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ABSTRACT: The high-frequency limiting viscosity of polybutadiene/Aroclor 1248 solutions is known to be 
less than that of neat Aroclor. This effect has been attributed to polymer-induced modifications of solvent 
relaxation. We have performed 13C NMR relaxation experiments to examine simultaneously the rotational 
dynamics of both components of these solutions. Local segmental motions of polybutadiene are more rapid 
than solvent rotation. This is unlike the behavior in low-viscosity solvents. With decreasing temperature, 
solvent rotation slows much more dramatically than do polybutadiene dynamics. Polyisoprene/Aroclor solutions 
show similar behavior. Polystyrene local dynamics in Aroclor are slower than Aroclor reorientations and have 
a stronger temperature dependence. The relative time scales for polymer and solvent motion are shown to 
be an important factor in interpreting solvent modification studies from other laboratories. 

Introduction 
Internal motions of flexible polymers are often treated 

through the bead-spring model. This model allows 
calculation of the spectrum of normal modes and their 
corresponding relaxation times, 7k. The solvent generally 
is viewed as a structureless bath in which the polymer 
chains freely undergo various Brownian motions. The only 
important physical property of the solvent is its viscosity, 
which slows polymer motions. The loss component of the 
dynamic solution viscosity, q’, is usually assumed to be 
the sum of the pure solvent’s viscosity and a simple 
contribution from each normal mode. At  very high 
oscillatory driving frequencies, when a r k  >> 1 for all k, the 
polymer contribution to 7’ vanishes, leaving only the 
solvent Contribution.’ 

Treatment of the solvent provides a basic difficulty in 
the interpretation of dynamic mechanical measurements 
from dilute polymer solutions. These experiments gen- 
erally find that the high-frequency limiting solution 
viscosity, qmr,  is not equal to the pure solvent viscosity, qs. 
This observation is inconsistent with the bead-spring 
model. Attempts to explain this apparent “solvent mod- 
ification” include a variety of additions to the bead-spring 
model. Several mechanisms by which q,’ can be greater 
than qs have been proposed, although none are entirely 
satisfactory. Furthermore, qm’ < qs for polyisoprene and 
polybutadiene in Aroclor 1248. Several approaches to 
these problems have been d iscu~sed .~-~  

These dynamic mechanical results have stimulated 
experimental efforts aimed at  studying the solvent directly. 
Morris, Amelar, and Lodge employed oscillatory electric 
birefringence to monitor solvent rotational dynamics in 
polystyrene and polybutadiene solutions in Aroclor.6 They 
found that the solvent relaxation time depends strongly 
on polymer concentration, lengthening when polystyrene 
is added but shortening when polybutadiene is added. The 
changes are strongly temperature dependent in polybu- 
tadiene solutions but nearly independent of temperature 
in polystyrene solutions. Results from polyisoprenel 
Aroclor solutions are similar to those from polybutadienel 
Aroclor, although the effects are ~mal l e r .~  Other workers 
have employed other techniques to examine solvent 
dynamics in these solutions.’@12 

The concentration dependence of the solvent relaxation 
time is characterized by an intrinsic effective solvent 
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viscosity, [ q J .  [vel is strongly correlated with [qm’ ] ,  the 
intrinsic value of qmr.7 This suggests that discrepancies 
between qm’ and qs are mainly caused by modifications to 
the solvent dynamics by the presence of a polymer. 
However, the mechanism of this modification is not yet 
understood on a fundamental l e ~ e l . ~ J ~ ~  

In the course of seemingly unrelated work13J4 we found 
two surprising and perhaps relevant aspects of polymer 
solution dynamics: (i) the damping of local polymer 
dynamics by the solvent can be much less than expected 
from the macroscopic solvent viscosity; and (ii) local 
polymer dynamics are faster than the rotation of Aroclor 
in polyisoprene/Aroclor solutions. Both of these findings 
are a t  odds with traditional views of polymer solution 
dynamics. How can the solvent be considered a viscous 
continuum if the solvent molecules are moving more slowly 
than the polymer? 

This paper is a more detailed and direct exploration of 
these issues and their relevance to solvent modification. 
We apply 13C nuclear magnetic resonance relaxation 
experiments to the problem of solvent modification. This 
technique allows us to probe Aroclor and polymer dynamics 
simultaneously. Furthermore, we learn about polymer 
motions on approximately the length scale of an Aroclor 
molecule. With these experiments we can explore the 
relative time scales for polymer and solvent motions on 
a length scale appropriate for solvent modification. The 
new data presented here are exclusively from polybuta- 
diene/Aroclor solutions, but we consider polyisoprene and 
polystyrene/Aroclor solutions as well. 

Our results demonstrate that the relative time scales 
for solvent and local polymer dynamics are fundamentally 
related to modifications of the solvent viscosity in polymer/ 
Aroclor solutions. This conclusion is valid for solutions 
of three polymers (polybutadiene, polyisoprene, and 
polystyrene) in Aroclor. The time scale difference accounta 
for the direction of the modification of the Aroclor 
relaxation time (the sign of [ q , ] ) ,  its relative magnitude 
in solutions of the different polymers, and its tempera- 
ture dependence. 

The next three sections of this paper are a complicated 
and detailed analysis of l3C NMR spin-lattice relaxation 
data. Readers whose main interest is solvent modification 
may go directly to the Discussion section. That section 
contains a summary of our analysis of the polymers’ and 
solvent’s dynamics followed by an interpretation of these 
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6 [PPml 
Figure 1. 'H-Decoupled 13C NMR spectrum of neat Aroclor 
1248 (90.6 MHz, 328 K). Peaks at  6 < 130.5 ppm are assigned 
to carbon atoms witbdirectly bonded hydrogens. Arrows indicate 
peaks included in Tl calculations. The inset is a generalized 
structure of an Aroclor molecule. The average molecule has 3.9 
C1 atoms. 
results within the context of other solvent modification 
studies. 

Experimental Section 
Materials and Instrumentation. We have measured natural- 

abundance, proton-decoupled, 13C spin-lattice relaxation times 
in solutions of polybutadiene (PB) and polyisoprene (PI) in 
Aroclor 1248. The Aroclor was a gift from Professor John Schrag 
and had previously been filtered by his students. This Aroclor 
(Monsanto Chemical Co., Lot No. KM502) is the same lot as has 
been used in other solvent modification studies.24,6 Aroclor is 
a highly viscous mixture of randomly chlorinated biphenyls (see 
inset to Figure 1). The exact composition is unknown but contains 
48% chlorine by weight (on average, 3.9 chlorine atoms/molecule). 

