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ABSTRACT: The local segmental dynamics of anthracene-labeled polystyrene in dilute solution have been
studied by using time-correlated single-photon counting. Six solvents covering 2 decades in viscosity were
utilized. Correlation times were extracted from the orientation autocorrelation functions and determined
as afunction of temperature in all solvents. Under good solvent conditions, the correlation time is proportional
to %2 at constant temperature, in reasonable agreement with the 5 prediction to the Kramers’ equation
in the high-friction limit. Other aspects of the results are also reasonably consistent with the assumption
that the solvent acts as a viscous continuum. As noted in previous investigations, somewhat slower dynamics
are observed in O-solvents than in good solvents. The potential barrier height for local dynamics extracted

from these measurements is 11 £ 3 kJ/mol.

Introduction

Polymers have varied, interesting, and important mac-
roscopic properties. The differences in properties shown
by different polymers ultimately arise from different
chemical structures. Understanding these structure—
property relationships is an important theme in polymer
science. The study of local segmental dynamics of
polymers has a significant role to play in the understanding
of structure-property relationships. Dynamics on the
length scale of a few monomer units depend strongly on
the details of the monomer structure and influence
important material properties, e.g., Tg.

Local segmental dynamics in dilute solution play a
similar role with respect to the bulk as an ideal gas does
with respect to areal gas. It is useful to understand local
chain motions of an isolated chain in solution before chain—
chain interactions must be taken into account. The first
step is to understand how the solvent influences local
dynamics in dilute solution. For nonpolar systems there
has been an expectation that the solvent can be successfully
modeled as a viscous, structureless continuum. Kramers’
theory for passage over a potential energy barrier has been
applied to this problem,!? with the following prediction
for the lifetime of a conformational state:

7, = An(T)eE/*T (1)

Here 7. represents some average lifetime, n(T) is the solvent
viscosity, E, is the height of the potential barrier, and A
is a constant for a given polymer.

The validity of eq 1 has been a topic of research for
some time. Experimental techniques that have been
applied to this question generally are sensitive to the
orientation autocorrelation function of some vector in the
polymer molecule, e.g., a C-H bond in a 3C NMR
experiment or a transition dipole in an optical experiment.
It is assumed that the decay of this correlation function
is made possible by conformational transitions. Hence eq
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lisapplied to some time 7. characteristic of the correlation
function decay. The assumption of a viscous continuum
also implies that the correlation function shape should be
independent of solvent.

The results of experimental investigations of eq 1 are
varied and difficult to reconcile. Mashimo used dielectric
relaxation to study poly(p-chlorostyrene) in four low
viscosity solvents as a function of temperature.3 He
observed results consistent with eq 1, including a corre-
lation function shape independent of solvent and tem-
perature. Onelimitation of thisstudy was that the solvent
viscosities varied by only a factor of 2. Valeur and Mon-
nerie studied anthracene-labeled polystyrene chains in a
mixed-solvent system with time-resolved fluorescence an-
isotropy measurements.* They concluded that “the mean
relaxation time varies according to a nonlinear law for low
viscosities”, in contradiction to the prediction of eq 1.
Sasaki and co-workers used the same technique to study
anthracene-labeled poly(methyl methacrylate) in a mixed-
solvent system.5 They concluded that the correlation
function shape changed significantly with solvent viscosity
and that the characteristic times for local dynamics did
not scale with viscosity in the high-viscosity regime. Lang
and co-workers performed 13C and 'H NMR T measure-
ments on poly(ethylene oxide) in a series of halogenated
solvents at one temperature.! The correlation times
deduced from the NMR measurements varied less strongly
than the solvent viscosities. Recently Glowinkowski and
co-workers in our laboratory performed 13C NMR mea-
surements on polyisoprene in 10 solvents as a function of
temperature.” They observed correlation times that were
proportional to n%4instead of the - dependence predicted
by eq 1.

