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ABSTRACT: We have performed NMR spin-lattice relaxation experiments and molecular dynamics (MD)
computer simulations on atactic polystyrene (a-PS). The segmental correlation times of three different
molecular weight a-PS (Mn ) 1600, 2100, 10 900 g/mol) were extracted from NMR by measuring the 2H
spin-lattice relaxation times (T1) over a broad temperature range (390-510 K). MD simulations of an
a-PS melt of molecular weight 2200 g/mol were carried out at 475, 500, and 535 K. Comparisons between
experiments and simulations show that the MD simulations reproduce both the shape of the P2(t)orientation autocorrelation function and its temperature dependence, while the simulated segmental
correlation times are slower than experimental results by a factor of 1.8. If the simulations are rescaled
by this factor, they reproduce both the experimental T1 values and the slight difference in dynamicsbetween the backbone and side group of PS.

I. Introduction
The local dynamics of polymer melts, i.e., dynamics

from the monomer length scale to that of the polymer
statistical segment, are directly related to the conforma-
tion dynamics of the polymer and hence depend on the
geometry, conformational energetics, and intermolecular
interactions of a particular polymer. It is largely these
local dynamics that distinguish one polymer from
another and ultimately determine the dynamics of the
polymer on all length scales. Currently, there are no
theories that accurately describe polymer dynamics on
length scales smaller than a statistical segment. Coor-
dinated atomistic simulations and experimental studies
of polymer melt dynamics can provide valuable insight
into the microscopic origin of local polymer dynamics
and help to develop theoretical models for these motions.
Furthermore, such coordinated studies can provide
guidance for new experiments and validate polymer
force fields used in the simulations through comparisons
of simulation predictions with experimental data.
A number of careful comparisons between experi-

ments and simulations on local dynamics in polymer
melts have already been reported.1-18 Smith et al. have
performed MD simulations of 1,4-polybutadiene and
poly(ethylene oxide) and have made detailed comparison
to NMR,8,14 dielectric relaxation,12 and neutron spin
echo experiments.5,7,15,16 Local dynamics in atactic
polypropylene and polyisoprene melts were investigated
by Theodorou and co-workers using a combination of
MD simulations and several experimental techniques.11,17
Smith et al. and Boyd and co-workers have combined
NMR, dielectric relaxation, and MD simulation methods
to gain insight into local dynamics of polyethylene.1,18
In all cases, reasonable to excellent agreement between
simulations and experiments was achieved. These stud-
ies clearly demonstrate the value and utility of carefully

parametrized quantum chemistry based polymer po-
tentials in reproducing experimentally measurable poly-
mer dynamics as well as the insight that can be gained
into polymer dynamics through combined experimental
and simulation studies.
Almost all extensive comparisons between experi-

ments and simulations for local dynamics in polymer
melts have been performed on polymers with very
simple chemical structures and low glass transitions
temperatures. In this work, we compare the segmental
dynamics of atactic polystyrene (a-PS) obtained from
NMR experiments and MD simulations. Atactic PS is
an important polymer with relatively high Tg. While MDsimulations on the local translational and orienta-
tional mobility in a-PS have been reported by a few
researchers,19-21 these studies did not involve a close
comparison with experimental measurements of poly-
mer dynamics. The presence of phenyl rings in PS
provides a significant complication in terms develop-
ment of an accurate force field for use in MD simula-
tions. The force field must be able to describe not only
the conformational energetics (relative energies of low-
energy conformers and the barriers between them) but
also the rotational energetics of the phenyl rings and
the interaction between phenyl rings. Based primarily
upon quantum chemistry studies of phenyl ring interac-
tions22 and 2,4-diphenylpentane, we have parametrized
a quantum chemistry based potential23 that will be
utilized, and tested, in this work.
In this study, 2H T1 was measured for three atacticpolystyrene samples with different molecular weights