The viscosity of Aroclor 1248 is2J3J6 

(1) 
3.0245(T - 298.15) 

log q = log (219.0) - 
T - 242.94 + 6.310 X lO+(T - 298.15)2 

for 263 K I T I 318 K and 

153.73 
244.21 - T log 9 = -0.5482 - 

for 211 K I T I 380 K. Equations 1 and 2 give q in centipoise 
for Tin kelvin. Equation 2 is a fit to data found in the literature.15 
The numerical parameters differ slightly from those in ref 13 
due to the different temperature ranges considered. We use eq 
1 for T I 293 K and eq 2 for T > 293 K. 

Polybutadiene and polyisoprene were purchased from Good- 
year. All polymers contained small amounts of antioxidant. 
Polymer characterization data are given in Table I. Polybuta- 
diene solutions were prepared gravimetrically to 0.0, 1.0, 10, and 
20% polybutadiene (w/w). For some calculations we convert 
concentration units to grams per milliliter, assuming additivity 
of volumes and densities of 1.45 g/mL for Aroclor and 0.985 g/ 
mL for polybutadiene. Solutions were filtered (0.45 pm) before 
dissolved oxygen was removed through several freeze-pump- 
thaw cycles. Samples were sealed under vacuum. The poly- 
isoprene measurements have been reported earlier.13 

Table I 
Polymer Characterization 

~~ 

polymer polybutadiene polyisoprene 
Mw 24 000 10 200 
MwIMn 1.1 1.11 
% cis-1,4 40 76 
% tranS-l,4 52 18 
% vinyl-1,2 8 0 
% vinyl-3,4 6 

Spin-lattice relaxation times (TI) were measured under 
conditions of complete proton decoupling. Experiments were 
performed at  13C Larmor frequencies wc/2?r = 90.6 and 25.2 MHz 
using Bruker AM-360 and AC-100 spectrometers, respectively. 
A (rt-?r/2-FID) pulse sequence16 was employed, typically with 
12-15 delay times t, waiting at least 8 times the longest TI of 
interest between acquisitions. Sample temperature was precise 
within 1 K and accurate within 2 K. Tls generally were 
reproducible within 5 % . Further experimental details are found 
in refs 13 and 14. 

Spectroscopy. The 'H-decoupled 13C NMR spectrum (90.6 
MHz, T = 328 K) of neat Aroclor is shown in Figure 1. The 
spectrum is complicated. Each chemically distinct 13C nucleus 
of each congener of Aroclor gives rise to one peak, many of which 
overlap. All of these resonances appear within a rather narrow 
band of the 13C NMR spectral range. The individual NMR peaks 
broaden dramatically with decreasing temperature, and resolution 
increases linearly with Larmor frequency. At lower tempera- 
tures and lower Larmor frequency the fine structure seen in Figure 
1 collapses into a nearly featureless blob. 

We wish to learn about solvent rotational dynamics from 13C 
T1 data. This is tractable only for the protonated carbons, so 
some spectral assignment is necessary. Assignment of all the 
spectral peaks in Figure 1 would be difficult and unnecessary. 
Fortunately the spectrum is cleanly separable into a protonated 
13C region (6 < 130.5 ppm) and a chlorinated and quaternary 13C 
region (6 > 130.5 ppm). These features strongly support this 
partial assignment: (i) l3C NMR spectra of some molecularly 
pure components of Aroclor are assignable and similarly sepa- 
rable." (ii) Peaks at 6 > 130.5 ppm have T1s an order of magnitude 
or more longer than peaks at  6 < 130.5 ppm. (iii) A t  high tem- 
peratures peak intensities a t  6 < 130.5 ppm are enhanced by the 
nuclear Overhauser effect (NOE). Peaks at  6 > 130.5 ppm receive 
a significantly smaller enhancement. Points ii and iii are 
consistent with the expectation that dipole-dipole relaxation with 
the bonded proton is efficient for the protonated 13C atoms, which 
therefore have short Tls and benefit from the NOE. The 
chlorinated and quaternary carbons do not have an efficient spin 
relaxation mechanism available and therefore have long TIS. As 
these carbons do not relax primarily through 13C-lH dipole- 
dipole exchange, they do not receive alarge NOE. The dominant 
spin relaxation mechanism is unknown for the chlorinated and 
quaternary carbons, so we have measured and analyzed T1 from 
protonated carbons only. 

The solvent spin-lattice relaxation times (TI) we report are 
averages of Tl of six of the strongest protonated 13C peaks. These 
peaks are labeled with arrows in Figure 1. At lower tempera- 
tures and/or Larmor frequency, when these peaks are not 
individually resolved, an appropriately weighted average of the 
resolved peaks is used to calculate TI. As the rotationaldynamics 
of eachspecies present in Aroclor may be different and as different 
sites on any individual molecule may undergo different dynamics, 
the various protonated l3C spectral lines may be expected to 
have different Tis. In fact, small but systematic differences were 
observed in the individual Tls. Since the spread in TI values was 
small for any individual experiment (about 20%), we use 7'1 to 
characterize solvent spin-lattice relaxation and molecular re- 
orientation. The complexity of the 13C spectrum precludes 
definitive distinctions between ortho, meta, and para sites in 
Aroclor molecules. Spins in para sites might have slightly 
different Tls from spins in ortho and meta sites due to internal 
rotations about the central C-C biphenyl bond. 

The l3C NMR spectrum of polybutadiene is simpler and well 
understood.18 Spin-lattice relaxation times are reported and 
analyzed only for methylene groups in cis and trans repeat units 
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(6 = 27 and 32 ppm, respectively. TI data from vinyl-1,2 repeat 
units are not analyzeddue to the low vinyl content of this polymer. 
The methine carbons appear at 129.0 (cis) and 129.6 ppm (trans), 
in that part of the spectrum occupied by the protonated carbons 
of Aroclor. For a 10 % (w/w) solution of polybutadiene in Aroclor, 
the intensities of the polymer methine and solvent peaks are 
approximately equal. Therefore, it was impossible to calculate 
2'1 reliably for the methine polybutadiene peaks. The peaks 
included in the calculations of for the solvent were chosen to 
avoid spectral overlap with the polybutadiene methine peaks. 

The polyisoprene spectrum presents fewer problems. Fol- 
lowing the nomenclature of refs 13 and 14, TI data from the 
methylene carbons C4 (6 = 26 ppm) are analyzed from cis repeat 
units. Data from carbons C1 and C2 are very similar. The small 
systematic differences between the various carbons do not affect 
any of the arguments presented here. 

Relaxation Equations. The dominant spin relaxation mech- 
anism in these experiments is a dipoldipole interaction between 
13C and its directly bonded proton(s). Under these conditions 
TI is related to the spectral density function J(w)19 
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- Kn[J(WH-Oc) + u ( W c )  + ~ ( ~ H + W c ) l  (3) 1 -- 
Cd 

where wc and WH are the l3C and lH resonance frequencies and 
n is the number of bonded protons. The constant K is related 
to the C-H bond length and taken to be equal to 2.29 X 1Og s - ~  
for methylene carbons and 2.42 X lo8 g2 for methine carbons." 
J(w) is related to the correlation function describing rotational 
motion of the C-H bond 

J(w) = i c C F ( t )  e'"' dt (4) 

Thus, TI provides information about the average reorientation 
of a W-lH bond. By analogy with polyisoprene in dilute 
solutions,14 we assume that relaxation with nonbonded protons 
does not contribute significantly to the polybutadiene TIS we 
report. We also assumeponbonded protons do not contribute 
significantly to Aroclor TIS. 

