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ABSTRACT: Molecular dynamics simulations are employed to study the phenyl-ring flip in polystyrene, thought
to be the molecular origin of the-relaxation. The results show that upon cooling the system toward the glass
transition the motion of the phenyl ring becomes more heterogeneous, which seems to result from a distribution
of local energy barriers in combination with slower transitions between states with these local energy barriers.
The growing of the heterogeneity affects the determination of the effective energy barrier. In particular, the
“static” energy barrier (as determined from the distribution of the orientation of the phenyl ring with respect to
the backbone) is found to be different from the “dynamic” energy barrier, as determined from the temperature
dependence of some relaxation time (i.e., the activation energy). However, below the glass transition temperature
it appears that the two methods render the same value for the height of the energy barrier, although the time
scales differ approximately by a constant factor. It is shown that another relaxation time can be determined to
characterize the ring-flip process, which seems not to be affected by the growth of heterogeneity and which
closely follows the “static” energy barrier. The effective barrier as determined in this way by the simulations is
in fair agreement with experimental values for theelaxation.

1. Introduction energy of about 1.3 10? kJ mol-1.3 At high frequencies the
peak of thes-process will merge with the-relaxation peak.
It is believed that thgs-process in PS originates from a local
pscillation mode of the backbone chdili.annealing conditions
are varied, the barrier will also vary betweer®0 and~170
kJ mol14

They-process has a smaller activation energy and has been
@associated with a phenyl-ring flip. The activation energy
é’)btained by mechanical experiments is-38 kJ mot .35 Other
experimental studi€dead to energy barrier heights in the range
21-29 kJ mof?; in these studies the energy barrier was

a-process is a very collective procésshich shows strongly determined by a fit based on a rotator model, leading to a lower

non-Arrhenius behavior. Below, only local rearrangements ~ €1€r9y value than obtained from an Arrhenius fit.
of chain segments within their cages formed by neighboring AS the ascribed molecular origin of the-relaxation is
segments are possible. In order of freezing-in upon cooling thesecOnceptually simple, it has been subject of many theoretical
subT, processes are callgt] y, ... These faster processes are Studies. Early estimates for the energy barrier of a phenyl-ring
more Arrhenius-like and less collective in the glassy regime. flipare based ontaklng|ntoacqountonlylntrachalnmteracﬁo%?s.

An attractive prototype glassy polymer to study experimen- It was fou_nd that the potential energy barrier depe_nds on the
tally and theoretically is atactic polystyrene (PS). The major conformatlon Of. the backbone chain and on tactllén%/.'l'he
reasons for this are that its properties are well documented, it €Ty barrier is lower when the backbone torsions operate

. ) L e 10
is a common plastic, and its mechanical behavior is still poorly cooperatlvel_y with the phenyl-ring motuﬁﬁ.
understood, despite the extensive studies of the relaxation, HOWever, in amelt the backbone dihedral angles cannot rotate

processes of PS. The temperature at which dfrelaxation freely, without hindering other chains as well. When other chains

reaches 100 s (which can be used as the definition of the glass-2'€ @S0 included (i.e., a phenyl-ring flip in its glassy neighbor-
transition temperatubpis Ty ~ 374 K; the exact value depends 100d), the mean energy barrier height determined by an energy
on cooling rate and molecular weight distributin. minimization method turns out to be 116 kJ migl! The actual

: L distribution of barrier heights was found to be very broad, in
The -process (not to be confused with therelaxation in 1 . )
the mode-coupling theory (MCT) of the glass transition, of the rantgebof (.)'961115 k‘.Jt. moTA(fotrhthe tcb%;es n Wh'crf] the
which the time scale diverges near the critical temperature in energetic barrier was posi ive). \nother s SO uses aform
the ideal-MCT framewor} appears for atactic polystyrene of energy minimization to determine energy barriers in the glassy

around a frequency of 110 Hz &t= 320 K; it has an activation structure. The result ranges from 19.2 to 133 kqﬁ@r 10 .
different measurements of a phenyl-ring rotation (in which
_ rotations in both directions have been considered, viz. clockwise
B_\:OTrgeIa";’:‘s‘g“tue_crﬂ_”esf’o”dence should be addressed. E-mail: anq counterclockwise). These results show that the glassy
t Technische Universiteit Eindhoven. structure has a tremendous effect on the actual barrier of the

*Dutch Polymer Institute. phenyl-ring flip. So the relaxation of the surrounding polymer

The mechanical properties of glassy polymers are complex
functions of temperature and experimental time scale. Various
relaxation processes determine the precise viscoelastic behavio
of a polymer glass, such as chain relaxation, segmental
relaxation within a chain, and conformational transitions. The
complex microstructure of a polymer material is responsible
for the nature and time scales of these relaxation processes. Ye
some generic features are present, related to the physics of th
glass transition. The main relaxation process, dhprocess,
freezes in at the glass-transition temperailydn general, the
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Figure 1. (left) Monomer unit of the polystyrene model with the
naming convention of the (united) atoms. Here= ortho,m = meta,
andp = para. The notation-CH is used for any of the three possible
positions of the CH group in the phenyl ring. (right) lllustration with
the definition of the anglg between the phenyl ring and the backbone.
See text for details.

matrix should be taken into account for studying the dynamical
behavior of the phenyl ring. Variations in molecular packing
can cause a distribution of relaxation times, which in turn can
cause heterogeneous dynaniits.