(Mn ) 1600, 2100, 10 900 g/mol). A wide range of
temperatures (390-510 K) were investigated at three
magnetic fields. The segmental correlation times τseg,cwere extracted by fitting T1 data to the modified
Kohlrausch-Williams-Watts (mKWW) autocorrelation
function and the Vogel-Tammann-Fulcher (VTF) equa-
tion. The MD simulations were performed on an a-PS* Corresponding author: e-mail ediger@chem.wisc.edu.
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melt (Mn ) 2200 g/mol) at 475, 500, and 535 K.
Comparisons between experiments and simulations
were made in terms of the P2(t) autocorrelation functionfor C-2H vectors, segmental correlation times, and T1values.
II. Experiments and Simulation Methodology
Materials and Characterization. Characterization in-

formation for the three deuterated a-PS samples is listed in
Table 1. Perdeuterated polystyrenes, d8PS-2 (Mn) 2100 g/mol)and d8PS-11 (Mn ) 10 900 g/mol), were purchased from
Polymer Source, Inc. Backbone deuterated polystyrene d3PS-1(Mn ) 1600 g/mol) was synthesized by Dr. Marinos Pitsikalis.The synthetic procedure was very similar to that used in ref
24 and will be described in a future publication. Mn and Mw/Mn were determined by size exclusion chromatography (SEC).Differential scanning calorimetry (DSC) measurements were
carried out on a Netzsch 200 DSC. Tg is determined as themidpoint of the transition during heating with a scan rate of
10 K/min after cooling the sample at the same rate from well
above Tg.NMRMeasurements. All samples were prepared by load-
ing 0.4 g of granular PS into 5 mm NMR tubes and sealing
them under vacuum. The tubes were then placed in an oven
at 150 °C for half an hour to allow the samples to flow to the
bottom of the NMR tubes.

2H T1 was measured by the standard inversion-recovery(π-τ-π/2) pulse sequence, waiting more than 10 times T1between the acquisition and the next pulse. The number of
scans used for signal averaging ranges from 8 to 128, depend-
ing on the temperature. An average T1 value, based on at leastthree runs, is used for analysis at each temperature. The
uncertainty in T1 is (3%. All measurements were performedon a Varian Inova-500 NMR spectrometer (76.8 MHz) and a
Bruker DMX-300 NMR spectrometer (46.1 and 15.3 MHz).
Spectra were processed with line broadening equal to one-
tenth of the full width at half-height of the spectra, followed
by fitting the peak intensities to a three-parameter exponential
function. Temperature was controlled to (0.5 K and calibrated
to within an uncertainty of (2 K using a combination of an
ethylene glycol thermometer25 and melting point standards.
Several tests26 were performed to ensure that no detectable
degradation took place during experiments.
NMR Relaxation Mechanism and Correlation Func-

tion. For 2H nuclei, spin-lattice relaxation is dominated by
electric quadrupole coupling. The relationship between the
spin relaxation time and the reorientation of a C-2H bond is
given in the next three equations.27-30

Here ωD/2π is the Larmor frequency of deuterium. The
quadrupole coupling constant e2qQ/h was taken as 172 and
190 kHz for the backbone and phenyl ring deuterons,
respectively.30-32 J(ω) is the spectral density function:

Here P2(t) is the orientation autocorrelation function whichdescribes the reorientation of the internuclear vector (C-2H
in the experiments and C-H in the simulations):

Here θ(t) is the angle of a C-2H or C-H bond at time t relative
to its original position. The brackets denote the ensemble
average over a collection of nuclei.
In previous studies,33-35 the mKWW equation was shown

to give an excellent representation of the autocorrelation
function P2(t):

Here alib and τlib characterize the amplitude and relaxationtime for librational motion. τlib was fixed at 1 ps since thefitting procedure is not sensitive to the precise value of this
parameter. τseg and â describe a characteristic segmental
relaxation time as well as its distribution. We assume a VTF
temperature dependence36,37 for τseg

where τ∞, B, and T0 are constants for a particular sample. Thesegmental correlation time τseg,c is defined as the integral ofthe segmental portion of the correlation function:

Simulation Methodology. MD simulations were per-
formed on a melt of 16 a-PS chains, each consisting of 21 repeat
units (M ) 2200 g/mol) at 475, 500, and 535 K employing an
explicit atom force field. Initially, the force field has been
parametrized to reproduce conformational energies of iso-
propylbenzene23 and 2,4-diphenylpentane23 as well as binding
energies of benzene dimer22 obtained from quantum chemistry
calculations. Subsequent simulations of liquid-phase racemic
and meso 2,4-diphenylpentane revealed that conformational
populations of 2,4-diphenylpentane are in some disagreement
with NMR conformational analysis for the same compound.38
We therefore slightly modified torsional parameters for the
backbone dihedrals in the force field from ref 23 to improve
agreement with experimental conformational populations in
the liquid phase. The complete description of the force field
used in this work as well as in our previous simulations of a
polystyrene melt39 is given in Table 1 of the Supporting
Information.
Initially the chains were placed on a low-density lattice.