Our laboratory recently published time-resolved optical
measurements on dilute solutions of anthracene-labeled
polyisoprene in five low-viscosity solvents.® The corre-
lation function shapes observed were independent of
solvent and temperature. In good solvents, the viscosity
and temperature scalings of eq 1 were observed. Sys-
tematically different behavior was observed in a ©-solvent.
Since the solvent viscosities varied by only a factor of 3
in this work and other investigators have reported devi-
ations from eq 1 at high and low viscosities, we decided
toundertake a study of the dynamics of anthracene-labeled
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Figure 1. Structure of anthracene-labeled polystyrene. The
double-headed arrow indicates the direction of the transition
dipole for the chromophore. The chromophore is located
approximately in the middle of the polymer chain.

polystyrene over a wide range of solvent viscosities. Six
solvents were used in the study reported here, with
viscosities varying by more than 2 decades, a considerably
larger range than that studied in any other laboratory.

The results presented here indicate that Kramers’
approach (eq 1) provides a reasonably accurate description
of the local dynamics of anthracene-labeled polystyrene
in six solvents, over a wide range of temperatures and
viscosities. Consistent with our previous study of an-
thracene-labeled polyisoprene, an explicable dependence
onsolvent quality was observed. The relationship between
these new results and the results of previous investigations
will be addressed.

Experimental Section

Materials. The anthracene-labeled polystyrene was prepared
at Nagoya University in a procedure analogous to a synthesis
previously described.® Briefly, a living polystyrene prepolymer
(atactic) was prepared by anionic polymerization. The prepoly-
mer was coupled with 9,10-bis(bromomethyl)anthracene to form
a labeled polymer of twice the molecular weight of the prepoly-
mer. The coupling reaction left a substantial fraction of the
prepolymer uncoupled; the mixture of coupled polymer and pre-
polymer was fractionally precipitated to isolate the coupled
polymer. The effectiveness of this procedure was checked with
GPC using fluorescence detection (excitation 380 nm, fluorescence
430 nm). Fluorescence detection ensures that the GPC detects
only the anthracene-labeled polystyrene. Less than 5% of the
polystyrene molecules labeled with anthracene were of the mo-
lecular weight of the prepolymer and hence uncoupled. This
small amount of end-labeled polymer has a negligible effect on
the experimental results relative to random errors in the
measurements. Substantially all of the chains in the sample
contain exactly one chromophore located essentially in the middle
of the chain. Thestructure of the anthracene-labeled polystyrene
is shown in Figure 1. Osmotic pressure measurements indicate
that M, = 33 000 for the prepolymer and M, = 68 000 for the
coupled polymer. GPC measurements indicate My/M, = 1.01
for the coupled polymer. The molecular weight of the labeled
chains is high enough that overall chain motions can be ignored
relative to local chain motions.°

Solvents used in these experiments were, in order of increasing
viscosity, as follows: 2-butanone (Aldrich, Gold Label, spectro-
photometric grade, 99+ %), cyclohexane (Aldrich, 99+ %), cis-
decahydronaphthalene (cis-decalin, Aldrich, 99% ), tripropionin
(glycerol tripropanoate, Chem Service, 95%, Lot No. 16-51C),
di-n-butyl phthalate (Aldrich, Gold label, 99+ %), and Aroclor
1248 (Monsanto Chemical Co., Lot No KM502, M,, = 288, average
number of chlorines/molecule = 3.9). Aroclor 1248 is a mixture
of polychlorinated biphenyls. All solvents were used as received.
Figure 2 shows the solvent viscosities at the temperatures where
the experiment was performed. Solvent viscosities were obtained
from literature sources.!! With tripropionin, it was necessary to
extrapolate the viscosity for 25 °C above the temperature range
reported. In this case, an Arrhenius fit was made to the highest
temperature data and used for the extrapolation. We estimate
the error in this procedure to be less than 10%. Cyclohexane
and cis-decalin are relatively poor solvents for polystyrene with
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Figure 2. Arrhenius plot of solvent viscosities. Solvent code:
2-butanone (X); cyclohexane (+); cis-decalin (A); tripropionin
(3); di-n-butyl phthalate (0); Aroclor 1248 (¢).

O-temperatures of 34.5 and 12.5 °C, respectively.? The other
solvents are good solvents.