The usage of molecular dynamics (MD) simulations is an
effective method to study the dynamics of transitions of small

chemical groups near the glass transition. The results of previous

MD simulations for melts of other polymer systems have shown
that there is a distribution of transition rates for the rotation of
a side group (such as for the rotation of the methyl group in
poly(methyl methacrylatel} in poly(vinyl methyl ether)
(PVME)'® and in polyisobutyler®) or for conformational
transitionst’ Also, a distribution of energy barrier heights has
been found for Chirotations in PVMES or for conformational
transitionst” MD simulations have been carried out before for
polystyrene as wel?-3% and some of these simulation results
have been used to look at typical relaxation times in the vicinity
of the glassy staté.?8:3033However, no emphasis was given
to the motion of a phenyl ring.

The aim of the present paper is to study the flip of the side-

group phenyl ring in a melt of atactic polystyrene and determine
the accompanying energy barrier landscape, typical relaxation
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Table 1. United-Atom Force Field in Use for Atactic Polystyrené

nonbonded interactién
ULilr) = eil((oi/n)2 = 2(@im)?], € = Veie,
0 = x(0i + o)
€=0.377 k mot?, 0 = 4.153 A for CH
€ =0.502 kJ mot?, o = 4.321 A for CH
€ =0.502 kJ mot?, o = 4.153 A for C anck-CH
bond stretching
Uil) = k(l — lo)?
k = 669 kJ mot A-2, Io=1.53 A for CHh—CH
k = 669 kJ mott A2, Ip=1.51 A for CH-C
k= 669 kd mot1 A—2 |, = 1.40 A for C-x-CH
k = 669 kJ mott A—2 1o = 1.40 A forx-CH—x-CH
bond angle
Ug(6) = ko(0 — 0)?
ke = 251 kJ mot?rad=2, 6o = 109.5 for X—CH—X
ko = 264 kJ mot?rad=2, 6o = 109.5 for X—CH,—X
ko = 293 kJ mot?rad2 6y = 120.0 for X—C—X and X—x-CH—X
torsion
Ug(e) = K, costig)
k, = 2.93 kd mot?, n = 3 for X—CH—CH,—X
ky = 2.09 kJ mot?, n= 2 for X—CH-C—X
kp, = —27.2 kJ mot?, n= 2 for X—C—x-CH—X
k, = —54.4 kJ mot?, n = 2 for X—x-CH—x-CH—X
improper torsiof
Ug () = K¢ cosfig’)
ks =20.9 kI mot!, n= 2 for X—C—X—X'
ks =20.9 kI mot!, n= 3 for X—CH-X—X'

a|t is based on the united-atom force field as being used by ref 19, and
the notation in use is similar. The ratio of number of meso to the number
of racemic dyads is near unity. Differences in the force field are that the
bonds and the valence angles in the phenyl ring are flexible, the planarity
of the phenyl ring is accomplished as is done by ref 23, and tacticity of the
chain is accomplished by a different improper torsion potential. The
parameters for the Gunited atoms positioned at the chain ends are the
same as for CkH The massn of each (united) atom is calculated usimg
= 12 Da andmy = 1 Da. The X stands for the (united) atom having a
chemical bond with the (united) atom next to Yi.ennard-Jones (LJ)
interactions are only not taken into account for particles which are separated
by one or two chemical bonds. A so-called switching funcffamas used
to smoothly cuto the LJ potential at large distances ®igh= 20j; andRof
= 2.20j. ¢ The first improper torsion is used for keeping t€H, C, and

H group in a plane. The second one is used for maintaining the tacticity
of the chain. The four consecutive (united) atoms defining the improper

time scales, and the Arrhenius activation energy by means of orsion are for the (united) atoms around the CH united atom@X—

different methods. A special point of focus is to look at the

X—=X") C—CH—CH,—CH,, CH,—CH—-CH,—C, and CH—CH—-C—CH;

influence of the glassy dynamics on the dynamical properties and for the united atoms around the C atom-—X—X") x-CH-C—x-

of this ring, which effectively makes the ring flip very
heterogeneous (in terms of a wide distribution of relaxation
times).

CH—CH, x-CH—C—CH—x-CH, and CH-C—x-CH—x-CH. It is called
improper, as there is no direct chemical bond between the third and fourth
(united) atom defining the torsion.

The paper is organized as follows. In the next section, the parostatt (TP =10 ps), and the collisional dynamics metBod
polystyrene model is described and simulation details are as a thermostati(= 1 ps?, my = 0.1 Da). Strictly speaking,

explained. From MD simulation data the free energy barrier
for the phenyl-ring flip is then determined, by means of the
distribution function of the orientation of the phenyl ring with

when using the Berendsen barostat, the congt@¥fensemble
is not probed® but this effect is assumed to be of minor
significance for the present study.

respect to the backbone. Next the temperature dependencies of The sample is prepared by a procedure similar to that of ref
the relaxation times of autocorrelation functions are studied to 27, starting with a one-chain melt of polystyrene. After the
yield a value for the activation energy. Van Hove functions are equilibration of this single chain, the orthorhombic box is
analyzed for studying the heterogeneity in the dynamical doubled in all three directions, and the resulting sample is
behavior of the phenyl ring, leading to a kinetic model for ring  equilibrated further for another 10 nst= 540 K. To correct
flipping. Finally, some conclusions are stated. for the potential cutoff and any other force field deviations, the
pressure has been adjusted so that the density=at540 K
equals the experimentally observed density at this temperature
The atactic-polystyrene melt in the simulation consists of 8 and at atmospheric pressifeThe sample is subsequently
chains of 80 monomers each. In the left panel of Figure 1 a cooled to the desired temperature by 0.01 Kp3his process
monomer unit of polystyrene is depicted together with the is done for five independent samples in order to increase
nomenclature of the (united) atoms. The united-atom force field statistics. For testing the proper temperature behavior of some
is described in Table 1. Simulations are carried out in the of the data, the temperature of one sample (first equilibrated at
constantNPT ensemble (constant number of partichespres- T = 540 K) has been set to 1000 K, followed by an additional
sure P, and temperaturel), using velocity Verlet as the 4 ns equilibration with an integration time step of 2 fs. To see
numerical integration scheme for the Newtonian equations of what the influence of the glassy state is compared with the gas
motion (with an integration time step of 4 fs), the Berendsen phase, another simulation has been carried out, in which only

2. System Description and Simulation Details
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one chain has been simulated. This atactic polystyrene chain 40
consists of 15 monomer units and is placed in a vacuum.

