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ABSTRACT: The local segmental dynamics of anthracene-labeled polyisoprene in dilute solution have been
studied using time-correlated single photon counting. Nine solvents covering more than 2 decades in viscosity
were utilized. The shape of the observed orientation autocorrelation functions was independent of solvent,
temperature, and viscosity. Correlation times (7.) were determined as a function of temperature in all solvents.
Contrary to the prediction of Kramers’ theory in the high-friction limit, it was found that 7, « 4% at constant
temperature. An apparent power law dependence was also observed in a recent 3C NMR study of poly-
isoprene dynamics in dilute solution. These results are consistent with the idea that the friction opposing

conformational transitions is frequency dependent.

Introduction

Understanding polymer dynamics in dilute solutions
requires an understanding of the role of the solvent. For
the large-scale chain motions described by Rouse and
Zimm, dynamics scale linearly with the solvent viscosity
at constant temperature and solvent quality.! Thus, the
solvent provides a viscous continuum in which the chain
moves. For local polymer motions, which occur on the
scale of a few repeat units, the role of the solvent may be
more complicated. The coupling between chain motions
and solvent motions may occur on such a short length
scale and fast time scale that the effect of the solvent on
the chain motions cannot be simply represented by the
macroscopic viscosity. This has important implications
for the high-frequency mechanical properties of polymer
solutions.?3

The influence of the solvent on local polymer motions
in dilute solutions has been an active area of research.45
Somestudies have reported that local dynamics are linearly
dependent on solvent viscosity while others have indicated
more complicated behavior. Different polymers appear
to show different behavior in this regard. This aspect of
the literature has been briefly reviewed recently.56

The present work was motivated most directly by a
recent study from our own laboratory. Glowinkowskiand
co-workers used 13C NMR to study the local dynamics of
polyisoprene in 10 solvents across a wide range of viscosities
and temperatures.” They found that the correlation time
for local dynamics scales as the solvent viscosity » to the
0.41 power. These results are consistent with theories
which include frequency-dependent components when
calculating the friction opposing local motions. The
observed nonlinear dependence on the viscosity was
sufficiently unusual that we desired to investigate this
system with a different experimental technique.

In the present study, time-correlated single photon
countingis used to study the local dynamics of anthracene-
labeled polyisoprene in nine solvents as a function of tem-
perature. A viscosity range of 0.4-300 cP is investigated.
Inmostrespects the results from these optical experiments
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agree with the NMR results discussed above. We find
that, although specific polymer/solvent interactions are
not important, Kramers’ theory cannot describe the
observed dynamics. Asin the NMR experiments, a non-
linear dependence of the local dynamics on viscosity is
observed. Indetail, the dynamics measured by the optical
measurements scale as 7%’ as opposed to the 5%4
dependence observed in the NMR experiments. The
different exponents can be understood in terms of fre-
quency-dependent friction and the presence of the an-
thracene label in the optical experiments.

Experimental Section

Materials and Sample Preparation. The polyisoprene
chains used in this study contain one anthracene chromophore
perchain. The anthracene group is covalently bonded essentially
inthe middle of the chain (see Figure 1). The electronic transition
dipole of the anthracene moiety is oriented along the polymer
backbone; hence, any movement of the dipole reflects movement
of the polymer backbone. The labeled chains were synthesized
anionically as described previously.? The samples employed had
M, = 104K chains with a polydispersity of 1.09. The chain mi-
crostructure is 54% cis, 36% trans, and 10% 3,4-vinyl.

Solutions of the anthracene-labeled polyisoprene chains were
prepared in ninesolvents. Toluene,? cyclohexane,? hexadecane,!®
and 1-eicosene!® are known to be good solvents for polyisoprene.
We believe that the others are also good solvents. Toluene, cy-
clohexane, dodecane, cis-decalin, hexadecane, squalane, and di-
octyl phthalate were used as received (all 299% purity).
1-Eicosene was used as received at 98% purity. Aroclor 1248
(Monsanto Chemical Co., Lot No. KM502) is a mixture of poly-
chlorinated biphenyls with an average of 3.9 chlorine atoms per
molecule (48% chlorine by weight). This solvent was used as
obtained from Professor J. Schrag’s research group; it had been
previously filtered.

