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Summary: Molecular dynamics (MD) simulations of bulk atactic polystyrene have
been performed in a temperature range from 100 K to 650 K at atmospheric pressure.
Local translational mobility has been investigated by measuring the mean square
translational displacements of monomers. The long-time asymptotic slope of these
dependencies is 0.54 at T>T,, showing Rouse behavior. Cross-over from motion in
the cage to Rouse like dynamics has been studied at 7>T, with a characteristic cross-
over time follows a power law behavior as a function of 7, as predicted by mode-
coupling theory (MCT). Local orientational mobility has been studied via the
orientational autocorrelation functions, ACFs, (Legendre polynomials of the first and
second. order) of both the main-chain and side-group bonds. The relaxation times of
the orientational o-relaxation follow the same power law (y~2.9) as the characteristic
translational diffusion time. Below T, both types of dynamics are described by the
same activated law. The ACFs time-distribution functions reveal the existence of
activated local rearrangements already above Ty.
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Introduction

Dynamical characteristics of amorphous polymers in the glassy state control such important
properties as ductility, toughness and impact resistance. It has recently become clear that the yield
behavior of amorphous polymers (polystyrene, PS, as an important example) is intimately linked
to collective segmental dynamics of individual or neighboring chains'. Relaxational processes in
amorphous PS in the vicinity of T have been studied experimentally by dynamic mechanical',

12 and NMR techniques’ . It is an established fact

quasielastic neutron scattering“, dielectric
that above the PS glass-transition temperature (T, = 373 K), the o-relaxation is the primary
relaxation process of collective segmental motion'’, and the temperature dependence of the
characteristic relaxation times is well described by WLF equation'®. Apart from the investigation

of the rotational mobility, local translational mobility has been studied in the very detailed
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quasielastic neutron scattering experiments of Kanaya et al’, in the very broad temperature range
of 21-475 K covering the glass transition temperature. In the time dependence of the mean-square
proton translational displacements two distinct regimes were found: the short time regime for
times 7<5 ps associated with a segment motion in the cage formed by the neighboring segments,
and some slower regime as expected for the Rouse behavior. These findings have been recently
confirmed by computer simulation studies of Roe et al.'”%’, and by more extensive MD
simulations of Lyulin and Michels®"?,

Increasing of the relaxation times by many orders of magnitude when approaching glass transition
is reasonably well described in general by the mode-coupling theory (MCT) of supercooled
liquidsl7'23‘27. The ideal form of MCT predicts a dynamical critical temperature T, at which the
molecules become permanently trapped in some cage formed by their almost frozen neighbors.
The general aim of our studies is to understand the differences in local segmental dynamics in
different amorphous polymer melts above and below the glass transition by computer simulation,
and to make the connection with chemical structure. In this paper we focus on the analysis of both
local translational and rotational mobility for a realistic model amorphous polymer melt and on

comparison with the predictions of MCT. For some low temperatures we thereby performed more

simulations and managed to increase the simulated times up to 0.1 ps.

Simulation details

The united-atom model of PS of our previous studyZI’22

is explored also in the present paper. The
model consists of a single polymer chain of N, = 80 monomers (molecular weight ~ 9000) and its
periodic images generated by periodic boundary conditions. The stereochemic configurations of
the aromatic groups were generated at random so that the ratio of number of meso to number of
racemic dyads was near unity. All potential contributions and potential constants in the force field
are identical to 2. The length of all valence bonds has been constrained by the SHAKE iterative
procedurezs, with a relative tolerance of 107,

The leap-frog variant of the velocity Verlet algorithm®® has been used to integrate the Newtonian
equations of motion. For the present calculations well-equilibrated initial structures have been
taken from the previous study2]. Some runs have been performed using initial structures

generated by the MSI Materials Studio™ Amorphous Cell interface. Berendsen thermostat and

barostat® were used to keep the system at prescribed temperatures and pressures. The production



169

runs have been performed by NVE MD with the integration step of At=2-2.5 fs.

Local Translational Mobility

Local translational mobility has been studied by measuring the mean-square translational
displacements of individual beads in the main chain and in the side phenyl groups. At very small
times (1<1-3 ps) the regime of free monomer diffusion, with a slope of about 1, takes place. In a
high-temperature melt, when T >> T, this regime changes into a second diffusive regime, with
the slope about 0.5, which confirms a well-known prediction for the Rouse chain. With
decreasing the temperature the motion of the chain bead is becoming more and more restricted:
the onset of the second diffusion is preceded by some plateau. This plateau is connected with the

cage effect, whereby very restricted local motions occur in the cage formed by surrounding

monomers.
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Figure 1. a) Mean-square displacement as a function of Dt for different temperatures. An
asymptotic slope of 0.54 is shown by the dashed line.

b) Temperature dependence of the translational relaxation times 7,=D". Straight line is fit
according to Eq. 2 using 7, = 380 K.