Chemical shift anisotropy (CSA) can contribute to spin 
relaxation. This effect is insignificant for the methylene carbons 
of polybutadiene and polyisoprene but is not negligible (7-15%) 
for Aroclor at the higher Larmor frequency used. The spin- 
lattice relaxation rate is a sum of the dipole-dipole and CSA 
relaxation rateslg 

(5) 

where cd is the dipole-dipole contribution from eq 3. If the 
chemical shift is axially symmetric, csA is given byl9 

Although use of eq 6 is an approximation," it should be adequate 
since CSA provides only a minor contribution to TI. We have 
assumed (011 - aL) = 200 ppm for Aroclor and (all - al) = 0 ppm 
for polybutadiene.20 

Aroclor Dynamics 
Neat Aroclor. Spin-lattice relaxation times of neat 

Aroclor have been measured at two Larmor frequencies 
over the temperature range 276363 K. The data are 
plotted in anhrhenius-like format in Figure 2. TI minima 
are seen in both data seta, and an wc-independent, extreme 
narrowing regime seems to  appear at high temperatures. 
We will show that (i) a distribution of time constants is 
required to describe Aroclor rotation, (ii) the shape of this 
distribution does not change over the temperature range 
studied, (iii) the temperature dependence of Aroclor 
rotation follows the Stokes-Einstein-Debye prediction, 
and (iv) this temperature dependence is in excellent 
agreement with measurements performed at higher and 
lower temperature ranges with two other techniques. 

2.8 32 36 

1000/T [1/Kl  
Figure 2. Spin-lattice relaxation data (PI) of neat Aroclor as 
a function of temperature and Larmor frequency. Experimental 
uncertainty (f5%) is given by the size of the data points. The 
solid curves are a fit to the Cole-Davidson model with y = 0.30 
and B = 13 200 (ps.K)/cP. 
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Figure 3. Frequency-temperature superposition of data from 
neat Aroclor. The data are from Figure 2. See text for an 
explanation of the axes. This superposition confirms rho a q/T 
and demonstrates that the distribution of motional time constants 
has a shape independent of temperature. 

The two data seta shown in Figure 2 can be superposed 
by a Larmor frequency-temperature superposition. This 
approach was introduced in the analysis of bulk poly- 
butadiene2I and has also been employed in the analysis of 
local polyisoprene dynamics ic dilute solution.14 The su- 
perposition for neat Aroclor TIS is shown in Figure 3. In 
ref 14 the vertical axis is log (Tl/wc). Here a small 
correction term (1 + wc24) has been incorporated to 
account for CSA relaxation. 4 represents the ratiozz 

= 2.5 X s2. Following refs 21 and 14, the horizontal 
axis should be log ( w c T ~ ~ ) ,  where 7 h 0  is a time constant 
characterizing Aroclor rotation. We have instead plotted 
log ( w c ~ l T )  on the horizontal axis, as T A ~ ~  0: q/T if the 
Stokes-Einstein-Debye relationship holds. 

The superposition shown in Figure 3 is excellent, 
confirming that Aroclor rotation does follow the Stokes- 
Einstein-Debye law over the experimental temperature 
range. The superposition also demonstrates that the 
distribution of time constanta needed to describe Aroclor 
rotation does not appreciably change shape with temper- 
ature. 

A single rotational time constant (equivalently, an 
exponential correlation function) is inconsistent with the 
NMR data. The values of ?'I a t  the 7'1 minima most readily 
demonstrate this. An exponential CF(t) predicts that, at 
the minima, TI= 0.1 1 and 0.035 s a t  wc/27r = 90.6 and 25.2 
MHz, respectively. The experimental values of 7'1 are 
about 60% longer. Of course, the necessity of using an 

ed/wC 2 P S A  and is approximated as 4 = (ut1 - uJ2/75nK 
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Figure 4. Arrhenius plot of the molecular reorientation time of 
Aroclor calculated from three techniques: DRS (A); 13C NMR 
TI (0,90.6 MHz) and (+, 25.2 MHz); and OEB (0). The curve 
is Bq/T with B = 13 200 (ps.K)/cP. 

average 7'1 for Aroclor also indicates that an exponential 
CF(t) is insufficient. This conclusion is somewhat a t  odds 
with depolarized Rayleigh scattering (DRS) studies of neat 
Aroclor rotation. At  temperatures above those used in 
this study, DRS experiments suggest that an exponential 
CF(t) is sufficient.l' A t  temperatures below those used 
in this study, however, oscillatory electric birefringence 
(OEB) experiments indicate the presence of a distribution 
of relaxation times.6 

In addition to the exponential model, we have attempted 
to fit the Aroclor 7'1 data with a biexponential CF(t), as 
well as C o l e - C ~ l e , ~ ~ ~ ~ ~  Fuoss-Kirkwood,23~25 log x2,23926 

re~tangular:~ and Cole-Davidson27~28 distributions of time 
constants. The fitting procedure has been described 
earlier.14 We have constrained 

7 = B[s(T)I/T (7) 
for all 7 in the distributions of time constants, F(7).  This 
constraint comes from the success of the TI superposition 
in Figure 3. Only the Cole-Davidson distribution provides 
a satisfactory fit. 

The Cole-Davidson spectral density function is given 
byz7 

sin [y tan-' (UT,,)] 
J(w)  = (8) 

The best fit of this model to the Aroclor TI data has y = 
0.30 and B = 13 200 (ps.K)/cP, when 7 m a  is used in place 
of 7 in eq 7. This fit has a reduced Xr2 of 1.8 and is shown 
as the solid curves in Figure 2. I t  is not our purpose to 
determine conclusively the correct J(u) for neat Aroclor. 
However, we do require a reasonable fit so that we may 
analyze the concentration dependence of the solvent 7'1 
in polybutadiene/Aroclor solutions. The Cole-Davidson 
distribution has a singularity a t  the longest time constant 
(7") andadecayingdistributionofshortertimeconstants. 
This shape is roughly consistent with OEB data, which 
are "highly suggestive of the appearance of additional 
relaxation processes a t  much higher frequenciesna6 

The time constant 7Aro describing neat Aroclor rotation 
is plotted in an Arrhenius format in Figure 4. The NMR 
points (0, +) are from the Cole-Davidson fit to 7'1 data, 
with 7Aro taken equal to 7mar. Results from DRS" (A) and 
OEB6 ( 0 )  experiments are also included. The curve is 
the temperature dependence of q/ T of Aroclor 1248, plotted 
according to eq 7 with B = 13 200 (ps.K)/cP, as calculated 
above. 

w(1 + U27,,2)7'2 

For the NMR points in Figure 4, T A ~ ~  cannot be calculated 
from a single value of 7'1. The entire collection of 7'1 values, 
measured at  two Larmor frequencies and multiple tem- 
peratures, was analyzed as a whole. This analysis led to 
several conclusions, eq 7 among them. Thus, the NMR 
results are most accurately depicted as the curve shown 
in Figure 4. The circles (90.6 MHz) and plus symbols 
(25.2 MHz) in Figure 4 represent calculations of 7" from 
7'1, assuming a Cole-Davidson spectral density function 
with y = 0.30 and B = 13 200 (ps.K)/cP. 