The glass-transition temperatufgof this 8-chain model for
atactic polystyrene is determined by plotting the specific volume 30

P x 375K
R + 500 K

vs temperature and applying a linear fit to both low and high Tg

temperatures. The crossing point of these linear fits is then taken £ 25- ]
as the definition of the glass-transition temperature, with the =

result Ty = 388 K2° This is somewhat higher than the £ 2

experimentally determined glass-transition temperature for ap- 3 15 i
proximately the same molecular weight, = 361—363 K238 (’95

The difference becomes smaller upon extrapolating the observed 10-
glass-transition temperature toward experimental cooling fates.

As the present study is mainly concerned with the rotational
dynamics of the phenyl ring, the anglebetween the phenyl . , ‘ _
ring and the backbone is defined here in detail (see Figure 1). 20 40 60 80 . 100 120 140 160 180
It is slightly different from the one as given in ref 40, as now x (degn)

o S ; Figure 2. Free energyG for two different temperatures (arourig
it is not assumed that the phenyl ring is strictly planar. (In the and well above it) as a function of the anglef the phenyl fing with

case of an all-atom model of polystyrene a different convention respect to the backbone, as calculated using eq 1. Solid lines are fits to
is possibletl) The planeP is defined by the normal vector  the simulation data (crosses and pluses) with the cosine function eq 2.
C—CH connecting the phenyl ring to the backbone. The vector

L

Vpn pointing from oneo-CH to the othero-CH and the vector 40 '
Vipp pointing from one CHto the other CH (two chemical bonds
away) are projected onto this plafe Then the angley is 39
defined as the angle between these two projected vectors minus
7/2. In this way the equilibrium position of the phenyl ring with 35
respect to the backbone is aroupd= 0 and aroungy = . E
=

3. Results and Discussion =Y

The rotational dynamics of the phenyl ring can be studied in 25 36
various ways. First the free energy barrier height for rotation is
determined from the probability distribution gf (a measure
for the orientation of the phenyl ring with respect to the 35 x 7
backbone). As a second method, the time dependence of some
autocorrelation functions associated with the phenyl ring is £ 260 250 500 .
investigated; from this an activation energy can be distilled. The T(K)

concept of heterogeneity is used to explain the difference gjg e 3. Free energy barrier height as a function of the temperature,
between the two energies thus determined. To acquire moreextracted from the distribution function gf eq 1. Solid line is a fit to
evidence for heterogeneous dynamics, some typical trajectorieghe simulation data (crosses) with eq 3.

of the phenyl-ring angle with respect to the backbone are

displayed, and the self-part of the van Hove function is With AGnaxthe free energy barrier height. This barrier height
calculated. Based on this, a two-state mogehound 0 vsy AGnax as acquired by fittings(y) — G(xmin) by eq 2 is plotted
aroundr) is used to calculate in yet another way an activation in Figure 3 as a function of temperature.

energy. The various results give clear evidence for heterogeneity The entropic part of the free energy barrier height can be

in the glassy dynamics. determined by fitting the data with the linear relation
3.1. Free Energy Barrier. To see what energy barrier is
associated with a phenyl flip in our constawRT simulation AGaT) = AHpay — TAS 4 3)

run, the distribution functiop(y) has been measured. From this
the (Gibbs) free energ®(y) can be calculated by using the when one assumes that the enthalpy differefke,ax and the

Boltzmann distribution la#? entropy difference\Snax are independent of temperature. The
contribution PAVnax to the free energy barrier could also be
;{ G(y) — G(Xmin)] determined by varying the pressure, but it is assumed that this
() = pGlmin) €XA — — T (1) contribution is temperature-independent as well and therefore
Ks it is discarded in this study. In this wag\Hmax could be

interpreted as some kind of activation enthalpy, in the case of
with kg Boltzmann's constant. The reference vapg is taken 3 single barrier (see, e.g., ref 43). The outcome of the fit is
to be the value of at which the free energy is at its minimum.  AH,.., = 26 kJ mol? and ASpax = —0.024 kJ mot? K1
A similar analysis has also been carried out in ref 18. The result (Figure 3). The free energy barrier height is seen to increase
is shown in Figure 2 for two different temperatures. Data for with increasing temperature. This could be interpreted that it is
other temperatures are similar. The shape of this effective entropically unfavorable to be at the unstable maximum position
potential (potential of mean force) is well described by a simple (y,.., = 7/2), compared to the stable minimum positigif

cosine function = 0).
The entropic contribution to the free energy barrier height is
_ _1 _ higher than found from an energy-minimization technidftie.
Gl) = Gltmin) ZAGma’Xl cosf)) @ From our simulation results the contributid\Syax to the free
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energy barrier al = 300 K is estimated to be about 20%. The
contributionTASyax Obtained from the energy minimization, in
which the entropy is acquired by applying a quadratic ap-
proximation for the potential energy surface near the transition
state for a phenyl-ring flip, was less than 10%.

Another way to determine the energetic barrier is by looking

at the temperature dependence of the relaxation times. In the

next section relaxation times associated with a phenyl-ring flip

Macromolecules, Vol. 40, No. 16, 2007

The results for

Cy(t) = Wpi(to) Vpr(to + )1 %)

and

1

Cot) = St Ul + 015 (10)

are calculated; afterward, activation energies corresponding todescribing the reorientation of the normalize€CH—o0-CH

some of these times are determined.