As suggested by van Zon and de Leeuw in their study of a model polymer melt without chemical
details®, the idealized MCT for the translational orrelaxation may apply, which predicts that the

final parts of the mean-square translational displacements curves can be fitted with the power law
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(Ar@) ~ (Dr)", €]

where D is a diffusion constant in the regime of the Rouse diffusion. Averaging the exponents
for different temperatures gives ¢ =0.54+0.04. The mean-square displacements are plotted as
functions of Dr at different temperatures in Figure 1a, showing this scaling behavior.

According to the MCT the characteristic time of the ¢rrelaxation, 7, = D™ algebraically diverges
at some critical temperature T, just above T:

TR )

Different exponents y have been obtained in some previous simulations®?. Using the simple
bead-spring model Bennemann et al.**?* found y= 2.1 — 2.3. For a model polymer with angle and

torsion potentials van Zon and de Leeuw? obtained y=2.85. Fitting with the straight line in
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Figure 2. Temperature dependence of the translational relaxation times 7,=D" both for the beads
in the main chain and in the side group. Solid line is the MCT-based fit, Eq. 2. Dashed line is the
fit with the simple activation law, Eq. 3.

Figure 1b we find that the power law (2) holds for few orders of magnitude and gives T, = 380 K
and y = 2.90. This value of T, is somewhat higher than the observed glass transition temperature

T, ~ 370K, as predicted by MCT. The value of yis in a very good agreement with the value of y=
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2.85 obtained by van Zon and de Leeuw® for the model polymer melt. The larger value of y as

24,25
1.

compared to the results of Benneman et a shows the influence of intramolecular interactions

on the slowing down of dynamics in the vicinity of the glass transition.

The temperature dependence of 7, = D™ is for the full temperature range shown in Figure 2; as

already mentioned at 7>T, this dependence is well described by MCT (solid lines in Figure 2). At
T<T, clearly different behavior is observed for the onset of the second diffusion regime; a simple
activation law is used to fit the data for both the main-chain and side-group translational-diffusion
times (dashed lines in Figure 2),

T, ~exp(E,/k,T). 3)
This gives for the activation energy the values E, ~ 30 kJ/mol (main chain) and E, ~ 39 kJ/mol

(phenyl group).

Local Orientational Mobility

To have insight into possible common mechanisms of the different types of segmental mobility
(translational and rotational) and in order to compare the results with the predictions of MCT, the
local orientational mobility has been studied with the help of Legendre polynomials of the first
and second order (autocorrelation functions, ACFs)

P,(t) =<b(0)b(z) > i @)

By(2) =< 3/2(b(0)b(z))* —=1/2 >
where b is the unit vector directed along the main-chain bond or along the phenyl side group and
brackets denote the time averaging. A decrease of temperature leads to a pronounced slowing
down of the orientational mobility both for the P; and P, ACFs. The orientational relaxation for
the bond in the middle of the chain is almost frozen in the vicinity of T,. The phenyl side groups
are more mobile as compared to the bonds in the main chain at the same value of temperature.

KWW stretched exponents have been used to fit the P; and P, ACFs at different values of

temperature,

B, (1) =exp(=(t/7,,)"), (5)
where 7;, is the characteristic relaxation time and f3 is the parameter effectively taking into
account the non-exponential nature of the relaxation process. At low temperatures, T < T,, the

relaxation of P; and P; ACFs is far from complete, but nevertheless the fits are good and allow to
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determine relaxation times which are much larger than the actual length of the simulation run.
The temperature dependence of the relaxation times 7 is shown in Figure 3. In the melt, when
T>T,, the T-dependence is clearly non-Arrhenius; its shape is similar to the experimentally

observed a-process.

@1, main chain
m 1, phenyl group
#1,, main chain
A 1, phenyl group

210
o A A
* 0‘\\A
10°? LIRSS
L A 4
o ™. ‘
.l‘ u
10° om
o0
TE
1.4 19 24 29 3.4
1T, K" x10°

Figure 3. Temperature dependence of the relaxation times 7; of the P;, ACFs. Solid lines are
Vogel-Fulcher fits, Eq. 6, to the data at T>T,. Dashed lines are fits with the simple activation law
at 7<T,.