The optical densities of the polymer solutions at 406 nm were
within the range of 0.08-0.15 in a 3-mm cuvette. The corre-
sponding polymer concentration was less than 1 wt %. Since
molecular oxygen can quench the fluorescence of the anthracene
label, all solutions were subjected to several freeze—pump~thaw
cycles to replace molecular oxygen with molecular nitrogen.

Solvent Viscosities. Equations describing the temperature-
dependent viscosities of toluene, cyclohexane, cis-decalin, hexa-
decane, squalane, and Aroclor 1248 are given in ref 7. Viscosity
data for dodecane,!! 1-eicosene,’?2 and dioctyl phthalate!d are
presented elsewhere. Solvent viscosities at 45 °C and apparent
activation energies for viscous flow (E,) are given in Table I. The
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Figure 1. Structure of anthracene-labeled polyisoprene. The
So— S, transition dipole is indicated by the double-headed arrow.

Table 1
Solvent Characteristics

solvent 7(45°C),cP  E, kdJ/mol  Egpy, kd/mol
toluene 0.44 8.8 164
cyclohexane 0.66 12.0 19.2
n-dodecane 1.00 13.0 20.1
cis-decalin 2.05 15.9 20.8
n-hexadecane 2.07 15.0 21.4
1-eicosene 3.40 16.7 23.9
squalane 12.7 32.9 31.8
dioctyl phthalate 19.5 43.9 37.7
Aroclor 1248 34.4 52.5 53.2

E, values were calculated across the temperature range from 0
to 60 °C, except for cyclohexane, hexadecane, 1-eicosene, and
Aroclor 1248. For these four solvents, the bottom of the tem-
perature range was 20, 30, 40, and 35 °C, respectively. The tem-
perature dependence of the viscosity for the three most viscous
solvents is not strictly Arrhenius; thus, E, only gives an
approximate indication of the temperature dependence.

Experimental Technique. The method of time-correlated
single photon counting was used to observe the local dynamics
of the anthracene-labeled polyisoprene. The experimental
apparatus, technique,'* and method of data acquisition have been
described elsewhere.? Only a brief description will be given here.
A 5-ps linearly polarized excitation pulse (406 nm) is used to
photoselect an anisotropic distribution of the anthracene labels.
Since these chromophores emit light which is polarized along the
transition dipole (the double-headed arrow in Figure 1), the
fluorescence from the sample is partially polarized until molec-
ular motions randomize the orientation of the excited-state chro-
mophores. Thus, the reorientation of the transition dipole can
be observed by monitoring the components of the fluorescence
decay polarized parallel and perpendicular to the excitation
polarization, Ij(¢) and I, (¢). The emission wavelength was 414
nm.

The time-dependent anisotropy r(t) can be constructed from
Ijt) and I (¢):

-1,
r (t) = ||( ) J_( )

Ity + 2 (®)
The anisotropy describes the time dependence of the reorien-
tation of the excited-state chromophores. The decay of the an-

isotropy is directly related the second-order orientation auto-
correlation function

)

r(t) = r(0) CF(t) (2)
where CF(t) is

CF(t) = (Py(cos 8 (1))) 3)

Here P; is the second Legendre polynomial and 8(t) is the angle
through which a transition dipole has rotated in time “t” since
the excitation pulse. The angular brackets indicate an ensemble
average. Thus, the observation of I;(t) and I , (t) allows the direct
calculation of the orientation autocorrelation function without
the assumption of any motional model.

Data Analysis. Initially anisotropy decays were fit to the
Hall-Helfand model'® and the generalized diffusion and loss
model’€ for the correlation function. It was found that the Hall-
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Figure 2. Anisotropy decays for polyisoprene dynamics in six
solvents at 0 °C. From top to bottom the solvents and their
viscosities are Aroclor 1248 (35 400 cP), dioctyl phthalate (342
cP), squalane (112 cP), cis-decalin (5.64 cP), n-dodecane (2.28
¢P), and toluene (0.77 cP). The dots are experimental data, and
the lines are fits to the Hall-Helfand model. Data for dioctyl
phthalate and n-dodecane have been omitted for clarity.

Helfand model (HH) gave lower reduced x2 values, x;2. Only the
fits to the HH function will be used in this paper. The HH
equation for the anisotropy is

r(t) = r(0) exp(-t/r,) exp(-t/ty) Io(t/Ty) 4)

The quantities 7(0), 71, and 7, are the three fitting parameters.
Fits to the HH model typically gave x,? values <1.3.