3.2. Time Correlation Functions. The dynamics of the
phenyl ring is examined by looking at the vector connecting
the two united carbon atoms in the ortho positiorCH (see
Figure 1). The rotational behavior of this vectas, can be

vector are shown in Figure 4. It is seen that the three-parameter
KWW function is able to describe the data well.

Some important differences can be observed when comparing
the Cy(t) and Cy(t) autocorrelation functions for thee CH—o-
CH phenyl vector. In Figure 5 the correlation time (deduced

studied by considering ensemble-averaged Legendre polynomifrom eqs 6 and 7) is plotted as a function of temperature. The

als P(x) of the inner product of the unit vectdpn = Vpr/[Vpnl
at time tp with itself at timety + t , i.e., the autocorrelation
function

Gt = |:E:'|[\A/ph(to)'\A/ph(to + )]0 (4)

relaxation time ofCx(t), tc,, rises more quickly than the one of
Ci(t), 7c,, upon decreasing temperature. This is becatig

is invariant under a phenyl-ring flip. So a flip contributes to
the relaxation ofZ,(t), but not ofCy(t). NeverthelessCy(t) still
relaxes at low temperatures. This means that main-chain
reorientation and/or the flapping motion of the phenyl ring

One of the reasons to look at this quantity is that some of these 5rqnqd the backbone still are active relaxation modes at low
autocorrelation functions can be measured experimentally. '”temperatures although much slower than the motion of the

particular, when instead a-H vector is considered, then the
correlation time (also called an average relaxation Yme

.= [ ACH{) dt (5)

is measurable by NMR experiments, ACHt) = Cx(t).

Reasonable agreement was observed when comparing the result

of this kind of NMR experiments to the results of MD
simulations3°

It is quite common when studying glassy materials to fit such
autocorrelation functions by a KohlrauseWilliams—Watts
(KWW) stretched-exponential functién

(6)

in which xww is a typical time scale of relaxatiofi,the stretch
exponent, andA a preexponential factor to account for other
relaxation processes at shorter time scales (such as libratin
motion, which usually occurs at time scales below 4 ps, the
interval at which trajectories are saved in this study). Integrating
eq 6" then results in the correlation time (eq 5)

A expl-(Uriw)’]

TRWW ., »—1
=T
B
with T'(x) the (complete) gamma function. So for=18 = Y,
the correlation time. is at most a factor of 2 larger thapww.
The KWW function can be considered as arising from a specific
superposition of exponentials

()

Te

eXp[_(t/Twa)ﬁ] = fo Prww(T) eXF{_ %) dr (8)
with the KWW distribution functionokww(z). The width of
pxww(7) is then determined by the exponghta lower value
of 8 meaning a wider distributioff.

One should be cautious in interpreting the fitting parameters
of the KWW function. A limited time window for the relaxation
function (due to limitations in simulation time) can result in a
lower value for the fittedrww.*® Also, in the case of glasses
the interference of the start of therelaxation with the end of
the cage plateau can result in lower valuegdf

phenyl-ring flip itself.

To isolate the pure effect of the phenyl-ring reorientation with
respect to the backbone, we consider the relaxation of the
autocorrelation function of the cosine of the accompanying angle
x (Figure 1)

C,(t) = [Bosf(t) — x(0)]0

This autocorrelation function would be identical @(t) (eq
9), if the backbone would be frozen and the phenyl ring could
only move by rotating around the chemical bond joining it to
the backbone. It turns out that this is almost the case for low
temperatures, where the two autocorrelation functions are close
to each other. The time dependence @ft) is also well-
described by a stretched-exponential function, eq 6. The
temperature dependence of the corresponding correlation time
7¢y is shown in Figure 5. At high temperature this relaxation is
ather slow, slower than botB;(t) and Cy(t). This is because

oth Cy4(t) and Cy(t) are able to relax by the motion of the
backbone, whileC,(t) can only relax via the relative motion of
the phenyl ring with respect to the backbone. However, upon
decreasing the temperature, this behavior changes. The flip-
relaxation channel becomes the dominant one for temperatures
of about 440 K and lower, as then the relaxation timecg(t)
almost equals that o, (t), 7c,. So the difference betweely-
(t) andCy(t) is due to the (obvious) anisotropy of the relaxation;
for low temperatures it is for example easier for the phenyl ring
to make ar-flip motion around its axis than to end up with a
7r/2 rotation around the same axis (not rotation invariang)in
or to rotate around a different axis (anisotropic in the orientation
of the axis). Anisotropic relaxations have been studied before
for other polymer systems as wéll*8

Despite the dominance of the flip-relaxation channel at lower

temperatures, it seems that for temperatures below about 420
K the three different relaxation times show approximately the
same temperature dependence (see Figure 5). This observation
could be an indication of a coupling between the backbone
conformation and the rotation of the phenyl ring. An analogous
coupling was also found for a different polymer systénn
ref 7 it is shown that the energy barrier for a phenyl-ring flip
can exceed 400 kJ mdl for some accompanying backbone
conformations. A change to a new backbone conformation with

(11)
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Figure 4. C4(t) andCy(t) for the vectov,, pointing from oneo-CH atom to the other one within a phenyl ring for various temperatures. Solid lines
are fits to the simulation data by a stretched exponential, eq 6. Arrows point toward relaxation curves of decreasing temperature.

a lower energy barrier for the phenyl-ring flip would allow these
phenyl rings to flip much earlier. A€,(t) is invariant under a
phenyl-ring flip, its long-time behavior is mostly sensitive to

backbone relaxations. Therefore, a plausible explanation for the
observation that the temperature dependencies of the different
relaxations times are about equal for low temperatures is that,

the relaxation of the phenyl rings which have a high-barrier
conformation for a flip have to wait for the relaxation of the
backbone.