Although the proportionality constants are not certain, 
the temperature dependence of 7Aro follows q/T for each 
technique. The three experimental techniques agree quite 
well, particularly considering several ambiguities in the 
comparisons. 

Several possible explanations can account for the 
differences in absolute values of TAro from OEB and NMR 
over the intersecting temperature range. The values of 
7h0 depend on details of the data analysis. One reasonable 
alternate analysis of the raw OEB data leads to 7 h o S  a 
factor of -4 longer without greatly affecting the tem- 
perature dependence.6 Similarly, if 7ho  (from NMR) was 
defined as the time integral of CF(t) rather than as 'I-, 
the values of 7h0 would be approximately l/3 of those plotted 
in Figure 4. Either of these uncertainties would substan- 
tially bring the OEB and NMR results into agreement. 
The discrepancies between the experiments could also be 
real, not simply artifacts of the analyses. The three 
experiments monitor rotations of different vectors and 
preferentially monitor different molecules of the Aroclor 
mixture. NMR, for example, is more sensitive to Aroclor 
molecules with more hydrogens and fewer chlorines. If 
chemically different Aroclor molecules rotate differently, 
exact determinations of 7Aro from different techniques 
would not be expected to agree.29 

Aroclor Dynamics in Polybutadiene Solutions. In 
this section we calculate reorientation times, T ~ ~ ( c , T ) ,  of 
Aroclor as a function of temperature and polybutadiene 
concentration. These times will be used to calculate 

t(c,O characterizes the change in solvent dynamics upon 
addition of polymer and presumably is related to changes 
in local friction. Other workers have found that t ( c , T )  is 
an exponential function of concentration:6JJ*12 

Our d In [(c,T)/dc results for polybutadiene/Aroclor 
solutions are consistent with results from other techniques. 
The NMR results presented here also clarify the extent 
of solvent modification at  temperatures above those 
studied with the OEB experiments. 

Spin-lattice relaxation times of Aroclor in polybuta- 
diene/Aroclor soljutions have been measured at  90.6 MHz. 
Figure 5 shows TI  of the solvent as a function of tem- 
perature and polymer concentration. 7'1 is only a weak 
function of polymer concentration, indicating that solvent 
dynamics are not strongly modified by the presence of the 
poljymer over this temperature range, The small changes 
in T1 are significant, however. The TI minimum shifts to 
lower temperatures as polybutadiene is added, indicating 
that Aroclor rotation becomes faster in more concentrated 
solutions. The TI  minimum also shifts to longer upon 
addition of polybutadiene, suggesting that the distribution 
of time constants describing Aroclor rotation broadens 
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Figure 5. Aroclor TI data (90.6 MHz) from polybutadiene/ 
Aroclor solutions plotted in an Arrhenius-like format. The 

bole represent different polybutadiene concentrations. The SF minimum shifts to slightly lower temperature and longer 2'1 
in the more concentrated solutions. 

1000/T [ U K I  

slightly in more concentrated solutions. This second 
feature introduces some ambiguity into the following 
analysis. We use two different approaches to calculate 
MC,T). 

Method I assumes that the Cole-Davidson distribution 
remains an adequate description of Aroclor dynamics in 
polybutadiene/Aroclor solutions and that only the width 
parameter y needs to be adjusted. y is determined solely 
by the value of TI at  the minimum: y = 0.30,0.30,0.28, 
and 0.27 for 0, 1, 10, and 20% polybutadiene solutions, 
respectively. Each TI value then determines 7 m a  for the 
given concentration and temperature. {(c,T) is then 
calculated 88 7,,(c,T)/sm,(C=O,T). 

Method I1 neglects the slight variation in the functional 
form of J ( w )  with concentration. This assumption allows 
calculation of {(c,T) without invoking any specific motional 
model. Each log TI versus 1000/T curve was vertically 
shifted so that a t  the minimum Tl = 0.184 s, the value for 
neat Aroclor. (The 1 % solution data did not require this 
shift.) We have already shown in a model independent 
manner that 7~~~ scales as qAro/T. This result, together 
with the assumption that T A ~ ~  = 2 ns at  the TI minimum, 
allows a mapping from TI to TA~,, for neat Aroclor. We use 
this same mapping for the measurements of Aroclor in 
solution with polybutadiene to obtain 7Aro(C,T). Since 
{(c,T) is formed from the ratio TAro(C,T)/TAro(O,T), the 
assumption about the absolute value of 7Aro a t  the TI 
minimum is not actually necessary. 

Our {(c,T) results can neither confirm nor deny that 
J'(c,T) is an exponential function of concentration. We 
assume this functional form and calculate d In {(c,T)/dc 
a t  each experimental temperature from the slope of In 
J'(c,T) vs c. An example is shown as an inset to Figure 6. 

Table 11 lists the values of d In {(c,T)/dc calculated from 
the two analyses of the temperature and concentration 
dependence of TI. Quite different assumptions went into 
the two analyses. Method I acknowledges a concentration 
dependence in J ( w ) .  We assume that the Cole-Davidson 
distribution function, with different values of y, provides 
J(o) for the different solutions. Method I1 does not invoke 
a particular motional model but overlooks the concen- 
tration dependence in J(o). The two methods lead to 
similar values of d In J'(c,T)/dc. This consistency lends 
credence to the results. 

A comparison of our measurements of Aroclor dynamics 
with results from other techniques is shown in Figure 6. 
The vertical axis is the quantity calculated in the preceding 
paragraphs and represents the modification of solvent 
dynamics upon addition of polymer. When d In {(c,T)/dc 

o J Q z O 3  -40 
I . . . . l . . . , , . . . . l . . . . 1 . . . . ,  

250 275 300 325 350 375 
T [KI 

Figure 6. Temperature dependence of the modification of 
Aroclor dynamics in polybutadiene/Aroclor. The large negative 
values of I3 In {(c,T)/ac indicate solvent motions become much 
more rapid a~ polybutadiene is added to the solutions. Data 
from five techniques are included: PCS (0); OEB (0 ) ;  13C NMR 
T~(o); PFG-NMR (small squares with exterior diagonals); and 
DRS (A). PFG-NMR reflects translational motion of solvent 
molecules; all others reflect rotational motion. The inset is an 
example plot (method 11; 288 K) of in {(c,T) versus c [g/mLl. 
The best fit line has slope I3 In {(c,T),/I3c = -4.2 mL/g. 