Solutions of labeled polymer were prepared with a polymer
concentration of £0.15 % w/w. All of the solutions except those
in Aroclor 1248 were filtered (0.45 um) and then processed through
several freeze-pump-thaw cycles to remove molecular oxygen.
Aroclor 1248 solutions were not filtered or degassed due to high
viscosity. We did not observe excessive scattering from the
Aroclor solutions, and the fluorescence lifetime was shortened
only slightly due to dissolved oxygen. The optical densities (385
nm, 3-mm cells) of all solutions were in the range of 0.02-0.05.
The chromophore density was sufficiently low that any contri-
bution to the anisotropy decay curves due to energy transfer
could beignored. Thermal degradation or photodegradation was
not observed during the course of any of these experiments.

Experimental Technique. Time-correlated single-photon
counting (TCSPC) has been used extensively to measure lumi-
nescence lifetimes.!* When a chromophore is raised to an excited
state by absorption of a photon, the probability that a lumi-
nescence photon will be emitted at a given time later is given by
the excited-state decay function K(t). Ina TCSPC experiment,
K(t) is measured by building a histogram of arrival times for the
emitted photons. The arrival times are clocked relative to the
time when a portion of the excitation pulse arrives at a fast pho-
todiode. To monitor the reorientation dynamics of a chro-
mophore, polarized fluorescence decays parallel and perpendic-
ular to the excitation polarization are recorded (I;(t) and I, (¢)).
Immediately after polarized excitation to a parallel transition,
most of the fluorescence will have the same polarization as the
excitation pulse. As thermal motions reorient the transition
dipoles of the excited chromophores, the ratio of parallel to
perpendicular emission will tend toward unity. Applications of
the fluorescence anisotropy technique to the study of local
polymer dynamics are reviewed in refs 14 and 15.

The polarized emission signals are related to K(t) and the
reorientation of the chromophores by:

1,0 = K@&)[1 + 2r(¢)) @
1,0 =K@®[1-rt)] 6)

The anisotropy function r(t) can be extracted from the polarized

emission decays by:

- L-I.(t)
L) +2I, ()

The anisotropy contains information about chromophore reori-
entation. Forthe present case where the excitation and emission
dipoles are approximately parallel, r(t) is proportional to the
second-order orientation autocorrelation function CF(t):

r(t) = r(0) CF(¢) (5)

The correlation function describes the average reorientation of

r(t) “
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Figure 3. Block diagram of the time-correlated single-photon
counting apparatus: MCP-PMT, microchannel plate photomul-
tiplier tube; PD, photodiode; CFD, constant fraction discrimi-
nator; TAC, time-to-amplitude converter; PHA, pulse height
analyzer; MC, monochromator; 2X doubling crystal; P, polar-
izer; F, filter; A/2, half-wave plate.

the transition dipole u between the times of excitation and
emission:

CF(t) = (Py(u(0)-u(t))) (6)

Inthis equation, P, is the second Legendre polynomial. Through
the use of eqs 1-5, the polarized emission decays allow the
unambiguous evaluation of the orientation autocorrelation
function of the 9,10-axis of the anthracene chromophore in the
labeled chain. Note that this axis is along the chain backbone
and that rotation about this axis does not affect the correlation
function decay.

Experimental Apparatus. Figure 3shows aschematic view
of our TCSPC apparatus. This system is similar to others
described in the literature!® and is only briefly described here.
A frequency-doubled mode-locked Nd:YAG laser pumped a
cavity-dumped dye laser. The dye laser produced 1.5-ps pulses
(fwhm of the autocorrelation trace) at 770 nm with a repetition
rate of 2 MHz. This laser beam was then focused into a doubling
crystal, which produced the 385-nm pulses used for sample
excitation. A half-wave plate and polarizer were used to adjust
the excitation polarization to vertical. The undoubled light was
detected by a fast photodiode, which then sent the signal through
a constant fraction discriminator to the time-to-amplitude
converter (TAC). A small fraction of the 385-nm beam was
detected by a slow photodiode so that fluorescence decays could
be corrected for long-term laser intensity fluctuations. The
fluorescence from the sample was collected and focused through
a polarizer (orientation controlled by a stepper motor) into a
1/4-m monochromator set to 410 nm (5-nm band-pass). The
grating was masked to reduce the distribution of photon transit
times traveling through the monochromator. The output of the
monochromator was then directed to a microchannel plate pho-
tomultiplier tube (MCP-PMT, Hamamatsu 2809U-01). After
amplification, the MCP-PMT signal was sent through a constant-
fraction discriminator to the TAC. The TAC was operated in
the reverse mode, with the signal from the MCP-PMT acting as
the start pulse. The delay between the pulses was analyzed by
a pulse height analyzer and recorded as a histogram. A personal
computer was used to monitor the laser intensity, store the
histogram, and control the analyzing polarizer. The data were
subsequently sent to a VAX 8650 for further analysis.