3.3. Activation Energy from Relaxation Times.In section
3.1 the free energy barrier height for a phenyl-ring flip was
determined by considering the distribution function of the angle
x (Figure 3). Alternatively, one can determine the activation
barrier (i.e., the barrier to activate the motion of the process)

by assuming that the relaxation time ©f(t) follows activated
kinetics (Arrhenius-like behavior)

AH
ks T
in which the inverse of the preexponential facter?! is a
measure for the attempt rét@endAH is the activation enthalpy.
The choice of activated behavior might be motivated by the
experimental observation that secondary relaxations are usually
well described by such a lalvincluding they-relaxation of
polystyrené® This in contrast with the maia relaxation, which

is usually described by the VogeFulcher-Tamman equatioh.
The Arrhenius fit of the relaxation times @,(t) results in an
activation enthalpy of 50 kJ mol for the temperature range of

T =T,€ex (12)
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Figure 5. Correlation relaxation times as a function of temperature Figure 6. Fitted KWW exponenf as a function of temperature for
for the vector within the phenyl ringré, (pluses) as determined by (1) the relaxation of the>-CH—0-CH vector within the phenyl as
fitting Cy(t) andzc, (crosses) by fittingCx(t) depicted in Figure 4 by ~ Probed byCy(t), (x) same, now as probed b@.(t), and ©) the

eq 6) and for the angle ¢c, (circles) by fittingC,(t) (eq 11) by eq 6).  relaxation of they angle as probed by the accompanying angle-based
All KWW times are rewrittén in a correlation time by using eq 7. Solid  C(t). Solid lines serve as a guide to the eye.

lines serve as a guide to the eye.

simulation result of the atactic chain of polystyrene in vacuum

375-540 K. However, fitting the results for the temperature atT = 375 K. For this simulatiofc, = 1 (compared t@c, =

range below the glass-transition temperature;3&X5 K, results
in a lower activation enthalpy, 35 kJ mdl

So the activation enthalpy as acquired by an Arrhenius plot

0.7 for the glassy system at the same temperature). In a vacuum
conformational transitions are not hindered by the presence of
other chains, leading (in this picture) to faster transitions between

the various local energy barriers, and thereby the phenyl ring
with its surroundings (apparently) finds the lower energy barrier
within the transition time accompanied by this energy barrier.

A decrease of the stretch paramefiefor decreasing tem-
perature has been observed for other glassy materials as well,
such as for the autocorrelation function of the torsion angle in
polyethylene'?

In contrast tofc, fBc, is approximately independent of

of 7¢, for Tin the range 375540 K is almost twice the enthalpy
barrier height as determined from the distribution functien
(%), which wasAHmax = 26 kJ mot L. From one point of view

a different value is what one would expect. The decorrelation
of C,(t) is described by a stretched-exponential fit, with the
temperature-dependent KWW exponggffound to be smaller
than 1. As discussed, this implies a distribution of relaxation
times p(r) ~ pkww(7) rather than a single transition time.
Another way of interpreting this is that there exists a distribution temperature (although a small drift toward higher values upon
of energy barrier heights, which obviously determines the cooling is visible, which possibly originates from the limited
average energy barrier. One reason for this fluctuating barrier time window available for fitting; it is known that in some
height could be the cooperative nature of the flip transition, as situations this could lead to an increase in the fitted stretch
shown by energy-minimization metho®&1> The energy parametep®®) and approximately equal to 0-0.6. This value
barriers for some conformations are much lower than for other is typical for simulation results of polymers. It has been observed
ones. Also, the local barrier heavily depends on the nonbondedin other MD simulations of polystyreri,and also for other
local environment, i.e., on the interchain interactibhs: polymers, such as poly(ethylene oxide).

In Figure 6 the KWW exponerjt of various autocorrelation 3.4. Heterogeneity A distribution of energy barrier heights
functions is plotted as a function of temperature. At relatively generally would imply heterogeneous dynamics. This can indeed
high temperatur@c, ~ 1. This is what one would expect fora  be seen from trajectories of theangle. Some typical trajectories
relaxation mechanism which only involves a single energy are shown in Figure 7. Far = 300 K it is observed that out of
barrier. So this indicates that at these temperatures the phenyla total number of 560 phenyl rings (the five phenyl rings near
ring flip might be approximately described by a single barrier, each chain end are discarded in view of the known increase in
too. mobility around the ends of a polymer ch#&if® 548 phenyl

At lower temperatur@c, decreases. One way of interpreting  1ings (98%) did not flip at all during a 24 ns simulation run.
this is that the distribution of energy barriers becomes broader However, it turns out that of the remaining phenyl rings eight
upon lowering the temperature. However, then the question flipped once, two flipped twice, and two flipped more than 10
remains regarding the origin of the broadening of this distribu- times, illustrating the nonhomogeneous dynamics during this
tion. A more appealing interpretation is that a set of states with time window.

a diversity in energy barriers exists both at low and at high It is also observed that, while the averaged equilibrium
temperatures. Only now the difference is that upon lowering position of they angle is at O (and at), some phenyl rings

the temperature the residence time at each state (with ac-seem to prefer other (temporarily) quasi-equilibrium positions
companying energy barrier) increases, making it harder to find (such as seen in Figure 7b,c) and that infrequent transitions are
the lowest energy barrier within the typical time of a transition. possible between these quasi-equilibrium positions (Figure 7c).
This state is likely to be largely characterized by the backbone Note also that a phenyl-ring flip not necessarily forces the quasi-
conformation, which mainly determines the potential energy equilibrium position to change (Figure 7b). So next to the
barrier of a phenyl-ring flip (as is discussed before). The heterogeneity in energy barrier heights, there also exists
relaxation of the backbone is then indicative of the residence heterogeneity in the value gfin, i.€., in the angle; at which

time at each state. This interpretation is supported by the the energy is at its minimum. Yet another type of heterogeneity
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Figure 7. Typical trajectories for thg angle atT = 300 K during a