The ratio 7o/7, is determined by the shape of the observed
correlation function. This ratio was independent of solvent,
viscosity, and temperature, as had been previously observed by
Waldow and co-workers.!” Thus, the mechanism of local dy-
namics is essentially independent of these factors. In this work,
the average value of 72/7; was 3.9 with a standard deviation of
1.3. Waldow and co-workers!” used a holographic grating
technique to observe the local dynamics of anthracene-labeled
polyisoprene in several low-viscosity solvents. They observed
1o/71 = 4.4 £ 1.4, in good agreement with the current study.

It is convenient to characterize the decay of the anisotropy or
correlation function with a single average decay time. We use
the correlation time 7. to do this:

r= [7CF@ at )
In terms of the HH model for the correlation function
1 1\-1/2
ro=(—+= ®
(71"'2 722) )

For experiments in which 7, was less than 85 ns, the decay of
the anisotropy was sufficient within the experimental time
window for the above procedure to be used. Under these
conditions, we believe the error in 7. to be less than 15%. For
two experiments in which the anisotropy decayed more slowly,
it was not possible to observe enough of the correlation function
to accurately determine its shape (e.g., see the top curve in Figure
2). For these two experiments, the initial slope of the anisotropy
decay was used to determine 7, under the assumption that the
ratio of 72/ 7; was in the range observed for the other experiments.
The uncertainty in these two 7, values may be somewhat larger.
These points are reported in Figure 3 but are not used in the
subsequent analysis of the data.

The fundamental anisotropy r(0) determined by the fitting
procedure had an average value of 0.32 with a standard deviation
of 0.01. Within experimental uncertainty, this value was
independent of solvent, viscosity, and temperature. r(0) is
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Figure 3. Correlation times for local dynamics of anthracene-
labeled polyisoprene. The solvents are (+) toluene, (Q) cyclo-
hexane, (><) n-dodecane, (X) cis-decalin, (A) n-hexadecane, (<)
1-eicosene, (*) squalane, ( ¥) dioctyl phthalate, (O and @) Aroclor
1248. The darkened circles represent experiments where the
correlation times have been generated with a constrained fitting
method.

determined by the polarization of the Sy-S; transition moment
and should be a constant for a given chromophore. The value
of r(0) reported here is in good agreement with a recent study
of anthracene-labeled polystyrene in six solvents. Waldow and
co-workers® reported r(0) = 0.31 £ 0.02 independent of solvent,
temperature, and viscosity.

Results

Figure 2 illustrates six representative anisotropy decays
for anthracene-labeled polyisoprene. The curves show
results in six solvents of varying viscosity at 0 = 1 °C. The
dots are experimental data, and the lines are the best fit
of each data set to the HH model. For two of the curves,
the data points are not shown. The 7, values correspond-
ing to these anisotropy decays range from less than 1 ns
tomore than 100 ns. As discussed in the previous section,
the anisotropy decay and 7. directly characterize the local
segmental dynamics of anthracene-labeled polyisoprene.
The fastest dynamics occur in toluene, the least viscous
solvent. The slowest dynamics occur in Aroclor 1248, the
most viscous solvent.

Correlation times for local dynamics in nine solvents
over the temperature range of 0-60 °C are plotted in Ar-
rhenius format in Figure 3. The two points with the largest
values of 7, (darkened circles) were generated by the
constrained fitting method discussed above. The observed
7. values span more than 3 decades in range. The
experimental activation energies E;p are obtained di-
rectly from the slopes of the lines shown. These values
are reported in Table I.

Waldow and co-workers have previously investigated
the dynamics of anthracene-labeled polyisoprene in five
low-viscosity solvents using a transient holographic grating
technique.!” Where comparisons can be made, the present
results are in good agreement with those reported in ref
17. The results they report for 10K labeled chains in cy-
clohexane and toluene are 19-28 % slower than the results
for those solvents with 104K labeled chains reported here.
Some of this difference can be reasonably attributed to
end-over-end motions of the shorter chains. Their results
for 304K labeled chains in toluene agree with the results
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Figure 4, 7. values at 45 °C as a function of solvent viscosity.
The solid line is the best fit line through the points and has a
slope of 0.81. The dotted line has a slope of 1.0. The solvent
symbols are the same as those for Figure 3.

reported here within 3%.