We determined that the differential nonlinearity of the TAC
was £1.0% for the conditions used in these experiments. The
counting rate was kept to £0.5% of the excitation rate to prevent
pulse pileup. A diluteaqueoussolution of nondairy coffee creamer
was used as the scattering solution for measuring the instrument
response function (IRF). The IRF for all experiments reported
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here had a fwhm of about 50 ps. As the IRF width is negligible
compared with the decay of the anisotropy and the excited-state
lifetime, the data were analyzed by using a é function for the
IRF. To check this procedure, we performed an iterative re-
convolution fitting procedure with the actual IRF on a few data
sets and determined that the fitting parameters changed less
than 1%. At the emission wavelength of 410 nm, the detection
system had a slight polarization bias; the data was corrected for
this bias. The sample temperature was controlled to £0.1 °C
during data acquisition.

Data Collection. For a given sample, six or more pairs of
parallel and perpendicular emission decay curves were acquired
at a given temperature. This required about 30 min. Each pair
of curves was analyzed to obtain the fitted parameters. In
addition, the individual parallel curves and individual perpen-
dicular curves were added to give a summed pair of parallel and
perpendicular curves. This summed pair was also fit, and the
results were compared to the average for the fits of the individual
pairs. Both methods gave consistent results for the fit parameters,
usually within 1%. On the basis of the results of experiments
repeated on different days, we estimate the random error in the
fit parameters to be <£10%. The total number of counts at the
peak of the summed parallel curves was typically 105-108,

Data Analysis. We fit the anisotropy decays to two different
models of the correlation function: the Hall-Helfand model?
and the generalized diffusion and loss model® (GDL). We
consistently found that the GDL provided a better fit to the
data, and only these results are reported. Quality of the fits was
determined by x,2, a visual examination of the weighted residuals,
and the autocorrelation of the weighted residuals. The residuals
for the fits to the GDL model were not quite random, but x,2 was
typically <1.3 when fitting the anisotropy from individual pairs
of parallel and perpendicular curves.

The expression for the anisotropy decay function using the
GDL model is

r(t) = r(0) exp(~t/r,) exp(-t/r)[I,(t/ 7)) + L, (t/7)] (7)

A standard nonlinear least-squares algorithm was used to fit the
three parameters in eq 7: r(0), 71, and ;. In some cases the
decay of the anisotropy function was sufficiently slow that this
procedure did not yield reasonable parameters (see below). A
fitting procedure that constrained the ratio of 75/7, was used
when the anisotropy did not decay to <0.05. The correlation
time 7. was used to characterize the average decay time of each
correlation function for subsequent analysis. 7. is simply the
integral of the correlation function, given for the GDL model by:

) GG G ) )
LALE T TINTL T2 "2 1y ®)

One indication of the quality of the fits obtained by the
procedure described is the consistency of the fundamental an-
isotropy r(0). Since this parameter isrelated tothe angle between
the emission and excitation dipoles of the anthracene chro-
mophore, in usual circumstances it should be independent of
solvent and temperature. All the fitted r(0) values fell in the
range 0.31 £ 0.02, independent of solvent and temperature. This
result is different from trends for similar systems discussed in
refs 19 and 20. More work is needed to clarify the reasons for
this.