24 ns simulation runy(values are plotted every 12 ps): (a) no jumps,
(b) two jumps, (c) jump within cage around 5 ns, (d) many jumps.
Solid lines denote the equilibrium valugsin = 0, 7.

is in the width of the energy minimum. The fluctuations around
the local minimum in Figure 7b are significantly larger than

for example those in Figure 7a. These small-scale heterogeneitie

can be seen more quantitatively by looking at the van Hove
function, which is carried out in the next section.
As was concluded from the behavior of the time correlation

functions, the reason for these heterogeneities must be sough

in a combination of inter- and intrachain interactions. For
example, a shift of the equilibrium position to a new quasi-
equilibrium position could arise because of these interactions,
which could effectively hinder the phenyl ring to be around
the usual equilibrium position, as has been illustrated in ref 51.

Of course, some types of heterogeneities already exists in the
sample. The polystyrene chains are atactic; three different triads .

for a phenyl ring are present in the simulation run (meso,
racemic, and hetero). Also, the presence of chain ends near
phenyl ring could be a reason for a variation in the environment.
The two most active phenyl rings in this particular trajectory
(which turn out to be well separated from each other, namely
about 30 A) are in a different type of triad, and the closest chain

ends have a minimal separation of about 3.2 and 7.5 A for these

phenyl rings. Moreover, all three types of triads are among the
phenyl rings which flip two or more times. On the basis of these
results, no definite conclusions can be drawn whether or not
the dynamical heterogeneities of the phenyl-ring flip are mainly

caused by the presence of chain ends or due to variations in

tacticity.

As mentioned before, a plausible cause of the heterogeneity

is that below the glass-transition temperature the motion of the
main chain is nearly frozen in, so is the backbone conformation
near a phenyl ring. In refs—79 it has been shown that some

backbone conformations (depending on the type of triad) result

in a lower energy barrier for the phenyl-ring flip than other
backbone conformations. At sufficient low temperature some

phenyl rings can therefore be stuck in these low-energy-barrier

conformations, while others are stuck in the high-energy-barrier
conformations. From this one could conclude that the length
scale associated with the most active phenyl rings is limited to
one phenyl ring only, as each phenyl ring is surrounded by its
own backbone conformation. It would be interesting to have a
future study investigating the correlations between active phenyl
rings and specific backbone conformations by means of mo-
lecular dynamics simulations, as is, e.g., done in the study of
methyl group rotations in polyisobutylefg.

Phenyl-Ring-Flip Motions in Polystyrene6007

3.5. Van Hove Function. The self-part of the van Hove
functiorP? can be examined to give more insight into the
distribution of angular displacements over a time intetvad
the angley; describing the orientation of a phenyl ringvith
respect to the backbone. Asis a periodic coordinate, the
periodic, “boxed” van Hove function

Gy(Ax.t) = B{ Ay — Iflxi(to + 1) — %t} 0 (13)
is calculated. Here the averagingr (s done over every phenyl
ring i as well as over all available time origiig To handle
the periodicity of they angle, the differencegi(to + t) — yi(to)
is first boxed (as is also common in calculations of spatial
coordinates in combination with periodic boundary conditi)ns
by using the functiorf(y) = ¥ — 27 anint[(1/27)y], in which
the function anint{) roundsx toward the nearest integer. The
absolute value symbold,..|, serve to acquire only positive
displacements. So the self-part of the van Hove func@gn
(Ayx.t) is a measure for the probability of a certain angular
displacement\y after a period of time.

The simulation data dBs(Ay,t) for T = 300 K are displayed
in Figure 8. The first bump at angle differences smaller than
SabOUt /2 is relatively constant over the investigated time
interval. This means that the surrounding of the local minimum
is already mostly explored within 12 ps. Nevertheless, there is
a small increase in the displacement up until abbut= 7/2.
Probably this has its origin in processes responsible for the
small-scale heterogeneity in the value gfin and in the
magnitude of fluctuations around this value. If a phenyl ring
makes for example a small-scale jump to a new quasi-
equilibrium position (such as the one visible in the trajectory
displayed in Figure 7c), then the effective angular displacement
within the first cage will increase.
The second bump is representative for the fraction of phenyl
rings which made a flip motion. Note that it is steadily increasing

a{n time. The next section will be devoted to the time dependence

of this fraction.

3.6. Two-State Analysis.To isolate the fraction of jumped
phenyl rings in a more quantitative way, we divide the phenyl
rings into two states} andl, in which the boundary between
the two states is taken to bejat= 90°. If a 7 flip occurs, the
phenyl ring will go from one to the other state. A similar analysis
for transitions between the trans, gautheand gauche
conformations has been carried out beftre’

Thet state is defined so that at= 0 all phenyl rings are in
this state. The fraction of phenyl rings at timim thet state is
denoted bypi(t). The initial conditions are(0) = 1 and¢,(0)
=0, and it is expected that lim, ¢1(t) = liM—w Gi(t) = peq=
1/2, since the two states are completely symmetric. If there
would be only one energy barrier and if inertial effects can be
neglected, then at sufficiently low temperatures this process can
be modeled by a simple master equatfon

A1) = —kpy(D) + kepy (1)

By(t) = —kepy(t) + kepy(t) (14)
with the solution
_1 2kt
Mi(t) = 5(1 +e ™)
Bit) = 21— &) (15)
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Figure 8. Self-part of the van Hove functioBs(Ay,t) (eq 13) for the absolute value of the boxed angular displaceferfor various instances

of time atT = 300 K. Arrows point toward increasing time.

with k the transition rate and with the dot denoting differentiation this regime the librating motion cannot be neglectedGg(t).
with respect to time. As the two fractions are simply related Asis shown below, the short-time respons€gt) is interesting

via ¢1(t) + ¢u(t) = 1, we will from now on only focus on the
fraction of jumped particlege(t) = ¢i(t), with E = —kgT In-

to study in more detail.