Stochastic dynamics40 were performed at high temperatures,
and subsequently the system was cooled to liquid densities at
475 K over a period of 0.5 ns. Simulations were performed for
about 0.5 ns in an isobaric-isothermal ensemble to obtain the
equilibrium density at each temperature. The equilibrium
densities obtained for the a-PS melt were 0.98 g/cm3 (475 K),
0.969 g/cm3 (500 K), and 0.958 g/cm3 (535 K), which are within
1.0-1.5% from experimental values.41 Bond lengths were
constrained using the SHAKE algorithm42 for all simulations.
A cutoff radius of 9 Å for nonbonded interactions was used,
and electrostatic interactions were treated using the particle-
mesh Ewald (PME) algorithm.43 Production runs in the NVT
ensemble have been performed over 45 ns with an integration
time step of 1 fs, using the Nose-Hoover thermostat and
explicit reversible integrators described elsewhere.44 The
calculated autocorrelation functions decay to less than 0.003
at long times.

III. Results
NMRSpin-lattice Relaxation Times. 2H T1 valuesfor the three a-PS samples measured at 76.8, 46.1, and

15.3 MHz are presented in Figure 1 as symbols. The T1minimum moves to higher temperatures as the molec-
ular weight of a-PS increases. Since the T1 minimumapproximately indicates the temperature at which the
segmental dynamics occur on a 1 ns time scale, this

Table 1. Characterization of PS Samples
samples Mn (g/mol) Mw/Mn Tg (K)
d3PS-1 1600 1.28 319
d8PS-2 2100 1.10 331
d8PS-11 10900 1.05 367
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indicates that the segmental dynamics of a-PS become
slower with increasing molecular weight. Qualitatively,
such a relationship between the segmental dynamics
and molecular weight is expected in this molecular
weight regime. For perdeuterated samples d8PS-2 andd8PS-11, substantial overlaps were observed at low
temperatures between the backbone and phenyl ring
deuterium resonance peaks. Since the two kinds of
deuterons have similar T1 values and very similar
temperature dependences (see the inset in Figure 8),
we averaged the T1 values over the eight deuterons atall temperatures and used these rate-averaged T1 valuesin our analysis of these two samples. The experimental
T1 data for the backbone and phenyl ring deuterons andthe rate-average calculation can be found in Table 2 of
the Supporting Information.
Superposition of the NMR Data. A model-inde-

pendent way of examining the molecular weight de-

pendence of segmental dynamics is to directly superpose
the experimental data using temperature shifts.45 As
shown in Figure 2, we found that temperature shifts
(not shifts in terms of 1000/T) produced reasonable
master curves for the three PS samples. These master
curves indicate that the different molecular weight
samples have segmental dynamics with very similar
temperature dependences and that the shape of the
orientation autocorrelation function is essentially the
same for these three samples. (Similar conclusions, for
PS samples near Tg, were obtained by Santangelo andRoland.46) Very small vertical shifts were also needed
to superpose the T1 data (see Table 2). The superpositionis nearly perfect, and it is adequate to provide a model-
independent check on the fitting results obtained below.
A strong indication that these shifts are meaningful is
the fact that the same temperature and vertical shifts
sufficed to superpose the T1 data at three differentfields. As shown by the shift parameters in Table 2, the
temperature shifts for superposition (∆T) closely track
the Tg differences (∆Tg).Segmental Correlation Times from NMR Experi-
ments. Since it was found in previous studies33-35 that
the mKWW function (eq 4) provides excellent fits to the
NMR T1 (and NOE) data, we employed it here in
combination with the assumption of a VTF temperature
dependence for the segmental relaxation times (eq 5).
Fitting was performed on the experimental data sets
(all frequencies simultaneously) for each sample using
eqs 1-5. The NMR experiments do not directly measure
the P2(t) orientation autocorrelation function. To obtainP2(t), we make an initial guess about the fit parameters,calculate the resulting T1 values, and then optimize theparameters to provide the best fit to the T1 data. Thereare five unknown parameters in this procedure: alib, â,
τ∞, B, and T0. Because of the relatively small range ofcorrelation times probed by NMRmeasurements, B and
T0 are highly correlated with each other, and some
constraint is desirable. In our fitting, we constrained
the extrapolated segmental dynamics at the DSC Tg tobe 1 s. The fit parameters are summarized in Table 3.
As a check, we also fit the data without any constraint
on the five parameters (parameters not reported here).
The two methods yield essentially the same τseg,c values,