Results

In Figure 4 typical polarized fluorescence decays I,(t)
and I, (t) are shown. The sample is a dilute solution of
anthracene-labeled polystyrene in cyclohexane at 36.7 °C.
Figure 5 shows the anisotropy decay curve for these data
calculated with eq 4. The solid line running through the
data is the best fit to the anisotropy using the GDL model.
The curve at the bottom of the graph is the weighted
residuals. The curve in the upper left-hand corner is the
autocorrelation of the weighted residuals. The approx-
imately random behavior of the autocorrelation and the
residuals, along with the low x,2 (1.21), indicates that the
model fits the data reasonably well.
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Figure 4. Polarized fluorescence decay curves for a dilute
solution of anthracene-labeled polystyrene in cyclohexane (36.7
°C). The two decay curves, I,(¢) and I, (t), result from detecting
fluorescence polarized parallel and perpendicular to the polar-
ization of the excitation. They are shown as solid and dashed
lines, respectively. The initial difference between the two curves
results from the anisotropic orientational distribution of excited-
state chromophores photoselected by the polarized excitation
pulse. At longer times, the motion of the polymer backbone
causes randomization of this anisotropic distribution and the
two curves merge. Eventually both curves decay due to the
excited-state lifetime. The resulting anisotropy function from
these decay curves is shown in Figure 5.
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Figure 5. Anisotropy decay curve for anthracene-labeled
polystyrene in cyclohexane (data from Figure 4). The smooth
line running through the data indicates the best fit using the
GDL model: r(0) = 0.316, r, = 1.30 ns, 7o = 13.0 ns, x,2 = 1.21.
The weighted residuals are shown at the bottom of the graph,
and the autocorrelation of the weighted residuals is shown in the
upper left-hand corner.

In Figure 6 anisotropy curves for four temperatures are
plotted for a dilute solution of anthracene-labeled poly-
styrene in cis-decalin. The smooth lines running through
the data are fits using the GDL model. The anisotropy
decays more slowly at lower temperatures. For the two
lowest temperatures the complete decay of the anisotropy
cannot be measured in the experimentally available time
window. Thisisnot dueto anylimitation of the apparatus
but rather to the fluorescence lifetime of the anthracene
chromophore. The experimental window shown corre-
sponds to more than four fluorescence lifetimes; after this
time the number of fluorescence photons emitted becomes
too small for the anisotropy to be accurately calculated.

Macromolecules, Vol. 24, No. 11, 1991

Anisotropy

0 10 20 30 40
Nanoseconds

Figure 6. Anisotropy decay curves for a dilute solution of an-
thracene-labeled polystyrene in cis-decalin. The temperatures
for these experiments were, from top to bottom, 2.3, 30.2, 60.1,
and 90.0 °C. The smooth lines through the data represent the
best fits to the GDL model.
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Figure 7. Plot of 73/7, against solvent viscosity. This ratio
describes the shape of the correlation function and is formed
from the fitted values of r; and 7.. Ratios are shown for all
experiments in which the complete correlation function could be
measured. Solvent codes are the same as those in Figure 2.

Figure 7 shows the ratio of 72/ 7 obtained from the fitting
procedure for all experiments where the anisotropy decay
was essentially complete; i.e., the anisotropy decayed to
<0.05 in the experimentally available time window. We
are confident that under these conditions the shape of the
correlation function (which is determined by the ratio 73/
1) can be accurately extracted from the experimental data.
We verified this by taking several anisotropy decays, which
were essentially complete, and systematically eliminating
data points for the longest times. The fit parameters were
stable until the anisotropy did not decay below 0.05; at
this point a significant change in the ratio 7o/ was
observed. Thisis another indication that the GDL model
does not provide an ideal fit to the data.

Figure 7 shows that the correlation function shape is
roughly constant, independent of solvent and tempera-
ture. GDL correlation function decays with ro/71 = 12
and 73/ 71 = 7 have quite similarshapes. Ifthese twodecays
are compared for equal values of 7., they differ by at most
0.05 at any time (initial value is 1.0).

For the cases where the complete anisotropy decay is
not observed in the experimental time window (such as
the lowest temperature shown in Figure 6), we are left
with a question as to what information about the corre-
lation function can be reasonably extracted. It is
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Figure 8. Arrhenius plot of correlation times for all solvents
and temperatures. The correlation time is the average time for
rotational reorientation of the anthracene label in the polystyrene
chain. Data points above the dashed line were determined by
using the constrained fitting procedure described in the text.
Solvent codes are the same as those in Figure 2.

pointless to attempt to measure the shape of the correlation
function under these conditions since an important part
of the correlation function is not observed. However, it
is possible to estimate the average decay time of the
correlation function 7. if a reasonable guess can be made
about the shape of the correlation function. Figure 7
provides a means for making such a reasonable guess.
Figure 7 shows that when the complete decay of the an-
isotropy is observed, the shape of the correlation function
is roughly constant, independent of solvent and temper-
ature. A slight dependence on the solvent viscosity is
observed in the figure. We used an average of the 73/7;
values shown in Figure 7 to constrain the fitting procedure
for those cases when the anisotropy did not decay to <0.05.
In order to assess the error associated with this approx-
imation, for a few curves, we fit a series of different 7o/ 7
values in the range from 7 to 12. The 7. values extracted
from these fits varied by at most 20%.