Discussion

Specific Polymer/Solvent Interactions? Many dif-
ferent approaches have been used to discussed the
influence of the solvent on local polymer dynamics in dilute
solution. Most of these approaches, including the ones
discussed in this paper, presuppose that specific polymer/
solvent interactions are not important. We believe that
this is the case for our results and present two arguments
to support this position.

The first argument for the lack of specific polymer/
solvent interactions comes from the shape of the observed
correlation functions. As discussed in the Experimental
Section, these shapes are independent of solvent within
experimental error. Since the shape is determined by the
detailed mechanism of the local dynamics, this implies
that the mechanism of the observed local motions is the
same in all solvents studied.

The second argument is based on Figure 4. Here we
show the observed 7. values as a function of solvent
viscosity at 45 °C. The full line represents the best fit
through the points and has a slope of 0.81. The dotted
line has a slope of 1.0, and its significance will be discussed
later. Plots analogous to Figure 4 have been constructed
every 10 °C between 0 and 60 °C. In each case, the data
nearly fall on a straight line. The slopes of these lines fall
within the range 0.75 = 0.06.

It is apparent from these results that, to a good
approximation, the correlation time is only a function of
solvent viscosity at a given temperature. Specific polymer/
solvent interactions would cause deviations from the
smooth variation of 7. with n shown in Figure 4. Note that
the solvents used in this study (see Table I) differ
considerably in shape, flexibility, and chemical nature,
although all are relatively nonpolar.

Two of the solvents dramatically illustrate the extent
to which viscosity determines the correlation time. Hexa-
decane and cis-decalin are essentially isoviscous through-
out the temperature range studied. As shown in Figure
3, 7. values in these two solvents are also essentially
identical.
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Figure5. Arrhenius plots of 7./n for four solvents. The negative
slope for the two bottom panels indicates that Kramers’ theory
in the high-friction limit cannot describe the data.

The lack of specific polymer/solvent interactions implies
that we can write 7. as a function of only solvent nand T

7o = Fln(),T) O

In the next sections we discuss the nature of the function
F and its physical interpretation.

Kramers’ Theory. In 1940 Kramers treated the
problem of the passage of a particle over a potential energy
barrier in the presence of friction (collisions).!® His result
for the observed transition rate can be written:!?

b= (Yl (1+22) T emein o

Here { is the friction, E, is the height of the barrier, vy is
the curvature of the potential barrier near the top, m is
the particle mass, and A is a constant which depends only
on the shape of the potential. This treatment has been
applied to conformational transitions in polymers by Hel-
fand and co-workers.!92® Similar expressions result, with
m and { applying to the moving section of the polymer
chain.

In the limit of high friction, Kramers’ expression
simplifies considerably. If we assume that friction is
directly proportional to the solvent viscosity, that the
viscosity is high, and that 7, is inversely proportional to
kobs, We obtain

1.« 1" exp(E/RT) ©)

It is clear that eq 9 cannot describe our results. This
equation indicates that 7. should scale linearly with
viscosity at constant temperature. Figure 4 shows clearly
that this is not the case. If eq 9 fit the data, the
experimental results should follow the dashed line with
slope 1.0. The high-friction expression fails more dra-
matically when data in a single solvent are considered as
a function of temperature. According to eq9, a plot of log
(7¢/1) vs 1/T should yield a straight line with a slope
determined by E,. Figure 5 shows such plots for four
different solvents. The barrier heights calculated from
eq9are 8, 7, -1, and -6 kJ/mol. Clearly negative barrier
heights are nonphysical and indicate that the high-friction
limit of Kramers’ equation is not appropriate.

We now consider whether the general Kramers expres-
sion (eq 8) can describe our experimental results. There
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Figure 6. Plot of Eypu vs E, (eq 11). The best fit line yields E,
=10 = 1 kJ/mol and « = 0.74 £ 0.07. The solvent symbols are
the same as those for Figure 3.

are two arguments that indicate that it cannot, as long as
a linear relationship is assumed between the friction and
the viscosity. First, any reasonable estimation of the
parameters in eq 8 indicates that the high-friction limit
should apply. For example, Pastor and Karplus?! have
conducted computer simulations on butane. Theirresults
indicate that conformational transitions in butane can be
considered to be within the high-friction regime of Kram-
ers’ equation if the solvent viscosity is greater than 0.8 cP.
Almost all our results are for higher viscosities than this.
In addition, because of the larger unit involved in con-
formational transitions, a polymer chain should reach the
high-friction limit at even lower viscosities than does
butane. Differences between the potential energy surfaces
for butane and polyisoprene should not be so great as to
invalidate this comparison.