Figure 1. 2H NMR spin-lattice relaxation time measure-
ments for three PS samples at 76.8, 46.1, and 15.3 MHz,
plotted as log base 10. For the perdeuterated PS (d8), the rateaveraged T1 values for backbone and phenyl ring deuteronsare presented. Solid curves are fits using the mKWW auto-
correlation function and VTF equation. The fit parameters are
listed in Table 3.

Table 2. Horizontal and Vertical Shifts Needed To
Superpose the Experimental Data of d3PS-1 and d8PS-2onto d8PS-11
samples ∆log(T1) (s) ∆T (K) ∆T0 (K)a ∆Tg (K)
d3PS-1 -0.02 50 48 48
d8PS-2 -0.02 35 39 36
a From fits in Table 3.

Figure 2. Superposition of the T1 data (same symbol codesas in Figure 1). A single temperature and vertical shift suffice
to superpose the data at 76.8, 46.1, and 15.3 MHz simulta-
neously for each sample. Shift parameters are listed in Table
2.
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never differing by more than 0.15 decades in the
temperature range of our measurements. The experi-
mental uncertainty in τseg,c is shown in Figure 3 by therepresentative error bars. Because of the correlations
between B and T0, and between alib and â, these four
parameters have substantial uncertainty: B is accurate
within (80 K, T0 is accurate within (12 K, and both
alib and â have an uncertainty of (0.07. As shown by
the solid lines in Figure 1, the parameters in Table 3
produce excellent fits to the experimental T1 data,except for the points at the lowest temperature.
The segmental correlation times were calculated from

the fit parameters in Table 3 using eq 6. The resulting
curves are plotted in Figure 3. The shapes of the
correlation time curves are identical for the three PS
samples over the temperature range of the NMR study.
If we move the three curves by the same amount as ∆T
(temperature shifts needed to superpose the experimen-
tal data) in Table 2, an excellent master curve is
achieved (not shown here). This is another strong
indication of the robustness of the fitting procedure. The
uncertainty in the reported correlation times, as re-
flected by different fitting procedures, is shown by the
representative error bars in Figure 3.
At temperatures far above Tg, it is expected thatsegmental and terminal relaxation processes in a typical

polymer melt will have the same temperature depend-
ence.47 (Very near Tg, different temperature depend-ences have been observed for a-PS and other poly-
mers.48,49) Recently self-diffusion and viscosity mea-
surements on a-PS samples of 2000 and 11 000 g/mol

have been reported.50,51 Comparisons between these
measurements of terminal dynamics and our segmental
dynamics results are shown in Figure 3. Arbitrary
vertical shifts have been made to the diffusion and
viscosity data in order to compare the temperature
dependence unambiguously. As can be clearly seen, the
terminal dynamics perfectly track the temperature
dependence of the segmental dynamics in the temper-
ature range of NMR study (above Tg + 60 K).
Autocorrelation Functions from MD Simula-

tions. The simulated melt of a-PS chains each with 21
repeat units matches the molecular weight of the d8PS-2sample. The C-H vector autocorrelation functions from
the simulations will be compared to the C-2H vector
information from the experiments; i.e., we assume no
influence of deuteration on the dynamics. The C-H
vector P2(t) autocorrelation functions illustrated in
Figure 4 were determined from the simulation trajec-
tories using eq 3. The simulation trajectories have been
analyzed for the backbone and phenyl ring C-H vectors
of PS. To be consistent with the NMR measurements,
the weighted average autocorrelation functions over the
eight C-H vectors are presented in Figure 4. A nonex-
ponential decay is observed at all three temperatures.
The simulation results were successfully fit by the
mKWW function (eq 4) with the fit parameters given
in Table 4. Table 4 also shows that the backbone and
side group have similar shapes of P2(t) autocorrelationfunction, with the side group having slightly faster
relaxation times than the backbone. The â and alibvalues reported in Table 4 are close to the fit parameters