In Figure 8 we present the average decay time 7. for all
samples and temperatures. The 7. values span a range
from 1 to 200 ns. Above the dashed line, the shape of the
correlation function was constrained as described in the
previous paragraph. On the basis of repeated measure-
ments on different days, we regard the random error in
7 to be £10% for unconstrained fits and +15% for
constrained fits.

Discussion

Viscosity Dependence. Figure 7 indicates that the
shape of the correlation function is roughly constant,
independent of solvent or temperature. Thus, we can make
an unambiguous test of Kramers’ equation (eq 1) using
the correlation time 7. to characterize the correlation
function decay. Figure 9 shows a comparison of log 7,
with log n for data obtained at 60 °C. Kramers' equation
predicts that the data should fall on a straight line with
slope 1. The data fall reasonably well on a straight line;
the slope of the line that best fits the data is 0.90 £ 0.05.
Given the specified error in the experimental measure-
ments, this result is reasonably consistent with Kramers’
prediction. Note that almost 2 orders of magnitude in
viscosity are represented in Figure 9.

The data shown in Figure 9 were collected at 60 °C, the
highest temperature for which we have correlation times
in all six solvents. We chose data collected at this tem-
perature for the figure for two reasons. First, all but one
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Figure 9. log-log plot of 7 against solvent viscosity at 60 °C.
The line represents the best linear least-squares fit to the data
and has a slope of 0.9. The prediction of Kramers’ equation is
a slope of 1.0. Error bars are the size of the data points except
where shown. Solvent codes are the same as those in Figure 2.
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Figure 10. Arrhenius plot of correlation times reduced by the
solvent viscosity at the temperature at which the experiment
was performed. The lines are linear least-squares fits to the data
for each solvent. The apparent activation energies for the
©-solvents (cis-decalin and cyclohexane) are significantly greater
than those for the good solvents. Solvent codes are the same as
those in Figure 2.

of the 7. values at this temperature could be obtained
without resorting to the constrained fitting procedure.
Second, this temperature is as far as possible from the
O-temperature of cyclohexane and cis-decalin; this min-
imizes any possible influence of solvent quality in the
comparison. The correlation time for the Aroclor 1248
solution was unavailable at exactly 60 °C, so an interpo-
lated point was taken from a least-squares fit to the data
shown in Figure 8.

Temperature Dependence. The datashownin Figure
9 represent a test of Kramers’ equation using data from
only one temperature. We compare the data from all
solvents and temperatures with the prediction of Kram-
ers’ equation in Figure 10. The correlation time divided
by the solvent viscosity at the measurement temperature
has been plotted versus the inverse temperature. Best fit
lines for data from each solvent are also shown; the cis-
decalin data have been fit to two linear regions, as the
data appear to show a break about 60 °C (see below).

Kramers’ prediction for Figure 10 is a single line for all
solvents, with the slope proportional to the potential energy
barrier E,. To a first approximation, this prediction is
correct. Asshown in Figure 8, the correlation times differ
by almost a factor of 100 before scaling by the solvent
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Table I
Apparent Activation Energies
E,, E,,
solvent kd/mol solvent kd/mol
cyclohexane 21£2  di-n-butyl phthalate 1242
cis-decalin (low T) 19+ 2 tripropionin 11+2
Aroclor 1248 16@5  2-butanone 8£2

cis-decalin (high ) 124

viscosity. The deviation from a single line in Figure 10 is
only a factor of 2.

Activation Energies. Using Kramers’ equation and
Figure 10, we can calculate the apparent activation energies
for all six solvents. The results of this calculation are
shown in Table I. In a previous optical study of the local
segmental dynamics of polyisoprene,® we noted a system-
atic dependence of the apparent activation energy upon
the solvent quality; for high molecular weight chains,
apparent activation energies for local dynamics were higher
for a ©-solvent than for good solvents. The data in Table
I also fit this pattern; activation energies are highest in
the two O solvents (for cis-decalin, the low-temperature
region is closest to the 8-temperature). The data for cis-
decalin appear toshow a transition from a region influenced
by the O-temperature to a region with an apparent
activation energy similar to the good solvents. For the
last five entries in Table I (good solvents), a reasonably
consistent activation energy of 11 & 3 kJ /mol is obtained.
(The error bar on the activation energy in Aroclor is large
enough to make this solvent irrelevant to the preceding
discussion.)