On the basis of the nonexponential decayg(ft), we expect

(k/ko) andky a measure for the attempt rate. Here the subscript to have a distribution of local free energy barriéswith a
E stands for the activation energy of the process and has beerdistribution functiong(E). Therefore, the expression f@e(t)

added to differentiatepe(t) from the jump fractiong(t) as
measured during the MD simulation @&) does not necessarily
stem from one energy batrrier).

From the fraction of jumped particles we can construct the
normalized autocorrelation functiefh

[Ap(t)Ap(0)T]
[Ap(0)A¢(0)T

_ 0800 — 0.[4/(0) — 90
[T¢1(0) = #ed[#1(0) — ded U
=1- 20
= 1-24(1)

in which the equalitiegeq = 1/2 and$(0) = 0 have been used.
The averagéd--[is taken over all phenyl rings So in the case
of a single transition rate eq 16 simplifies @(t) = Cye(t) =

e V7, with T = 1/(2K).

Note thatCy(t) is very similar toC,(t). In fact, if the librating
motion within the local minimum would be negligible and all
rings would be either at the positign= r or y = 0, then cos-
[Ax(t)] = —1 if the phenyl ring has flipped and casj(t)] =
1if it did not flip. In this casep(t) = 1/2 [1 — cos[Ay(t)]Jand
henceC,(t) = Cy(t). The simulation results indicate that these
two functions indeed show approximately the same long-time
behavior. Fitting botlC,(t) andCy(t) by a stretched exponential
(eq 6) results in almost the same values foand 7¢; the
difference is less than 3% fg# and 9% forz. for T > Tg.
However, the short-time behavior is very different because in

C¢(t) =

(16)

needs to be averaged over all possible energy barriers, i.e.

Cy(t) = [T,e()0= [ Cyelt) 9(E) dE 17)

It is now easy to see that in genef@ls(t)Uis not a single-
exponential function. By Taylor expansion the averag€af

(t) = exp(—t/ze) over the energy distribution functioiG,(t)

can be written as a linear combination of negative moments
(z~"Uof the distribution function of relaxation timegz) (this
distribution follows fromg(E) via e = 1/(2kg). It would be much
more desirable to use a simpler invariant of the energy
distribution function, such as a single momenp@f). This can

be done by concentrating on the short-time behavia(gf=
Y5[1 — Cy(t)] and the associated first moment 1Cby only
taking the leading part of the Taylor expansion

$(t) = Be() = %tEL/rDF [O(t/r)20] (18)

In Figure 9 the simulation results fap(t) are shown for
various temperatures. For sufficiently high temperatures we
indeed see thap(t) saturates toward the expected equilibrium
value ¢eq = Y- for high values ot. For small time scaleg(t)
is fitted by the linear functio/(27). One can observe that the
deviation from linearity is only small for these time scales,
suggesting that we indeed mostly probe the monfenit]

Plottingz—; = (10! as a function of inverse temperature
results in Figure 10. Also shown are the correlation relaxation
times ofCy(t), 7c, (as determined by fittin@,(t) by a stretched
exponential, eq 6, but now with the prefactor fixedAe= 1).
From the differences between the curves it is clear that the
method of determining the relaxation time is very important
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Figure 9. Fraction of phenyl rings which flipped with respect to the initiagd0) orientation. Solid lines are linear fits to the short-time behavior
of the simulation data (crosses). The long time equilibrium vale= ¥/, is shown as a dashed line. The inset sh@&) = 1 — 2¢(t), with solid
lines fits to the simulation data by a stretched exponential, eq 6,Avithl. The arrows point toward decreasing temperature.
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Figure 10. Typical time scales of a phenyl-ring flip as a function of
the inverse temperature:+} determined from the initial time behavior
of the fraction of flipped phenyl ringg(t); (O) determined from the
correlation time of the autocorrelation functi@y(t) (by fitting it with

a stretched exponential, eq 6). The solid vertical line indicaies

388 K. The three other solid straight lines are Arrhenius fits (12); the
resulting activation enthalpies are 47 kJ mdlO, T = 375 K), 25 kJ
mol~* (O, T < 375 K) and 27 kJ mott (+). The remaining solid lines
are a guide to the eye. The splitting of the two time scalgsandrc,

for lower temperatures is indicative of the broadening of the distribution
of relaxation times.

for the exact temperature dependence of this timeTFer540
K the two times as determined from the two different methods

heterogeneous because this tirggexceeds the typical transition
time of a phenyl-ring flip. Aroundry the relaxation times-;

and rc, differ by almost 1 order of magnitude. Despite this
difference, they show approximately the same temperature
dependence beloW.

The observation that-; < 7¢c, can also be rationalized due
to the existence of a distribution of energy barriers. Phenyl rings
having a low local free energy barrier will relax first (i.e., at
short times), and the phenyl rings with a higher local free energy
barrier will relax later. The short-time behavior 6f(t) (as
measured by_,) is therefore representative for these low-energy
barriers, while the long-time behavior (as measuredrgy
arising from the stretched-exponential function fit@f(t)) is
more sensitive to the higher energy barriers. So the splitting of
the two relaxation times upon cooling down can be interpreted
as well as a slowing down of transitions between states with
different energy barriers, thereby promoting heterogeneous
dynamics.