Figure 3. Segmental correlation times from NMR experi-
ments and their relationship to the terminal dynamics ex-
tracted from viscosity and diffusion measurements (refs 50 and
51). The correlation times of the three PS samples were
calculated using the fit parameters in Table 3 and are shown
as lines. Representative error bars are shown and reflect the
uncertainty associated with the fitting procedure. Arbitrary
vertical shifts were made to the viscosity and diffusion data
in order to compare the temperature dependence.

Table 3. Best Fit Parameters (mKWW and VTF
Equations) for the Segmental Dynamics of PS Samples

from NMR Measurements
samples

parameters d3PS-1 d8PS-2 d8PS-11
â 0.44 0.44 0.44
τ∞ (ps) 0.12 0.10 0.14
T0 (K) 265 274 313
B (K) 686 728 681
alib 0.14 0.23 0.19

Figure 4. P2(t) autocorrelation functions fromMD simulations
for d8PS-2 at 475, 500, and 535 K. The weight-average of thecorrelation functions for the backbone and phenyl ring C-H
vectors are shown. Solid curves are the mKWW fits.
Table 4. Best Fit Parameters (mKWW Equation) for the
P2(t) Autocorrelation Functions of d8PS-2 from MD

Simulations
parameters

temp (K) C-2H vector â τseg (ns) alib
475 backbone 0.45 0.93 0.20

phenyl ring 0.47 0.85 0.28
average 0.46 0.88 0.24

500 backbone 0.45 0.35 0.20
phenyl ring 0.43 0.24 0.20
average 0.43 0.28 0.20

535 backbone 0.47 0.17 0.21
phenyl ring 0.44 0.12 0.22
average 0.45 0.14 0.22
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for d8PS-2 from the NMR data (see Table 3). We will
further address this issue below.
IV. Discussion
The primary goal of this coordinated simulation and

experimental study of a-PS melts is to investigate the
ability of the quantum chemistry based potential to
reproduce the local dynamics in a high-Tg polymer withcomplex intramolecular interactions. A second goal is
to test the procedures used to extract the information
about dynamics from the NMR measurements. For
these purposes we make an extensive comparison of the
NMR experimental measurements, fitting results, and
molecular dynamics simulations for d8PS-2.
Shape of the Orientation Autocorrelation Func-

tion. Figure 5 presents a master curve of the simulated
P2(t) autocorrelation functions at 475, 500, and 535 K,obtained by shifting the curves from Figure 4 along the
logarithmic time axis. The superposition is excellent,
strongly supporting the assumption (see eq 4) of tem-
perature independence for the autocorrelation function
shape (i.e., alib and â are constant) at temperatures well
above Tg. Since the NMR experiment does not directlymeasure the autocorrelation function, we need to extract
it from the experimental data through the use of a
model. In Figure 1, we showed that fits using the
mKWW function provide an excellent description of the
NMR data. Thus, the mKWW equation with the fit
parameters for d8PS-2 in Table 3 should be a good
representation of the actual autocorrelation function.
This is plotted in Figure 5 as a solid line. The agreement
between the simulation and experiment is excellent.
It is interesting to examine the shape of the orienta-

tion autocorrelation function in a much wider time
window using results from the MD simulations. The
inset of Figure 5 shows the simulated P2(t) curve at 500K extending to times as short as 0.003 ps. The solid line
is a fit to the mKWW function. The mKWW equation
well describes the entire simulated P2(t) curve, exceptfor some deviation at times less than 1 ps. The fit
parameters â, τseg, and alib are very similar to those

