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ABSTRACT: As a continuation of previous efforts to model subglass relaxation processes in flexible side
group containing polymers, a molecular dynamics (MD) simulation study of side group rotation at subglass
temperatures was performed. A model for the experimentally studied methyl acrylate/ethylene (MA/E)
copolymer system was considered with the goal of examining intermolecular packing effects on the rotational
energetics of the side group. Free energy barriers for the rotation of a MA side group in a polyethylene matrix,
using an umbrella sampling technique, were generated for a number of MD-generated glass structures.
Experimentally the distribution of relaxation times and accompanying activation energies is very broad. The
distribution of rotational energy barriers determined from the MD study is also very broad and resembles
closely the experimental distribution. The variations of barrier height are found to correlate with close-range

packing effects in the glass.

Introduction

Relaxation processes that take place at temperatures
well below the glass transition region are common in
polymers and are important in determining material
properties. The molecular mechanisms of these relax-
ations are not well understood but one important source
is thought to be reorientation associated with flexible side
groups. The homopolymers of vinyl acetate (VA) and
methyl acrylate (MA) and their copolymers with ethylene
(VA/E, MA/E) have previously been studied experimen-
tally as models for such relaxations.® Work has also been
carried out on developing molecular models for the sub-
glass relaxations in these polymers.*® There are two
important general descriptors of relaxation processes. The
firstis the strength and this is a quasi-equilibrium property.
That is, it represents the long-time limit of the change in
value of the property being measured as the system relaxes.
The second characteristic is associated with the kinetics
of the process and is usually expressed as a distribution
of relaxation times. Strengths vary widely for various sub-
glass processes, and thus they are very diagnostic of
underlying mechanisms. It follows that successful mo-
lecular models must be capable of explaining strengths.
A molecular model has been presented for the strengths
of the dielectric 8 processes associated with pendent ester
group reorientation in the above-mentioned polymers.45
The description is based on a statistical mechanical
rotational isomeric state model for the isolated chains.
Theisolated chain picture is appropriate because it appears
that the energies of the conformational states that govern
relaxation strength are largely determined by intramo-
lecular effects. By and large this model was successful in
explaining the strengths, including the rather dramatic
differences between the VA and MA type systems. The
purpose of the present work was to address the other side
of the problem, that is, the development of a model for the
kinetic aspects that lead to the relaxation times.

Addressing the kinetics of the above subglass processes
is a situation where intermolecular effects must be
included. The barriers to reorientation of the side groups
are clearly influenced by the hindrances presented by the
matrix of surrounding chains. There are two general
characteristics of the kinetics of all subglass relaxations.
The first is that the dominant or central relaxation time
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appears to follow Arrhenius rather than WLF-Vogel-
Fulcher temperature behavior. The second is that such
processes are extremely broad in the time or frequency
domain. Therelaxation time distributions are much wider
than those associated with glass transitions in amorphous
polymers. A process as simple in concept as side group
reorientation should be describable in terms of a site model.
That is, the conformations of the side groups in their
various orientations constitute sites. The strength model
discussed above addressed determining the site energies
for isolated chains, including all the various environments
that arise as the result of various main-chain conformations
and through varying comonomer environments. The
relaxation times depend on the energetic barriers sepa-
rating the sites. It is expected and confirmed® that the
barriers resulting from intramolecular origin alone are
too low to explain the experimental results. The inter-
molecular hindrances to reorientation contribute to the
barriers and lengthen the relaxation times. This results
in an increase in the central relaxation time. However,
just as important as the effect on the average or central
relaxation time is the effect on the distribution of times.
The energetic differences in the various intramolecular
environments for side group reorientation are insufficient
to give rise to the very broad distribution that is found
experimentally (this is commented on more fully below).
Thus not only must the matrix contribute to increasing
the barriers, but local variations in the packing in the
glass about individual reorienting groups must be suf-
ficient to cause a significant variation in the overall
barriers if a site model description is to be successful. It
is the effect of packing on the barriers, including the
question of variation of packing environments, that is taken
up in this work.