Fitting the relaxation times_, by an Arrhenius law results

in an activation enthalpy oAH,, = 27 kJ mofl. Note that
this enthalpyAH,, is much lower than the value acquired by
fitting the relaxation times o€,(t), 47 kJ mof? (in which the
temperature range for the fit was 37540 K), but it is
remarkably close to the enthalpy barrier as determined from
the temperature dependence of the distribution functiog, of
Viz. AHmax = 26 kJ mol? (Figure 3). Note also that the
activation enthalpy foCy(t) for temperatures below the glass-

are about the same. However, for lower temperatures they starfransition temperature (i.e., 38875 K), AHc, = 25 kJ mot™,

to deviate significantly from each other. A similar splitting of
relaxation times upon cooling down has also been found
experimentally (see, e.g., ref 57; in that review this splitting
for the small molecule-terphenyl is discussed). For these low
temperatures in which the two time scales differ significantly
from each other, the relaxation time 6%(t) becomes larger
than eitherr—; or 7c, (see Figure 5). Sinc€s(t) is insensitive

to a phenyl ring flip,zc, can be regarded as a measure for the
time it takes for the phenyl ring to change to a new environment.

is close as well to the enthalpy barri@Hmax.

The observed similarity betweetH, , and AHmnax can also
be explained by assuming a distribution of energy barriers. The
free energy barrier height as determined from the distribution
function is calculated using the raiw§yma)/o(xmin), i-€., AGmax
= — ksT In[p(ymay/p(xmin)]- What is actually measured during
a simulation run is the number of phenyl ringg) which have
an angle betweepandy + dy. Call the total number of phenyl
rings N. With n(y) = (1/N)p(y) dy it follows thatn(y) = [he-

So it appears that the dynamics of the phenyl ring flip become (y)0= NGpe(y)Ody = Np(x) dy. FOr ymax We can write
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POmad = Pe(lma to the following picture. It is known that the effective phenyl-
ring barrier depends on the local environment, in particular on
= [y ) Elimed~Elmin) ey the backbone conformation. The flip barrier associated with
some conformations can easily exceed theelaxation time.
= 0y ) (@ Elimed~ECmin) ke Ty (19) A phenyl ring in such a state will be able to flip faster by

changing its state (by means of a change in the nearby backbone
in which it has been assumed thafymin) is approximately conformation) to another one with a low flip barrier. So the
independent of the local energy barrier. Therefore total time it takes to flip for such phenyl rings is on the scale
of the sum of the relaxation time of the environment and the
AG = —kgT |n(®7(E(Xm“)7E(Xm'”))/(anU (20) low-barrier flip time. For high temperatures the local environ-
ment relaxes much faster than the low-barrier flip time. In this
Similarly, averaging the inverse transition time (given by eq case the flip time for the phenyl rings with a high flip barrier
12) over the distribution of energy barriers, while assuming that is almost the same as the flip time for phenyl rings with a low
T'0 = 7o €Xp(ASnalks) is approximately independent of the local  flip barrier, so that the heterogeneity in the flipping dynamics

energy barrier gives is practically absent. However, for lower temperatures the
= 1 - AEkT) environment of the phenyl rings becomes more sluggish, and
@ =, e [ eventually the relaxation time of the environment will be much

larger than the low-barrier flip time. In this case the phenyl

rings with a high flip barrier will flip on a much slower time

) ) scale than the low-barrier phenyl rings. This encompasses a

In other words, if the assumptions are mit,*and AGmax spread in relaxation times and therefore heterogeneous dynam-

(and therefore alsdHmax, by the usage of eq 3) probe the same jcg.

invariant of the energy distribution function, and as aresultthey | contrast to temperatures above the glass transition, it turns

yield the same enthalpy barrier height. out that for the subi, regime the two different definitions of
The correspondence betwegic, and AHmax for T < Tg relaxation time (from a KWW fit and from the short-time

could be due to the supposed fact that the width of the gnaysis) render about the same effective energy barrier. This

distribution of energy barriers is not changing much any more ¢qy|d be either due to the limited time window of the relaxation

in this temperature range. A similar result has been observedfynction or due to that the width of the energy distribution stays

before by MD simulations? in which the spread of activation  approximately constant. This energy barrier for the phenyl-ring

energies for a methyl group rotation in poly(vinyl methyl ether) iy js shown to be in accordance with the energy barrier for

remains constant below t_he glass-transition temperature; thisipe y-relaxation as is deduced from experimental results. Of

was also seen in experimental data on the same systemcoyrse, this does not rigorously imply that theelaxation is

However, another reason could be the limited time window of ne result of the phenyl-ring flip. It is also possible that the

the autocorrelation functio@,(t). Fitting this with a stretched phenyl ring flip acts as an indicator for therelaxation but

exponential function then effectively favors the short time scales hat it does not participate in the mechanical relaxation, as is

over the long time scales, so that it becomes more sensitive t0g|5q speculated for ther-flip in polycarbonaté® Another

the lower energy barriers. Upon cooling further, this effect possibility is that they relaxation is due to the backbone

becomes even stronger. ) relaxation, as preliminary results show that the free energy
The method of determining the time scale by means of the parrier petween some conformations is of about the same

fractlon of escaped particles at shor_t times gives thus_ a relaxa'uonm‘—ignitude as the free energy energy barrier of a phenyl-ring

time of about 30 ns af = 375 K. This is consistent with NMR  {ji, “A more stringent test would be to carry out a simulation

_ex_penment§? which find that the correlation time of thejump in which they-relaxation is identified, such as with an oscillatory

is in the range of 16-100 ns afl = 373 K. shear experiment. The persistence or disappearance of the

y-relaxation upon artificially increasing the phenyl-ring-flip

barrier would then show whether this is the true molecular origin
It has been shown that the effective energy barrier associatedof the y-relaxation.

with a phenyl-ring flip of polystyrene is very dependent on the
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