con- 
centration dependence of the T, values for blend solu- 
tions.) The best fit to the blend properties is illustrated 
with a solid line in Figure 17. The f i t  is surprisingly very 
good for all but the highest frequencies and hence is 
expected to give reliable estimates of T~ far both compo- 
nents. It also suggests that  for blends in this concentra- 
tion regime there is little evidence for a mode-depen- 
dent shift in the relaxation times. 
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No. 1683 polystyrene standard and its molecular weight 
distribution, B. LeBlanc for confirming the absence of 
p-dioxane in the freeze-dried Dow standard with a 'H 
NMR experiment, D. Eisert for measuring the intrinsic 
viscosity of the Dow standard in Aroclor 1248, and Dr. 
T.  M. Stokich for advice and unrestricted access to his 
unpublished work on measuring and/or estimating vm', 
which we applied to obtain Sa'. This work was sup- 
ported by the National Science Foundation Polymers Pro- 
gram through Grants DMR-8303207 and DMR-8800641. 

The ratio of (Tl)HMw/(71)LMW observed for the blend 
is 41. A much lower ratio is obtained when infinite-di- 
lution 7 values are used for the components. 

blending) to be 2.70 X 10- and 6.84 X s for the LMW 
and HMW component, respectively. Hence, the infinite- 
dilution ratio (T?)HMW/(T?)LMW is 25 and is in very good 
agreement with a ratio of 27 from BSM predictions. Thus, 
the polymer concentration does have a substantial effect 
on the T~ values of blends. In addition, this concentra- 
tion effect on T~ for blends is different than thatl2S2' found 
when only one polymer component is in solution. For 
example, ('I/T:)HMW is 2.33 for the blend, but the ratio 
would be expected to only be 1.50 if only the HMW sam- 
ple was in solution at  a concentration of 0.003 30 g/mL. 
Likewise, ( T , / T , " ) ~ ~  is 1.44 for the blend but was expected 
to be 1.39. In summary, the T~ value's shift to longer times 
in the blends is more than expected when only one com- 
ponent is in solution, the 71 of the HMW component shifts 
much more than that of the LMW component in the blend, 
and the long-time portion of the relaxation time spectra 
of the two components appears to shift uniformly. 
V. Conclusions 

The effects of sample polydispersity on the frequency 
dependence of S*, can be modeled quantitatively for atac- 
tic samples of polystyrene dissolved in Aroclor 1248. At  
low levels of polydispersity the effects are only observed 
in the low-frequency transition zone; a t  higher levels the 
effects are observed at  most frequencies. Estimates of 
various molecular weight averages from S*, data are pos- 
sible after calibration with monodisperse standards. The 
molecular weight of a Gaussian submolecule for polysty- 
rene dissolved in Aroclor 1248 a t  25.00 "C  is 4200 f 500 
g/mol. This result is independent of molecular weight 
for all samples studied. The hydrodynamic interaction 
parameter, h*, is 0.15 for samples with Mw 1390 000 g/ 
mol; h* drops to 0.125 for samples with 860 000 1 Mw 5 
1 800 000 g/mol. A small decrease in h* with molecular 
weight is expected from excluded-volume consider- 
ations. The dynamic properties of a sample of linear chains 
with a bimodal molecular weight distribution can be sim- 
ilar to those of a monodisperse sample of regular combs. 
This result underscores the need to independently assess 
sample polydispersity when using dynamic properties to 
interpret long-chain structure. Finally, the concentra- 
tion dependence of the T~ for the high molecular weight 
component of the blend solution differs substantially from 
that observed before blending. 
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