Table I1 
a In f(c,T)/ac (mL/g) Obtained from Aroclor TI Data 

~ 

temp, K method I method I1 
328 +0.2 +0.2 
316 -0.1 -0.4 
311 -0.7 -0.7 
305 -1.6 -1.2 
299 -4.6 -2.5 
297 -2.8 -2.8 
293 -4.2 -4.4 
288 -3.8 -4.2 
283 -6.7 -6.0 

= 0, solvent dynamics are independent of polymer 
concentration. When d In {(c,T)/dc < 0, Aroclor motions 
are faster in polymer solutions than in neat Aroclor, and 
when d In f(c,T)/dc > 0, solvent motions are slower in 
polymer solutions. The circles in Figure 6 are the 13C 
NMR TI results of this work. Averages from the two 
analyses in Table I1 are plotted. Other workers have 
employed photon correlation spectroscopy12 (PCS; O) ,  
oscillatory electric birefringence6 (OEB; 0), and depo- 
larized Rayleigh scattering12 (DRS; A) to study solvent 
rotation in polybutadiene/ Aroclor solutions. These results 
are included in Figure 6. Two points reflecting the 
modification of translational solvent diffusion were ob- 
tained by pulsed field gradient nuclear magnetic reso- 
nancelO (PFG-NMR; small squares with exterior diago- 
nals). 

Several features of Figure 6 are noteworthy. Most 
important, results from five techniques generally follow 
a single curve. We are unsure why the DRS results deviate 
from the 13C NMR 2'1 and PFG-NMR results. At low 
temperatures the presence of polybutadiene dramatically 
enhances solvent mobility. At higher temperatures this 
effect becomes much smaller. Apparently d In {(c,T)/dc 
is asymptotically approaching zero or some other small 
value at  high T. In addition, rotational and tranelational 
diffusion of Aroclor seem to be similarly affected by the 
presence of polybutadiene, as demonstrated by the agree- 
ment between the PFG-NMR and 13C NMR TI results. 

Local Polymer Dynamics 
13C NMR TI data of polymers in dilute solutions are 

related to motions of C-H bonds in the polymer chain. 
The measurements reported and analyzed in this paper 
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Figure 7. Spin-lattice relaxation times (90.6 MHz) of polyb- 
utadiene in Aroclor solutions plotted in an Arrhenius format. 
Data are from methylene carbons (n = 2) in trans repeat units. 
2'1s from two concentrations are shown. The curve is a fit of a 
biexponential correlation function to the data. Reasonable fits 
require CY - 0.3 and E, = 11 kJ/mol. 

reflect reorientations of some short sections of the polymer 
backbones. For polybutadiene and polyisoprene this 
length scale is believed to be 1-2 repeat units. 

Polyisoprene in Aroclor Solutions. The local dy- 
namics of polyisoprene in dilute solutions are already 
understood in considerable detai1.13J4*30p31 The forms of 
the correlation functions describing local segmental dy- 
namics are nearly independent of temperature and solvent. 
A biexponential correlation function describes local poly- 
isoprene dynamics in toluene quite well.14 That is 

CF(t) = (1 - + fe- t / 'bb (11) 
with 0 < f < 1 and Tseg > The time constant Tseg reflects 
activated transitions between conformational potential 
energy minima. These motions occur on the length scale 
of 1-2 repeat units, approximately the size of a solvent 
molecule. Librations of only a few atoms appear through 
Tlib. Most important, in toluene, Aroclor, and eight other 
solvents, the temperature dependence of Tseg is 

A, a, and E,  are properties of the polymer only. A = 0.39 
ps/cPa, a = 0.41, and Ea = 13 kJ/mol. The temperature 
dependence of Tlib is unknown and has little effect on the 
interpretation of 13C NMR TI  data. Probably T1jb is nearly 
independent of solvent, viscosity, and temperature. For 
polyisoprene in toluene, Tseg/Tlib 1 500 at  200 K. 

Polybutadiene in Aroclor Solutions. Spin-lattice 
relaxation times from polybutadiene in Aroclor solutions 
are plotted in Figure 7. The data are from methylene 13C 
spins in trans repeat units of the polymer. Data from two 
polymer concentrations (10 and 20%) are included. TI 
data from cis CHZ groups (not shwn) are qualitatively 
similar. Due to spectral interference with the solvent, it 
was impossible to measure TIS from cis or trans CH groups 
of polybutadiene. 

Results from the two concen$ations agree within 
experimental uncertainty. This is unlike the Aroclor 7'1 
data from these same solutions, which are concentration 
dependent. This discrepancy may be surprising. On the 
other hand, since NMR reflects very local polymer motions, 
Tls generally are independent of polymer concentration 
below 15 or 20% polymer. At  lower temperatures a 
concentration dependence could appear in the polymer 
TIS.  Since the T1s we measure are independent of 
concentration, we analyze all of the data in Figure 7 
together, without regard to concentration. 

Not enough data exist to determine unambiguously the 
form of CF(t) or the temperature dependence of local po- 
lybutadiene dynamics in Aroclor. As polyisoprene and 
polybutadiene are quite similar structurally, we assume 
that local polybutadiene dynamics are similar to those of 
polyisoprene. Specifically, we assume that eqs 11 and 12 
can describe polybutadiene dynamics in Aroclor. 

The curve shown in Figure 7 is a fit of the data to a 
biexponential CF(t) (eq 11) with the temperature depend- 
ence given by eq 12. The fitting routine is described in 
more detail in ref 14. We have assumed Taeg/Tlib = lo00 
at  all temperatures. The other fit parameters are expected 
to be insensitive to the value of Tseg/Tlib as long as T,eg/slib 
is greater than about 200.14 The remaining parameters 
defining the curve are a = 0.30, Ea = 11 kJ/mol, f = 0.66, 
and A = 1.3 ps/cPa. Although there are too many 
parameters in this model to evaluate any of them precisely, 
reasonable values of E, are obtained only if a = 0.30 f 
0.06. The agreement between the curve and the data is 
much worse for a > 0.4. Ea and CY are strongly correlated 
parameters: for CY > 0.36, Ea < 5 kJ/mol, while for a < 

Analysis of preliminary polybutadiene 13C T1 data in 
five solvents (hexane, tetrahydrofuran, squalene, bis(2- 
ethylhexyl) phthalate, and Aroclor) gives values of a and 
Ea consistent with those discussed above. An isothermal 

analogous to Figure 6 of ref 13, has slope a = 0.35. The 
activation energy (Ea) is about 9 kJ/molin tetrahydrofuran. 