From the Vogel-Fulcher fit,
7, ~exp(—E, [k, (T - T,)), (6)

quite similar results have been obtained, E, ~ 10 kJ/mol and 7, ~ 300 K (essentially lower than
T,), for the P; and P; ACFs, both for the main chain and side groups. At low temperature, T < T,,
the T-dependence of the relaxation times shows different behavior and is described as a simple
activation process with an activation energy (averaged for all four data sets in Figure 3) E, = 31
kJ/mol. This value of the activation energy is close to the value E, ~ 30 kJ/mol observed earlier
for the onset of the second translational diffusion regime at T<Ty, associated with the escape from
the particle’s cage.

We also have tried to fit the temperature dependence of the relaxation times 7;; at T>T, with the

power-law fits of (2) predicted by MCT for the o-relaxation, Figure 4a. The fits give the same
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value of the critical temperature, 7,=380K, as in the case of the translational diffusion. The
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Figure 4. a) Temperature dependence of the relaxation times 7;; of the P;, ACFs at T>T,.
Straight lines are fits according to Eq. 2 using 7.=380 K.
b) Temperature dependence of the relaxation times 7;, of the P; , ACFs both for the main chain
and the side group. Solid lines are the MCT-based fits, Eq. 2. Dashed lines are the fits with the
simple activation law.
average exponent y = 2.88 is very close to the values of 2.90 for 7.
To complete the picture we plot P; » orientational relaxation times as functions of temperature,

Figure 4b, as we did earlier for translational relaxation times 7, = D™ in Figure 2. Qualitatively

the picture of reorientational relaxation is very similar to the translational relaxation: the 7-
dependence of the characteristic relaxation times is changed from the algebraic dependence
described by MCT, Eq. 2, to the simple activated process, Eq. 3, both for the translational and
orientational relaxation. The values of the critical temperature T, power ¥ and activation energy
E, are very close for both types of mobility, orientational and translational. We can generally

conclude here that the predictions of MCT hold at 7> Ty, for both types of mobility.

Distribution of relaxation times

Each orientational ACF can be analyzed using the CONTIN?**! method and can be represented as
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ACF(1) = [ Fnt)exp(~t/7)d InT, %)
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Figure 5. Temperature dependence of the normalized distribution function of the relaxation times
for the P, ACF for the average bond in the middle of the backbone. Two peaks correspond to two
different relaxation processes, diffusive and local activated rearrangement.

where F(In7) is a normalized distribution function of relaxation times. The distribution function
of relaxation times for the P, ACF is shown in Figure 5 for the main-chain bond. The distribution
functions for the main-chain bond and side phenyl group qualitatively are very similar: at high
temperature these functions are unimodal, with the location of the peak shifted towards larger
times with decreasing temperature. At T = 500 K the form of the distribution function is
becoming bimodal, with one peak located at 7 ~ 1 ns and another corresponding to a very slow
process at 7 ~ 10° ns. At 7'= 400 K analysis reveals a very broad distribution of relaxation times,
which could be due to the merging of @- (main structural) relaxation and sub-7, relaxation
processes at this temperature. At lower temperatures, 7<T,, the distribution function again

becomes unimodal, with a single peak at extremely large values of relaxation times, 7> 10° ns.

Conclusion
Using the model from our previous study”' we have investigated the local dynamical properties of
an atactic-polystyrene melt in the vicinity of the glass transition, T, ~ 370 K. Translational

mobility has been investigated by using the mean-square displacements of different beads. The



175

slowing down near T, of the translational mobility is mainly explained by the existence and
diffusion of cages formed by their almost frozen neighborhood. Analysis of the mean-square

displacements at longer times reveals Rouse-like dynamics with an asymptotic power law

behavior <Ar2 (t)> ~ "% both for the main chain and the phenyl side groups. From the long-time

asymptotics the corresponding relaxation times 7, were defined. The temperature dependence of
these times is described by a power law with the exponent y = 2.90 and critical temperature T, =
380 K at T>T,. At T<T, the temperature dependence of the characteristic “cage release” time is
fitted by a simple activation law with the activation energy of about 30 kJ/mol for the main chain
bonds and 39 kJ/mol for the phenyl groups.

The rotational mobility is investigated with the help of the time autocorrelation functions for the
Legendre polynomials of the first and second order for the main-chain bonds and phenyl side
groups. As in the case of translational relaxation, similar non-Arrhenius 7-dependence of the
relaxation times for the o-relaxation at T>T, is well reproduced. The temperature dependence of
the relaxation times of the cr-relaxation process follows the same power law behavior as the
translational relaxation times. At T<T, the temperature dependence of the orientational relaxation
times is close to the simple activation process, with the value of activation energy E, ~ 31 kJ/mol,
both for the main-chain bonds and side groups. Distribution function of P, relaxation times shows

that the activated process announcing itself already at 7>T,.
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