There is a second argument against the applicability of
eq 8. There is no choice of parameters in this equation
which reproduces the experimental results even if the range
of parameters extends to unrealistic values. This point
will be discussed further in conjunction with Figure 8.

Relation to Isomerization of Small Molecules. In
the discussion of Figure 4, we noted that there is an
apparent power law relationship between r.and the solvent
viscosity. This is similar to results obtained by a number
of investigators studying the isomerization of small
molecules.2228 Note that a conformational transition in
a polymer chain can be viewed as an isomerization
process.?

Fleming and co-workers?? have suggested that the
isomerization rate constant be written as a power law in
the viscosity. In terms of the correlation time

7.« [1(1)]* exp(E,/RT) (10)

A consequence of this equation is the following relation
between the experimental activation energy and the
potential barrier height:

E,=E,+aE, 1)

exptl

Figures 6-8 test how well egs 10 and 11 fit our results.
Figure 6 shows a plot of eq 11. The best line through the
data points yields E, = 10 = 1 kJ/mol and « = 0.74 £ 0.07.
This value of « is in good agreement with the values of
0.75 £ 0.06 obtained from the dependence of 7. on 4 at
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Figure 7. Master plot based on eq 10. The best fit line yields
a =0.76. The solvent symbols are the same as those for Figure
3.
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Figure 8. Comparison of experimental results to the predictions
of Kramers’ theory and eq 10. The dot-dashed curved line is the
best fit to the full Kramers expression (eq 8) whereas the straight
solidline is the best fit to Kramers’ prediction in the high-friction
limit. The straight dashed line is a fit to eq 10. The solvent
symbols are the same as those for Figure 3.

constant temperature (Figure 4 and similar plots at other
temperatures).

Figure 7 shows all the data in a master plot suggested
by eq 10 (E, is taken to be 10 kJ/mol). The data fit a
straight line reasonably well, indicating that our results
fit eq 10 to a good approximation. The slope of the line
gives a = 0.76 in agreement with the estimates of « above.

In Figure 8, we compare the three principal models
discussed in this paper to the experimental results. The
results are plotted such that Kramers’ equation in the
high-friction limit is a straight, horizontal line (full line).
E,istakentobe 10kJ/mol. Since almost all of the viscosity
and temperature dependence isremoved by this plot, small
deviations in the data are accentuated. The straight
dashed line is a fit to eq 10 with « = 0.76 and a
proportionality factor of 1.9 X 10711 s/cP*. The dot-dash
curve is the best fit to the general Kramers expression (eq
8).25 Clearly the power law expression shown by the dashed
line best represents the results. The two Kramers ex-
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pressions do not capture even the qualitative features of
the data.

We should note that the power law form (eq 10) only
approximately fits the experimental results. The devi-
ations of the data from the dashed line shown in Figure
8 (upt060% ) do not represent random experimental error
(15%). Small systematic deviations are also present in
Figures 4 and 7.

Frequency-Dependent Friction. In this section we
discuss a physical interpretation of the apparent power
law dependence of the experimental 7. values upon the
solvent viscosity (eq 10). Grote and Hynes? have gen-
eralized Kramers’ theory by allowing the friction { to be
frequency dependent at very high frequencies. This is in
contrast to the usual assumption that { is simply pro-
portional to the zero-frequency shear viscosity of the
solvent. Grote and Hynes have shown that the friction
coefficient applicable to a particular chemical reaction
can be much smaller than the friction coefficient calculated
from the zero-frequency shear viscosity. To appreciate
this result qualitatively, we need to understand that there
are two important time scales in this problem. One is 7,
roughly the average residence time in one well. The other
time is the time required to get across the top of the barrier;
this time is much smaller than 7.. If the critical barrier
crossing motion is very fast (perhaps 1 ps or less), many
of the low-frequency solvent motions which contribute to
the zero-frequency shear viscosity will be too slow to affect
the reactive motion. If the reactive motion occurs more
slowly, the low-frequency (frequency-independent) friction
will be adequate to describe the dynamics.

Bagchi and Oxtoby?” have applied the Grote—~Hynes
theory to describe the isomerization of stilbene in n-al-
kanes. Theyfound isomerization rates which have a power
law dependence on the viscosity, in agreement with eq 10.
Thus, it is plausible that the results presented here indicate
the importance of frequency-dependent friction in the con-
formational transitions of polymers. Other possible ex-
planations for the nonlinear dependence of the correlation
time on viscosity have also been presented.?®2? Reference
7 compares some of these alternative explanations.