The preceding paragraphs have exclusively discussed 
polybutadiene CHz groups in trans repeat units. In 
Aroclor, the cis CHZ data can be fit by a = 0.32, E, = 11 
kJ/mol, f = 0.62, A = 0.91 pS/cP", and Tneg/Tlib = lo00. 
Reasonable fits require CY = 0.32 f 0.06 for Ea = 10 f 6 
kJ/mol. Experiments in the other solvents suggest a = 
0.37 and Ea = 10 kJ/mol. The cis and trans CH groups 
could not be studied in Aroclor solutions due to spectral 
overlap with the solvent, but they have similar values of 
a and Ea in the four other solvents. 

In this section we have used 13C TI  measurements to 
show that local polybutadiene dynamics follow the tem- 
perature and solvent viscosity dependence of eq 12 with 
a = 0.3, E, = 11 kJ/mol, and A = 1.3 ps/cPa. These values 
were calculated from temperature-dependent T1s of po- 
lybutadiene trans CHZ groups in Aroclor. Similar values 
were obtained for polybutadiene cis CHZ groups in Aroclor. 
TI data from both CHz groups and cis and trans CH groups 
in four other solvents also lead to comparable values of a 
and Ea. The overall agreement among these calculations 
provides reasonable confidence in the resulting parameters. 

Polystyrene in Aroclor Solutions. Polystyrene mo- 
tions in Aroclor probably are too slow to be addressed 
easily by l3C TI  measurements. However, we can estimate 
a and Ea from data in the literature. Data are only 
available for polystyrene solutions with solvents other than 
Aroclor, but like polybutadiene (discussed above) and poly- 
isoprene,13 we expect a and Ea to be independent of the 
solvent identity. 

A t  high temperatures and low solvent viscosities, and 
when experiments are performed at  low enough Larmor 
frequencies (i.e., when WCTPS << 11, TI  is inversely pro- 
portional to T P S .  Several workers have examined poly- 
styrene l3C TIS in dilute solutions. Figure 8 is a plot of 
TI-l vs rl for the backbone C-H carbon of atactic 
polystyrene in various solvents a t  T = 333 K and oc/27r 
z 24 MHz.32-34 In some cases it was necessary to 
interpolate to 333 K. We believe WCTPS << 1 for this data, 
so TI-l a TPS. Since the data fall approximately on a line 

0.24, Ea > 16 kJ/mol. 

plot (T = 328 K, W C / ~ T  = 90.6 MHz) of log Ti-' vs log I], 
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Figure 8. T1-l vs q for the backbone C-H carbon of atactic 
polystyrene in various solvents (24 MHz, 333 K). Data are from 
the l i t e r a t~ re .~*-~  A solid line through the origin provides a 
reasonable fit to the data. Since T1-l a TPS, this figure shows that 
~ p g  0: qa with a = 1. 
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passing through the origin, the viscosity exponent (from 
eq 12) a is equal to 1. An analogous plot with similar 
results has been made for T = 348 K. 

Other work confirms that local polystyrene dynamics 
slow linearly with increasing solvent viscosity. Gronski 
and M ~ r a y a m a ~ ~  have measured atactic polystyrene I3C 
TIS  as a function of temperature in two solvents: tet- 
rahydrofuran and cyclohexane. The activation energies 
Eexp obtained from a plot of In TI vs 1000/T are different 
in the two solvents. However, E,, was easily decomposed 
into a sum of two parts: a contribution of the solvent 
viscosity (E,) and an intramolecular potential energy 
barrier (EA. E, = 20 kJ/mol in both solvents. This analysis 
is equivalent to showing a = 1. The prefactor A in eq 12 
is 0.5 ps/cP. Heatley and Wood35 have argued that Kram- 
erd theory (a = 1) also provides an appropriate framework 
for analyzing 'H 2'1s of polystyrene solutions. Grandjean 
et have presented a similar argument for 2H 2'1s of 
deuterated polystyrenes. Finally, in our laboratories, Wal- 
tlow et alS3' have employed time-resolved fluorescence an- 
isotropy measurements to show that a = 0.9 f 0.05 for 
anthracene-labeled polystyrene. 

Discussion 
In the preceding sections we have analyzed solvent and 

polymer I3C 2'1 data from polybutadiene, polyisoprene, 
and polystyrene solutions. These data were related to the 
time scales of solvent rotation and local polymer dynamics. 
The analysis can be summarized in four equations 

T~~ = (13 200(ps*K)/cP)q/T (13) 

7 h 0  is the molecular rotation time for neat Aroclor 1248. 
The time constants for the three polymers ( ~ ~ 1 ~ )  are 
associated with segmental motions of the chain backbones 
in dilute solutions in Aroclor. q is the viscosity of neat 
Aroclor 1248. Equation 13 is derived from data over the 
temperature range 263-413 K,29 eq 16 from data a t  273- 
328 K, and eq 15 from data a t  325-357 K. Equation 14 
is an extrapolation from local polystyrene dynamics in 
other solvenb. 
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Figure 9. Temperature dependence of the modifications of 
Aroclor dynamics in polymer/Aroclor solutions (points, left axis) 
compared to the ratio of time scales for local polymer and solvent 
dynamics (curves, right axis). Polybutadiene points are from 
Figure 6. The fully darkened points are for polystyrene solutions, 
the half-darkened points are for polyisoprene, and the open points 
are for polybutadiene. Point shapes correspond to different 
experimental techniques (text contains key and references). The 
dashed curve is for polystyrene solutions, the dotted curve for 
polyisoprene, and the full curve for polybutadiene. 
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We believe that the modifications of Aroclor's dynamics 
in polymer solutions are related to the polymer chains' 
dynamics. The pertinent polymer dynamics must be very 
local, on the length scale of approximately 1 solvent 
molecule. Equations 13-16 allow calculation of the ratio 
T , , , , ~ ~ / T A ~ O  for the three polymer solutions. We might expect 
that when ~~l~ > 7h0, solvent motions would slow upon 
addition of polymer. Similarly, we anticipate that when 
Tpoly < 7h0 ,  solvent rotation could speed up as polymer is 
added. These ideas are consistent, for example, with 
suggestions from coupling theory.g 

The fundamental observation of this paper is that the 
relative time scales for polymer and solvent motions are 
intimately related to the modification of solvent dynamics 
upon addition of the polymers. Figure 9 shows the 
relationships between ~ ~ l ~ / ~ h ~  and the polymer concen- 
tration dependence of 7h0(c ,T ) .  A great deal of infor- 
mation is contained in Figure 9. The points characterize 
the concentration dependence of ~ h ( c , T )  for Aroclor 1248 
in solutions with polystyrene (darkened symbols), poly- 
isoprene (half-darkened diamonds), or polybutadiene 
(open symbols). Data from several experimental tech- 
niques and researchers are included: P C S 2  (squares), 
OEB6r7 (diamonds), 13C NMR 2'1 (circles, this work), 
DRS11J2 (triangles), and PFG-NMRIO (small squares with 
exterior diagonals). The points from polybutadiene/ 
Aroclor solutions are reproduced from Figure 6. All these 
data correspond to the left vertical axis. 

