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Abstract

Dynamic heterogeneity, where it is noticed in molecular dynamics (MD) simulations that, for example, conformational transition rates
vary greatly from bond to bond, is characteristic of polymeric glasses. The phenomenon can be attributed to the fact that certain local bond
sequences are more capable of conformational rearrangement than others. These local sequences become fixed sites when the overall chain
trajectory is frozen-in in the glass. Although this is no doubt the case, because of the relatively short times of MD trajectories and the
relatively small numbers of transitions it is important to establish that the heterogeneity does evolve in time in the manner expected from the
local site picture and is not an artifact of short simulations or small numbers. This is undertaken here using a polyethylene system that has
been much studied previously. Long trajectories are generated where the time evolution of heterogeneity can be studied. It is found that both
the standard deviation and the mean value of the transitions over the bonds evolve linearly in time. This is consistent with the local fixed site
picture and not with a random process involving relatively small numbers of transitions. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The vitrification of melts upon cooling is one of the most
interesting and practically important aspects of polymeric
materials behavior. Especially intriguing is the fact that
most polymers retain motional processes in the glass even
though the cooperative segmental chain rearrangements
characteristic of the melt have been frozen out. These
processes are manifested as ‘subglass’ relaxations that can
be well characterized by various experimental techniques
such as mechanical, dielectric and NMR spectroscopy
[1,2]. The question of how polymer molecules manage to
undergo rearrangement in a rigid glass where the coopera-
tive segmental rearrangements no longer take place is a
longstanding one [3]. One of the clues is that the subglass
motions apparently involve a length scale considerably
shorter the segmental motions in the melt. Also implied
then is that the motions are localized spatially and do not
interact to the extent of resulting in the cooperativity found
in the melt. That is, they take place at certain favorable
places in the chain that have a long-term identity. The
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extreme relaxation breadth found in time or frequency
domain measurements is to be attributed to the several
kinds of favorable conformations available and to the
vagaries of the packing, which also contributes substantially
to the activation energetics at given sites. Historically there
have been many suggestions as to the detailed nature of the
molecular rearrangements involved. Crankshaft motions
proposed as underlying the <y relaxation in polyethylene
(PE) were the perhaps most famous [4,5]. In summary,
the glass is viewed as dynamically heterogeneous where
molecular rearrangements do take place but at certain
favored locations.

The advent of long trajectory molecular dynamics (MD)
simulations (currently approaching a microsecond) on bulk
polymer melts and glasses has made the detailed examina-
tion of the above questions possible. In PE, in solution [6,7]
and in bulk [8-10], it is now known that several types of
next-neighbor correlated conformational jumps that leave
the overall chain trajectory relatively undisturbed are
involved. In addition, self-correlated over and back motions
of one bond take place in local environments where a barrier
traverse can be made from average positions that are
displaced somewhat towards the barrier from the minimum
in the torsional potential [10,19]. In other polymers, such as
polybutadienes for example [11,12], local conformational
transitions take place that are characteristic of the chain
structure. The general result is that conformational transi-
tions are found to take place highly preferentially at certain
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bonds and certain local sequences of bonds. Dynamic
heterogeneity prevails. In contrast, in the melt over the
time scale of a simulation where complete relaxation occurs
(i.e. complete autocorrelation function decay of a monitored
property) all of the bonds are equivalent with respect to
conformational transitions. It is presumed then that the
appearance and disappearance of this heterogeneity on cool-
ing and heating is an important descriptor of the vitrification
process.

The purpose of the present work is to demonstrate that the
dynamic heterogeneity found in the glass in simulation is
indeed stable over time scales characteristic of the charac-
terizing experiments and not an artefact or transient effect
associated with short MD trajectories. To accomplish this
we examine the evolution of the heterogeneity over time in a
long MD trajectory in PE glass and compare its behavior
with that to be expected on the basis of distributed fixed
local sites in the glass that have differing rates of conforma-
tional transitions.

2. Simulation details

The PE system utilized is one we have used in a number
of studies [9,10,13,14]. Since trajectory length is of prime
importance in relaxation studies it is crucial that computa-
tional speed be as high as possible consistent with physical
realism. Thus the CH, representation is of the united atom
type but with the force center displaced to give more realis-
tic anisotropy to the packing (anisotropic united atom, AUA
representation) [15]. The force field or energy parameters
are repeated here in Table 1. The periodic box size is 768
CHj, units, but in contrast to our previous work it consists of
four equal length chains rather than a single one. The non-
bonded cut-off radius was 9 A but continuum corrections to
the energy and force are made beyond this distance [16].