The dependence of the apparent activation energy upon
solvent quality can be explained by considering the local
concentration of chain segments about the chromophore.8
In a ©-solvent, changes in global chain dimensions occur
with temperature. The expansion of the chain with
increasing temperature decreases the local segment con-
centration and thus increases the rate of conformational
transitions. In addition, there is an increase in the rate
of conformational transitions due to the fact that more
thermal energy is now available relative to the potential
barrier height. Thissecond effect is the normal activation
energy term. Ina©-solvent, the first effect is an additional
contribution to the temperature dependence of the dy-
namics, which makes the apparent activation energy larger
than the height of the potential barrier. Thus, the best
estimate of the average barrier height for local dynamics
in polystyrene from these experiments is 11 kJ/mol.

An alternative explanation for the different dynamics
noted in good solvents and ©-solvents is found in recent
computer simulations by Kovac and co-workers.2! They
simulated chain dynamics as a function of solvent quality
and noticed that local modes slowed near the 9-condition.
They concluded that an increase in the local segment
density such as discussed above probably cannot explain
this observation for their system. Rather, they proposed
that an observed increase in the lifetime of pair contacts
explains the slower dynamics.

Comparison to Other Work. There has been a
previous study of anthracene-labeled polystyrene using a
nanosecond optical technique by Viovy and co-workers.!8
Under conditions where the results of this previous study
can be compared with the results presented here, the
agreement is good. Viovy and co-workers report results
for dilute solutions of polystyrene in mixtures of tripro-
pionin and ethyl acetate. They found that the GDL model
provided a better fit to the data than the Hall-Helfand
model, with ratios of r3/7; about 10 for the GDL model.
This agrees quantitatively with our results. They found
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a 7. of 46 ns at 25 °C when the solvent was 94% tripro-
pionin/6% ethyl acetate. Interpolating our results for
95% tripropionin, we estimate a 7, of 51 £ 5 ns at 25 °C.
Viovy and co-workers reported r(0) values of about 0.22,
in contrast to the values of 0.31 reported here. This is
consistent with the fact that the excitation and emission
wavelengths were nearer the origin transition in our work.

Valeur and co-workers used time-resolved optical mea-
surements to determine the activation energy for an-
thracene-labeled polystyrene to be between 4 and 14 kJ/
mol, depending upon solvent conditions.??2 These results
were obtained for a mixed-solvent system and thus cannot
be directly compared to any of the solvents studied here.
Nevertheless, the lowest values obtained by Valeur and
co-workers are difficult to reconcile with the results
presented here. It was shown later that the functional
form used for the correlation function in these experiments
does not accurately fit the data.!82 This is a possible
explanation for the difference between ref 22 and the
present work.

Bullock and co-workers used electron spin resonance to
study local dynamics of spin-labeled polystyrene.2* Their
results agree semiquantitatively with those presented here.
In good solvents, activation energies of 9 kJ/mol were
reported. Higher values were observed in a 6-solvent.
References 22 and 24 both report that correlation times
reduced by solvent viscosity were larger in 6-solvents than
in good solvents. This is also in good agreement with our
results.

Sasaki and co-workers have utilized time-resolved
fluorescence anisotropy techniques to examine the dy-
namics of anthracene-labeled poly(methyl methacrylate).’
They observed that the shape of the correlation function
was constant up to a viscosity of about 4 cP. In this same
region, the correlation time scaled linearly with the
viscosity. Above 4 cP, this scaling broke down and the
shape of the correlation function determined by the fitting
procedure was observed to change significantly. In our
results on anthracene-labeled polystyrene, we observe a
roughly constant correlation function shape and correlation
times that scale with the viscosity up to 18 cP. Itis possible
that the different conclusions reported for the polystyrene
and poly(methyl methacrylate) systems reflect differences
in specific polymer/solvent interactions in these two
systems, It is also possible that the observed differences
are due to different fitting procedures used in the two
studies. Sasaki and co-workers did not use a constrained
fitting procedure for any solutions, while we used con-
strained fitting for solutions with viscosities larger than
about 5 cP. It is likely that the results from these two
studies would be more similar if the same fitting procedure
had been used. Indeed, unconstrained fits of our data
when the complete decay of the correlation function was
not observed gave ro/ ; values significantly different from
those reported in Figure 7. This was true both for high-
viscosity data and low-viscosity data from which we had
artificially removed data points from the end of the decay.