The curves in Figure 9 are ~ ~ ~ l ~ / ~ h ~  plotted on a 
logarithmic scale (right vertical axis). They are for 
solutions of polybutadiene (-1, polyisoprene (a - e), and 
polystyrene (- - -1 in Aroclor. These curves have been 
calculated directly from eqs 13-16. The two vertical axes 
have been aligned with a common zero and have been 
arbitrarily scaled with respect to one another. 

Figure 9 demonstrates the close association between 
the concentration dependence of T ~ ~ ( C , T )  and the relative 
time scales of local polymer and solvent dynamics. All of 
the qualitative features of the a In {(c,T)/ac data are 
apparent in the log ( ~ ~ l ~ / ~ h ~ )  curves. For polystyrene, 
a In {(c,T)/dc and log ( T ~ ~ ~ / T A ~ ~ )  are both positive a t  all 
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temperatures. When local polymer motions are slower 
than solvent rotation, solvent rotation slows upon addition 
of polymer. Similarly, d In k T ) / d c  and log ( T ~ I ~ / T A ~ ~ )  
are both less than or approximately equal to zero a t  all 
temperatures for polybutadiene and polyisoprene solu- 
tions. When local polymer motions are faster than solvent 
rotation, solvent rotation speeds up upon addition of 
polymer. 

In addition to correctlyrecovering the signs of d In {(c,T)/ 
dc, the relative magnitudes are approximately reproduced 
by log ( T ~ I ~ / T ~ ~ ) .  In the temperature range of the OEB 
experiments (256-276 K), d In S(c,T) /dc  for polystyrene 
and polybutadiene are about equal in magnitude but 
opposite in sign. For polyisoprene the effect is similar to 
polybutadiene but smaller. These trends also are apparent 
in the log ( ~ ~ l ~ /  7h0)  curves. Thus, the change in the solvent 
dynamics upon addition of polymer is approximately 
proportional to the (logarithmic) difference in time scales 
between the solvent and local polymer dynamics. 

The temperature dependence of d In &,T) /dc  also is 
emulated by the log ( ~ ~ ~ l ~ / ~ h ~ )  curves. For all three 
polymers the absolute values of both quantities are largest 
a t  low temperatures, but both d In t (c ,T ) /dc  and log ( T ~ ~ I ~ /  
TA,) seem to approach zero at  higher temperatures. At 
low T the temperature dependences are quite strong for 
polybutadiene and polyisoprene but weak for polystyrene 
solutions. These trends are understood in the context of 
eqs 13-16; the temperature dependence in these equations 
predominantly appears in the temperature dependence 
of the viscosity of Aroclor. In polystyrene/Aroclor, the 
solvent viscosity precisely cancels out of log ( T P S / T ~ ~ ) .  
Nearly all of the temperature dependence appears in the 
Arrhenius term describing local polymer dynamics. As 
seen in Figure 9, this provides only a modest variation in 
log ( T ~ s / T ~ ~ ) .  Since local polystyrene dynamics are more 
strongly temperature dependent than solvent rotation, 
log ( T P S / T ~ ~ )  decreases a t  higher temperatures. 

Unlike the above situation with polystyrene/Aroclor, 
the solvent viscosity does not cancel in log ( T P B / T ~ ~ )  and 
log ( T P I / T ~ ~ ) .  Aroclor dynamics change much more 
dramatically with temperature than do polyisoprene or 
polybutadiene dynamics. This is a result of the nonlinear 
relationship between ~~~l~ and the solvent viscosity for 
polybutadiene and polyisoprene. The activation energy 
terms are less important than the terms which appear 
in T ~ I / T ~ ~  and T P B / T ~ ~ .  The very strong temperature de- 
pendence of Aroclor's viscosity leads to the strong tem- 
perature dependence of log ( T ~ ~ ~ ~ / T A ~ ~ ) .  

If a linear relationship between the time scales for local 
polymer dynamics and the solvent viscosity had been 
assumed, the comparison between and d In r ( c , T ) /  
dc would have failed completely. A nonlinear relationship 
between local dynamics and solvent viscosity (in the form 
of eq 12) was first observed by Glowinkowski and co- 
workers.l3 An extensive discussion of this effect has been 
presented.13p31 Kramers' theory, which provides the usual 
framework for discussing local polymer dynamics, predicts 
LT = 1, as is surmised for polystyrene. A power law 
relationship between ~~l~ and 7, with0 I a I 1, is consistent 
with the suggestion that the frequency dependence of 
solvent friction must be considered when conformational 
changes occur rapidly compared to a time constant 
characteristic of solvent 

Several aspects regarding the curves in Figure 9 merit 
further comment and study. Most important, the calcu- 
lations of Tpoly from eqs 14-16 have been extrapolated 
beyond the experimentally accessed temperature ranges. 
Additionally, the scaling of the two vertical axes in Figure 
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Figure 10. Spin-lattice relaxation times of neat Aroclor (0), 
bulk polybutadiene (a), and dilute polybutadiene in Aroclor (x). 
The curves through the neat Aroclor and polybutadiene solution 
data are reproduced from Figures 2 and 7. The bulk polybu- 
tadiene data are from ref 21 and are connected by line segments. 
The data show that local motions of Aroclor are slower than 
those of polybutadiene and that local polybutadiene motions are 
slower in Aroclor solutions than in the undiluted polymer. 

9 is arbitrary. The decision to align the two zeroes seems 
reasonable: if TPly = 7h0,  then rho is not expected to 
depend on polymer concentration. The fact that the same 
vertical scaling factor applies for all three polymers is 
encouraging, although justification for doing otherwise 
could easily be found: the detailed motions of the different 
materials are different, so the absolute values of the time 
constants are not precisely comparable. 

Some of the conclusions from Figure 9 can also be drawn 
rather crudely from raw 2'1 data. Comparisons can also 
be made to bulk polymer data. Figure 10 shows temper- 
ature-dependent 13C NMR spin-lattice relaxation times 
for neat Aroclor, bulk polybutadiene, and polybutadiene 
in dilute polybutadiene/Aroclor solutions. The curves 
through the Aroclor and dilute solution polybutadiene data 
are the best fits calculated above. The bulk polybuta- 
diene data are from ref 21 and have been transposed to 
a Larmor frequency of 90.6 MHz according to the method 
presented in that paper. Linear segments connecting these 
points are included to help guide the eye. 

The prominent feature of Figure 10 is the existence of 
a minimum 2'1 for each of the three curves. These minima 
result from a resonance between the Larmor frequency 
and a time scale T for molecular motion. As a crude 
approximation, the minima occur when WCT = 1. ~h~ = 
2 ns at  303 K in neat Aroclor, TPB = 2 ns at  286 K for a 
dilute solution of polybutadiene in Aroclor, and T ~ B  = 2 
ns at  269 K in bulk polybutadiene. All of these time 
constants decrease at  higher temperature. 