The system was prepared from an existing single chain
system by deleting the appropriate bonds and equilibration
at 500 K. The system was cooled under NPT (particle
number, pressure, temperature) dynamics to desired
temperatures and equilibrated isothermally. The isothermal
runs were made under NVT (volume) dynamics [17] and in
order to further enhance computational speed a multi-time
step explicit reversible integrator method was used [18,19].
The inner loop that excludes the non-bonded forces has a

Table 1

time step of 1 fs and for the complete outer loop it is 5 fs.
This partition was established in preliminary work where
stability of energy conservation in NVE dynamics was
monitored and in comparisons of NVT trajectories with
and without the multiple time steps. The volume—tempera-
ture results were in good agreement with those previously
obtained for the single chain system [9,10], the extra chain
ends and any effect on packing not being noticeable at the
resolution of the simulations. The single chain system gives
V-T results [13] in agreement with experiment at higher
temperatures where data is available for amorphous PE.

In enumerating conformational transitions the definition
is used that the torsional angle must proceed from within
+10° of a minimum in the torsional potential to within =10°
of another minimum for a transition to have occurred.

Trajectories were generated at four temperatures in the
glass, 150, 180, 200 and 220 K. The highest temperature
corresponds approximately to the volumetric glass transi-
tion found in MD generated volume vs. temperature curves
at constant pressure [9,10]. At the three highest tempera-
tures, the total trajectories were 250 ns and at 150 K, the
trajectory was extended to 400 ns to order to give more
transitions. The total number and distribution of transitions
as accumulated at 50 ns intervals are used to describe the
time evolution. The initial 50 ns intervals contained slightly
more transitions than the ensuing ones, an effect observed as
a noticeable positive intercept in plots of accumulated tran-
sitions versus time. Although the systems were equilibrated
for several ns before data accumulation this is probably due
to some further equilibration at the start of the long trajec-
tories. In any event, this observation doe not have an effect
on the conclusions drawn.

3. Results and discussion

3.1. Conformational transitions. Localized sites vs. random
occurrence

A convenient way, and one used by us in previous studies,
to summarize dynamic heterogeneity is to record the
number of conformational transitions over a fixed time
period for each bond [9]. Fig. 1 shows typical results in
terms of a ‘spike’ plot. The transitions are plotted against
bond number as enumerated serially along each chain in

Potential functions (energies in kJ/mol, distances in A, angles in radians (shown above in degrees), the potentials are from Ref. [13])

Function Constants

C-C bond stretch energy = (1/2)kgx(R — Ro)2 kg = 663 Ry =154

Bond bending energy = (1/2)kq(6 — 60)2, —CH,- (PE) kg = 482 0, =111.6°

Torsional potential = (1/2)V5(1 + cos 3¢) + (1/2)V (1 + cos ¢) Vs =134 VvV, =3.35

AUA nonbonded potential, Lennard—Jones 6—12%, ~CH,— &= 0.686 Ryin = 3.940; 0 = 3.510; d = 042

* For the —CH,— group, the potential is of the ‘AUA’ (anisotropic united atom) type, the interaction center is offset from the C atom by the distance = d
along the bisector of the C—C—C angle in the direction of the hydrogens; ¢ is the well-depth; R, is the distance at the minimum; o is the corresponding
distance at the energy zero.
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Fig. 1. The number of transitions at each bond vs. the bond location, 180 K.
The lower panel is the accumulated number after 50 ns and the upper one
after 250 ns.

sequence. The two panels in Fig. 1 show the distribution of
transitions after 50 and 250 ns. The number of transitions
has increased at the longer time but it would also appear that
the obvious heterogeneity in transitions is maintained.

A statistical measure of the dispersion in the numbers of
transitions per bond over the all bonds can be computed.
Because the number of transitions per bond can be small
over a trajectory, even for a random distribution, and there-
fore not a dynamically heterogeneous one, the dispersion
need not be zero. For a random, or Poisson distribution of
transitions per bond, the standard deviation, op, is X 112
where X is the average number of transitions per bond
[20,21]. As a measure of non-randomness or heterogeneity
the comparison of the actual standard deviation found in
simulation, o with the Poisson value is diagnostic. Values
of o greater than op indicate inherent heterogeneity.