It is not possible to determine unambiguously whether
the fitting procedure used in this study or the one used
by Sasaki and co-workers is more likely to vield the correct
results. Whenever the complete correlation function decay
is not observed in an experiment, some uncertainty must
be expected in conclusions about the shape of the function.
We prefer the procedure used in this paper as being less
likely to lead to artifacts. Unless the model functionis a
perfect fit to the data, fitting without constraints will
always lead to changes in the shape of the correlation
function as less of it is observed. The conclusions obtained
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from the constrained fitting procedure also seem to be
more simple and reasonably consistent with theory.

As mentioned in the Introduction, a pioneering time-
resolved optical study on anthracene-labeled polystyrene
by Valeur and Monnerie concluded that mean relaxation
times varied nonlinearly with viscosity at low viscosities.
Our results on the same type of labeled polymer (Figure
9) show no evidence of this. We believe this difference is
due to the difficulty of performing early time-resolved
measurements. Subsequent work from the same labora-
tory found significantly different mean relaxation times
for the same polymer/solvent system.!8

Recent NMR measurements performed in our labora-
tory” have clearly shown that local dynamics in polyiso-
prene, as determined by NMR, scale with #%¢ as opposed
to the #'° dependence predicted by Kramers’ equation.
Previous NMR measurements by Lang and co-workers®
on poly(ethylene oxide) show an %7 dependence.” Ref-
erence 7 presents an extensive discussion of the origin of
the apparent power law dependence of 7. on 7 and on the
relationship of the NMR measurements to optical mea-
surements. Consistent with the theory of Grote and
Hynes,?5local polymer motions that are small enough and
involve rapid crossing of a potential barrier may experience
a friction that is less than that expected based on the
macroscopic viscosity. Under these conditions, the vis-
cosity exponent will be less than 1, while for larger and
slower motions an exponent of 1is expected. Therelatively
large size of the side groups for polystyrene as opposed to
polyisoprene, and the size of the chromophore itself, argues
for a viscosity exponent near 1 in the optical experiment,
as observed.

Conclusions

The major conclusion of this paper is that Kramers’
theory provides a quite reasonable description of the local
segmental dynamics of anthracene-labeled polystyrene.
The predicted viscosity scaling holds remarkably well over
almost 2 decades in viscosity. Potential barrier heights
are independent of solvent for good solvents. Larger
apparent activation barriers were observed near the 8-tem-
perature in 6-solvents. While this feature is not predicted
by Kramers’ theory, it is explicable in terms of changes
in segment/segment interactions associated with the
O-temperature. All these points are consistent with an
earlier study from our laboratory on anthracene-labeled
polyisoprene.?

The view of the solvent as a viscous continuum is not
rigorously supported by the experimental results on two
points. First, the observed scaling of the correlation time
with the viscosity is not 1.00 within experimental error.
Second, aslight dependence of the shape of the correlation
function on the solvent viscosity was observed. This
implies that the precise details of the local motions are
not the same in different environments, even after the
viscosity is used to scale the time scales of the motions.

Two more general caveats to the above conclusion also
need to be stated: (1) Different experimental techniques
are sensitive to different types of local dynamics. Tech-
niques such as NMR that sense very rapid motions
occurring on the scale of 1 or 2 repeat units may not
follow the viscosity dependence of Kramers’ equation.
These deviations have been reported in NMR studies on
two systems. Optical techniques, sensing motions over a
slightly longer length scale (~5-10 repeat units), are more
likely to be described by Kramers’ equation. (2) Relatively
nonpolar systems were studied in this work. We expect
that Kramers’ approach may fail dramatically for more
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polar polymer/solvent systems or systems where hydrogen
bonding occurs.
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