Comparison to Other Work. The previous paragraphs
show that the functional form of the our results is
consistent with the idea that frequency-dependent friction
is responsible for the observed nonlinear viscosity de-
pendence. We return now to the question posed in the
Introduction and compare these results with 13C NMR
experiments on the same system. Glowinkowski and co-
workers studied the local dynamics of polyisoprene in 10
solvents as a function of temperature.” They also found
that their results were consistent with eq 10, although
with parameters of E; = 13 & 2 kJ/moland a = 0.41 £ 0.02.
In the present work E, = 10 £ 1 kJ/mol and « = 0.75 %
0.06.

We should keep in mind that the optical experiments
measure the dynamics of anthracene-labeled polyisoprene.
Although the anthracene is present at very low concen-
tration, the optical measurement always senses chain
motions in the vicinity of the anthracene chromophore.
The difference in E, observed by the two experiments is
fairly small and may well be related to a modification of
the potential energy surface in the vicinity of the chro-
mophore.

The difference in the values for « for the two experiments
is more substantial. This difference can be qualitatively
understood with the context of frequency-dependent
friction. The exponent a depends on the moment of inertia
and size of the isomerizing unit and on the curvature of
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the potential energy surface at the top of the barrier.?”
Larger size, a larger moment of inertia, and a lower barrier
all lead to a larger value of o (up to a limit of 1). These
factors all lengthen the time required to get across the top
of the barrier. When this time is longer, the high-frequency
behavior of the friction is less significant and a result closer
to Kramers’ high-friction limit should be observed. Be-
cause of the size of the anthracene chromophore, it is
expected that the motions of the labeled chain will involve
a larger isomerizing unit and a larger moment of inertia
than those of the unlabeled chain. Inaddition, E, isslightly
lower for the labeled chains. All these factors are consistent
with the larger o observed in the optical experiment.

Another interesting comparison can be made with recent
work by Waldow and co-workers.® They used time-
correlated single photon counting to study the local
dynamics of anthracene-labeled polystyrene in six solvents
as a function of temperature. A wide range of viscosities
was also utilized in this study. Waldow and co-workers
found that their results were almost consistent with Kram-
ers’ equation in the high-friction limit (eq 9). They
observed . values proportional to n%%0%0.05 The larger
value of a observed for labeled polystyrene in comparison
to labeled polyisoprene is likely caused by the bulky side
groups of polystyrene. The volume of the isomerizing unit
of polystyrene is presumably considerably larger than that
for polyisoprene. Thus, the barrier crossing frequency
should be lower and « should be closer to 1.

Finally we note that Lee and co-workers have recently
proposed an extended Kramers' theory.®® They have
shown that their theory fits small-molecule isomerization
data quite well. We have attempted to fit our results to
this theory without success. It may be that this difference
is due to the large viscosity range covered in the present
work. The form proposed by ref 30 predicts a saturation
of relaxation times at large viscosities. Our results do not
seem to indicate any such saturation.

Summary

The local dynamics of anthracene-labeled polyisoprene
have been studied as a function of temperature in nine
solvents spanning more than 2 decades in viscosity. Time-
correlated single photon counting provides a convenient
method of directly monitoring these dynamics from a few
hundred picoseconds to almost 100 ns. Consistent with
arecent 123C NMR study on polyisoprene, Kramers’ theory
could not describe the results even though specific
polymer/solvent interactions were shown to be unimpor-
tant. An apparent power law relationship between the
correlation time and the solvent viscosity was observed,
with 7. proportional to n%75. Results from the NMR study
were also of this form with a somewhat smaller exponent.
This nonlinear viscosity dependence is consistent with
recent theoretical studies of isomerization dynamics in a
medium where the friction is frequency dependent.

This paper and the related NMR study challenge the
notion that solvent motions and polymer motions always
occur on well-separated time scales. Critical motions near
the top of the potential energy barrier for a conforma-
tional transition occur on the same time scale as solvent
relaxation. Thus, for local motions in dynamically flexible
polymers such as polyisoprene, the solvent cannot be
treated as a viscous continuum. In these systems, the
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relaxation of the solvent is intimately related to the
relaxation of small segments of the chain.
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