Normally the molecular mobility of a small-molecule 
liquid is much greater than the local mobility of a bulk 
polymer. Therefore, the TI minimum of the smallmolecule 
usually occurs a t  a much lower temperature than that for 
the polymer. For example, the 2'1 minimum for polysty- 
rene occurs a t  about 450 K,42-45 whereas the minimum for 
Aroclor is a t  303 K. Numerous other examples with more 
common solvents are available. The situation for Aroclor 
and polybutadiene, depicted in Figure 10, is a rare coun- 
terexample. The TI minimum for bulk polybutadiene 
occurs a t  a temperature 34 K cooler than for neat Aroclor. 
Therefore, the microscopic mobility of polybutadiene in 
the bulk is greater than that of neat Aroclor. 

Normally when a small-molecule liquid is added to a 
polymer, the small molecule plasticizes the polymer. 
Polymer motions in the mixture become faster than those 
in the undiluted polymer. Therefore, the polymer T1 
minimum normally occurs a t  lower temperature in dilute 
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solutions than in bulk polymer. Indeed this is the case for 
nearly all polymer/solvent systems, presumably including 
polystyrene/Aroclor. The situation for polybutadiene/ 
Aroclor, shown in Figure 10, again is just the opposite. 
Polybutadiene local motions are faster in bulk polybu- 
tadiene than in dilute solutions with Aroclor. 

Morris, Amelar, and Lodge considered free volume and 
macroscopic plasticization effects in polymer/Aroclor 
mixtures.6 Although such arguments predicted some 
features of their data, important qualitative discrepan- 
cies remained. In particular, the temperature variations 
of d In b(c,T)/dc for the different polymer/Aroclor solutions 
could not be reconciled. As noted by these authors, free 
volume concepts are difficult to quantify a t  a molecular 
level. The times required for solvent motions and polymer 
dynamics on the length scale of a solvent molecule can be 
interpreted as microscopic indications of the available free 
volume. Hence, our comparison of local polymer and 
solvent mobilities can be considered a microscopic ex- 
tension of the macroscopic plasticization argument pre- 
sented by Morris et al. 

Solvents Other Than Aroclor. In Aroclor solutions 
the modifications of the solvent dynamics are fundamen- 
tally related to the time scales for local polymer motions. 
The pertinent polymer motions occur on a length scale 
approximately equal to the size of a solvent molecule. When 
these motions are slower than Aroclor rotational dynamics, 
solvent rotation becomes slower as the polymer concen- 
tration increases. Likewise, when local polymer dynamics 
are faster than solvent rotational dynamics, solvent 
rotation is facilitated by addition of polymer. The 
conclusions from Figure 9 can be cast in equation form 
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T1s at 298 K demonstrate that for polystyrene/tetrahy- 
drofuran, QTHF I 0.5 mL/g.46 

It is not clear why solvent modification effects are so 
dramatic (large Q) for Aroclor solutions but not for other 
solvents (small Q). Q can be viewed as a parameter which 
indicates the coupling strength between solvent reorien- 
tation and local polymer dynamics. It may be that the 
size and shape of the solvent molecules are important 
variables. Small or nearly spherical molecules may be 
less affected by the presence of a nearby polymer chain. 
Lodge and co-workers suggest that orientational ordering 
of many Aroclor molecules could facilitate strong coupling 
between solvent and polymer  motion^.^ This question 
may be suited to analysis by the coupling model.g 

Summary 
Dynamic mechanical measurements of polymer solu- 

tions show anomalous behavior a t  high frequencies. Lodge 
and co-workers have demonstrated that these effects are 
due to modifications of the solvent dynamics due to the 
presence of the polymer. We have extended their work 
through 13C NMR relaxation experiments. This technique 
allows us to monitor simultaneously the rotational dy- 
namics of the solvent (Aroclor 1248) and the local con- 
formational dynamics of the polymer. 

Differences in time scale between local polymer and 
Aroclor motions are strongly correlated with the changes 
in Aroclor relaxation times as the polymer concentrations 
increase. In polystyrene/Aroclor solutions, local polymer 
dynamics are slower than neat Aroclor motions, so Aroclor 
dynamics become slower in more concentrated solutions. 
In polybutadiene and polyisoprene solutions, polymer 
motions are faster than those of Aroclor and Aroclor 
motions become faster in more concentrated solutions. 
All of these changes have been addressed quantitatively. 
For the three polymer/Aroclor solutions, the relative time 
scales for polymer and solvent dynamics account for the 
directions of the modifications to Aroclor dynamics, the 
relative magnitudes of these changes, and their different 
temperature dependences. 
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where 7~olv(C,T) is a time constant characterizing solvent 
motions and 7.901~' 7s,1v(0,7'). For the solvent Aroclor 1248, 
Q i= 4 mL/g. 

Important questions of generality remain. What hap- 
pens to solvent rotations in other polymer solutions? Can 
the relative time scales for polymer and solvent dynamics 
predict the behavior of other solvents? These questions 
cannot be entirely answered at  present. Local segmental 
dynamics are as fast or faster than solvent rotations in 
some other systems: polyis~prene/squalane,~~ polybuta- 
diene/squalene% and polybutadiene/ bis(2-ethylhexyl) ph- 
thalate.% We anticipate that 13 In t(c,7'),/dc < 0 and perhaps 
that (qm' - q9) < 0 for these solutions. 

Some information is available concerning solvent mod- 
ification effects for solvents other than Aroclor. Solvent 
rotation times have been measured for polystyrene solu- 
tions in toluene and tetrahydrofuran. If eq 17 can explain 
the dynamics of these systems, Q must be different for 
different solvents. In polystyrene/toluene, depolarized 
Rayleigh line widths indicate d In {(c ,T)/dc i= 0.8 mL/g.47 
2H NMR TIS  of polystyrene/toluene-ds suggest d In 
{ (c ,T) /dc 2: 3 mL/g.48 Both sets of experiments were 
performed near room temperature. As these values are 
both rather small, comparisons to Figure 9 or eq 17 suggest 
that log (7pS/7toluene) < 0.8. However, I3C NMR Tls 
demonstrate otherwise. TI  1 15 s for neat and 
T1 i= 0.1 s for dilute polystyrene (backbone C-H) in 
toluene.34 Since TI-' is approximately proportional to 7, 

log ( ~ p ~ / ~ t o l u e n e )  2 2.2. Therefore, if the discussion 
regarding Figure 9 and eq 17 is valid for polystyrene/ 
toluene mixtures also, Qtoluene < 1.4 mL/g, significantly 
smaller than Q A ~ ~  i= 4 mL/g. In a similar manner, NMR 
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