It is appropriate here to describe the expected time evolu-
tion behavior of the heterogeneity under the situation where
conformational transitions take place at different rates at
different independent localized sites. The sites are pre-
sumed to be identified with different local conformational
sequences that are fixed spatially because the overall chain
trajectory is fixed by being in a glass. Thus for a site, i, the
rate of conformational transitions or jumps, can be con-
sidered to be described by a rate constant, k;, and therefore
the jumps, N;, at i evolve as

Ni - klt (l)
and

Ng
X = > Ni/Ng = (kt, 2

i=1

where the () brackets indicate the averaging over sites
(bonds, of Ny total number). It might be that at many

bonds the rate constants are very small and no transitions
are observed or that the number of transitions at a given
bond in an MD trajectory are so small as to not give rise
reliably to an observed linear rate. However in a trajectory
long enough that the total number of transitions is consider-
able it is to be expected, and in fact is observed, that the
average number of transitions per bond, X, will be linear in
time. The standard deviation of the number of transitions,
N;, about the average X, is

Ng 12 Ng 12
o= (Z(N,» —X)Z/NB) = ((;NE/NB) —xz) , (3)

i=1

o=tk — k)" )

Thus the standard deviation evolves linearly in time. In
contrast, the random or Poisson value (op = X v 2) evolves
as the square root of time. Therefore there is a clear and
convenient distinction between the two cases.

3.2. Heterogeneity of conformational transitions vs. time:
observed behavior

As indicated above, the transitions increase linearly in time.
More importantly in the present context the standard deviation
of the spatial distribution should also increase linearly in time
for the case of a fixed heterogeneous distribution of sites. Butif
in the longer term there were a trend towards homogenization,
the standard deviation should drift towards the lower values of
o and square-root time dependence characteristic of a random
distribution. Figs. 2—5 examine this issue at the four tempera-
tures studied. The number of transitions per bond, X, as enum-
erated in simulation and the observed standard deviation of the
transitions over the bonds, o are plotted vs. time. It is apparent,
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Fig. 2. The standard deviation of the accumulated transitions, o, and the
average number of transitions per bond, X, vs. time as found in MD simula-
tion at 150 K. Also shown is the standard deviation of the transitions, op =
X ”2, that would have resulted if the distribution were random (Poisson
distribution). The curves through o and X are linear regressions. The

dashed curve through op is a regression of the function a + bt 12
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Fig. 3. The standard deviation of the accumulated transitions, o, and the
average number of transitions per bond, X, vs. time at 180 K; see Fig. 2 for
details.

even though some scatter is found at 150 K, both X and o
evolve linearly in time. Also shown is the standard deviation
that would have resulted from the observed number of transi-
tions per bond, X, if the distribution were random, i.e. op =
X" 1t is evident that this measure is far smaller than the
observed standard deviation and follows a different time
evolution than that actually observed for the standard devia-
tion. Thus the time evolutions are entirely consistent with
the concept of a distribution of fixed independent sites.

3.3. Heterogeneity of conformational transitions: effect of
temperature

It may be seen in Figs. 2—5 that as temperature increases
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Fig. 4. The standard deviation of the accumulated transitions, o, and the
average number of transitions per bond, X, vs. time at 200 K; see Fig. 2 for
details.
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Fig. 5. The standard deviation of the accumulated transitions, o, and the
average number of transitions per bond, X, vs. time at 220 K; see Fig. 2 for
details.

the value of o relative to X decreases. The result itself can
be attributed to the effect of temperature on the rates at the
individual sites. Suppose the rate constants, k; are Arrhenius
in nature and vary from site to site due to variations in
activation energies, E i*, (but not front factors, A) or

ko =Ae ERT, (5)

Further, suppose the distribution of site activation
energies is continuous and represented by a normalized
distribution, P(E"). Then (k;) and (k7) in Eqgs. (2) and (4)
become

(k)y=A JP(E*) e FRT 4E*, (6a)

K2y = A JP(E*) e 2EIRT qp* (6b)

For purposes of illustration, a Gaussian distribution about
a central activation energy, E;, may be utilized

P(E") = 2/l ¢ ME E )

where the mean square dispersion about Ej is (E* — Eg)?)
is given by 1/(2b). Use of the Gaussian distribution in
Egs. (6a) and (6b) leads to

2 o
<ki >: k() el/[4b(RT) ]’ k() — A e EO/RT’ (Sa)

(k) = &G PRI, (8b)
The ratio of o to X in question then is given by

olX = (kDK = D' = " = D'
©
u=((E" — E)(RTY’

It is apparent from Eq. (9) that the ratio o/X must
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Table 2
Temperature dependence of heterogeneity

T (K) o/X, MD o/X, caled
simulation® Eq. 9)°

150 1.75 1.61

180 1.21 1.21

200 0.75 1.03

220 0.42 0.90

* /X = ratio of standard deviation of transitions to the number of transi-

tions/bond (both from slopes of Figs. 2-5.

decrease as temperature increases and therefore is in
qualitative agreement with observation. Adopting a value
of ((E*—Ey)>"=14K/mol that reproduces the
observed value at 180 K gives rise to the results in Table
2. There it may be seen that the Gaussian result in Eq. (9)
somewhat underestimates the observed trend with tempera-
ture. The question of whether this is due to an inadequacy of
the Gaussian distribution in mimicking the actual one or due
to some other effect is uncertain.
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