obtained from the fit to the simulation autocorrelation
function curve at long times (Table 4); the fit parameter
τlib is equal to 0.13 ps in the inset to Figure 5 while ourfitting of the NMR data used τlib ) 1 ps. The deviationsshown at short times in the inset and the smaller value
of τlib obtained from fitting the simulation results have
no impact on the quantitative comparison between the
simulations and the NMR experiments. As shown in eq
1, T1 depends on frequency components in the auto-correlation function in the frequency range from 100 to
1000 MHz. The very short time discrepancies described
in this paragraph have essentially no impact on the
spectral density function in the relevant frequency
range; for example, changing τlib from 1 to 0.13 ps
changes predictions for T1 by less than 1%. The sub-picosecond dynamics correspond to the rapid librational
motion of C-H vectors and not to transitions between
conformational states.
Segmental Correlation Times. Next we compare

the absolute segmental relaxation times and their
temperature dependences. Figure 6 shows the experi-
mental correlation times as a solid line; the dashed lines
represent an extrapolation to higher temperatures. The
simulated correlation times can be calculated from eq
6 using the average fit parameters in Table 4 and are
plotted in the same figure as circles. Figure 6a shows
that the segmental dynamics of the simulated a-PS
chains are systematically too slow. In Figure 6b, the two
sets of data are shifted by a factor of 1.8, showing that
they have the same temperature dependence.
One way of accounting for the too slow segmental

dynamics observed in the simulations is to assume that

Figure 5. Superposition of the simulated P2(t) curves shownin Figure 4 (using R ) 1, 0.48, and 0.17 for simulations at 535,
500, and 475 K curves, respectively). The solid line is the
mKWW autocorrelation function for d8PS-2 obtained from fits
to the NMR data, shifted in time to overlap the simulation
curves. The inset shows the simulated P2(t) curve at 500 Kover a larger time window. The solid line in the inset is a
mKWW fit with â ) 0.43, τseg ) 250 ps, alib ) 0.195, and τlib )0.13 ps.

Figure 6. Segmental correlation times of d8PS-2 from NMR
experiments (solid lines) and MD simulations (points): (a)
direct comparison; (b) rescaled comparison by reducing the
simulated relaxation time by a factor of 1.8. The dashed lines
represent extrapolations of the NMR results based on the fit
parameters in Table 3.
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the force field does not perfectly reproduce the confor-
mational energy barriers for a-PS. We would expect
reduction of the barriers between important conformers
of a-PS by 0.5 kcal/mol to result in a speed-up of
segmental dynamics by almost a factor of 2 at the
temperatures investigated here. Uncertainties on the
order of 0.5 kcal/mol in the conformational energy
barriers are anticipated due to uncertainties in the
conformational energetics obtained for model com-
pounds (2,4-diphenylpentane) from quantum chemistry,
which result from errors introduced by basis set limita-
tions and treatment of electron correlation. Additionally,
the simple form of the classical force field used in the
simulation does not perfectly match the conformational
energetics of the model compound obtained from quan-
tum chemistry. Considering the complexity of a-PS and
the intrinsic difficulties involved in high-level quantum
chemistry studies of PS model compounds, we consider
the ability of the force field (without empirical adjust-
ment) to reproduce local dynamics in a-PS melts as
demonstrated here to be more than satisfactory.
Spin-Lattice Relaxation Times. In this section we

compare the results from the MD simulation and NMR
experiment in an alternate way: we fit the simulated
P2(t) autocorrelation functions at each temperature toan analytical function, then Fourier transform to get
the spectral density function J(ω) (eq 2), and finally
calculate the T1 values for the simulated chains (eq 1).There is a reason for making this additional comparison.
In the above discussion the autocorrelation function and
segmental correlation times from NMR experiments
were extracted using a fitting procedure which is based
on a number of assumptions. It is desirable to have a
model-free comparison between the simulations and the
experimental data.
The T1 values obtained from the simulations in this

manner are compared with the experimental data in
Figure 7a. Since we already know from Figure 6 that
the simulated PS dynamics are slower than experimen-
tal results, some disagreement is expected. Values from
the simulations are systematically smaller than those
observed experimentally at the left side of the T1minimum, consistent with the slower dynamics. We
rescale the simulated relaxation times by 0.56 () 1/1.8)
and make the comparison again in Figure 7b, achieving
nearly perfect agreement. This comparison validates the
use of the mKWW function to extract the orientational
dynamics from the experimental T1 data.
Difference in Dynamics for Backbone and Phen-

yl Ring. Both NMR experiments and MD simulations
show that the backbone and phenyl ring C-H vectors
in a-PS have slightly different dynamics. In the NMR
experiments, the deuterium resonance signals for the
backbone and phenyl ring deuterons can only be well
resolved at 76.8 MHz and also at high temperatures (as
shown by the inset in Figure 8). We fit the points at
the left side of T1 minimum using the same procedure
described in the previous section. The resulting seg-
mental correlation times for the backbone and side-
group C-H vectors in a-PS are presented in Figure 8.
The simulation correlation times, calculated from Table
4 and shifted by 1/1.8, are plotted in the same figure.
Clearly, the rescaled MD simulations well reproduce the
slight difference in dynamics between backbone and
phenyl ring C-H vectors in a-PS. This agreement
provides an additional check on some aspects of the force
field employed here, e.g., the relative height of the

energy barriers for the backbone and side group.
Because of a limited number of data points, the correla-
tion times from the NMR experiments in Figure 8 are
less reliable than the fits discussed above. Nevertheless,
their average still falls on the dotted line (d8PS-2) inFigure 3 within the reported experimental uncertainty.

Figure 7. Rate-averaged 2H spin-lattice relaxation times T1for all C-2H vectors in d8PS-2 at 76.8, 46.1, and 15.3 MHz, asmeasured from NMR experiments and predicted from MD
simulations: (a) direct comparison; (b) reducing simulation
time by a factor of 1.8. The dotted lines guide the eye.

Figure 8. Segmental correlation times for backbone and
phenyl ring C-H vectors of 2100 g/mol a-PS from NMR
experiments and MD simulations. The simulated correlation
times are scaled by a factor of 1/1.8. The NMR fit parameters
for the backbone deuterons are τ∞ ) 0.075 ps, B ) 774 K, T0
) 271 K, â ) 0.43 and for the phenyl ring deuterons are τ∞ )

0.055 ps, B ) 782 K, T0 ) 271 K, â ) 0.42. The inset shows
the experimental 2H NMR spin-lattice relaxation times for
d8PS-2 at 76.8 MHz; the dotted lines guide the eye.
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Comparison to NMR Experiments at Lower
Temperatures. Pschorn et al. published a paper in
1991 which compiled a variety of NMR measurements
on the segmental dynamics of polystyrene over the
temperature range from Tg to Tg + 70 K.52 Our experi-
ments allow us to expand the temperature range of this
compilation up to Tg + 180 K. Figure 9 shows the
combined results from 2D exchange, solid echo, wide-
line absorption, and spin-lattice relaxation measure-
ments at low and high temperatures. The solid points
are all taken from Figure 3 in ref 52, with their original
sources of refs 53-57. The open symbols were calculated
using the fit parameters in Table 3 and horizontally
shifted by ∆Tg, taking Tg ) 373 K for high molecular
weight PS (solid points).52
Our newmeasurements smoothly extend the previous

measurements, and a single VTF fit reasonably de-
scribes the combined data set. The slight mismatch at
1000/T≈ 2.25 is at the same level as experimental error.
V. Conclusions
We have investigated the segmental dynamics of

three atactic polystyrene samples with different molec-
ular weights by NMR. 2H T1 measurements at threemagnetic fields over a broad temperature range were
performed to extract the P2(t) orientation autocorrela-tion function and the segmental correlation times τseg,c.For one of the samples (Mn ) 2100 g/mol), rigorous
comparisons to MD simulations were made in terms of
P2(t), τseg,c, and T1 values.There are two major findings of this study: (1) The
NMR experiments and MD simulations for a low mo-
lecular weight a-PS melt are in very good agreement.
The simulations correctly predict the shape of P2(t)autocorrelation function and its temperature depend-
ence. The simulated segmental correlation times are
slower than the experimental results by a factor of 1.8,
a difference that can be accounted for by uncertainties
in the conformational energy barriers in the quantum
chemistry based force field for a-PS. After rescaling all
the simulated relaxation times by a single factor, the
simulations reproduce the rate average T1 values andthe slight difference in dynamics between the backbone

and side group of polystyrene. (2) The segmental
dynamics of polystyrene chains in this low molecular
weight range, at temperatures well above Tg, areidentical at the same value of T - Tg. Over thetemperature range of this NMR study, the segmental
and terminal dynamics have essentially the same tem-
perature dependence.
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