Molecular dynamics (MD) simulation was chosen as the
method for studying the effect of packing. It should be
understood that MD in its unadorned application is not
an appropriate method. That is, following the time
trajectories in the temperature region of interest, i.e., well
below the glass temperature, will not result in the
observation of side group rotations. The practical time
scales (100 ps to 1 ns) for MD runs are far too short for
accomplishing this. Raising the temperature will increase
the rate of side group reorientation. However, experi-
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mentally it is observed in loss peak maps that the o glass—
rubber region and the 3 subglass regions have merged at
the MD time scales. An alternative is to compute, in the
desired temperature region, free energy barriers toselected
artifically induced conformational transitions via the
“umbrella sampling” technique.” The key is “selected
artificially induced” transitions. That is, the type of
transition must be known. In the case of side group
rotation this is straightforward. An artificial biasing or
“window” potential can be used to force the transition of
a selected rotationally flexible group from one stable
position to another and thus to generate the free energy
barrier for that group in its packing environment.?-!1 By
repeating this procedure for a variety of individual selected
groups, a collection of barriers for various packing envi-
ronments can be generated. The packing environments
can be generated by quenching MD structures generated
at the higher temperatures associated with equilibration
of structure over MD time scales. This is the strategy
used in the present work.

The discrete set of activation energies obtained by
examining several packing environments was compared
to the distribution of activation energies calculated from
experimental data for the example of the dielectric 8
process in a low MA content MA/E copolymer system.

Simulation Methodology

Basis for Comparison with Experimental Data.
Complex plane analysis of dielectric relaxation data! for
chemically dilute (<0.09 mole fraction MA) MA/E co-
polymers at several temperatures ranging from 110 to 190
K indicated that the data could be well represented by the
Cole—Cole equation:12
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where ¢* is the complex dielectric constant, wis the angular

frequency, ¢;and ¢, are the relaxed and unrelaxed dielectric

constants, respectively, 7o is the principal relaxation time,

and « is the width parameter. The parameters ¢, €, 7,

and a are all temperature dependent. The equations below

were selected here as the average and representative of

the temperature dependence of 7y and « for the 8 process

in the four chemically dilute MA/E copolymers reported
inrefl

log 7, = 1948/T - 16.23 @

a = (.212 + 0.00166(T - 133) 3)

where T is the absolute temperature. The distribution of
relaxation times F(In 1) corresponding to Cole-Cole
behavior can be expressed as!?

_1 sin (ar)
Fnn =or cosh [ In (7/75)] + cos (aT) @

It is assumed here that the distribution of relaxation times
results from a distribution of activation energies and that
the entropies of activation are the same for each relaxation
time. Thus an activation energy AH can be associated
with each relaxation time 7. The apparent experimental
validity of this will be commented on below. Therefore
we write for the temperature dependence of relaxation
time, 7

In r(T) = AH(+)/RT + B (5)

where AH(7) is the activation energy corresponding to 7,
B is the same for all relaxation times, and R is the gas
constant. Then, in terms of the principal relaxation time
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Figure 1. Experimental distribution of activation energies for
the dielectric 8 process in bulk chemically dilute MA/E copol-
ymers, calculated under the assumption that the entropy of
activation is the same for all relaxation times. Two curves are
shown, one calculated from the experimental Cole—Cole width
parameter at 110 K and the other at 190 K. Also shown is a
distribution of rotational energy barriers for an isolated chain
MA side group. It is based on barriers calculated for a number
of the most populated chain conformations.

of eqs 1 and 2
In (v/7y) = (AH(7) - AH(7())/RT ()]

Since there is a unique correspondence between 7 and
AH(7), the latter can be considered as the independent
variable in eq 4 and written simply as AH, or from F(AH)
dAH = F(ln 7) d In 7, then

1 sin (an)
27RT cosh (a(AH - AHy)/RT) + cos (ar)

and where from eq 2 the experimental principal activation
energy AH, of the process is 8.9 kcal moll.

Experimentally it is found, eq 3, that the width
parameter, «, is temperature dependent. The process
narrows with increasing temperature. However, if the
assumption about the distribution of relazation times being
solely due to a fixed distribution of activation energies is
valid, then then the distribution computed from eq 7, with
a from eq 3, should be independent of temperature. The
test of this is shown in Figure 1, where the calculated
distribution of activation energies for the chemically dilute
MA/E copolymer system is displayed at 110 and 190 K.
The latter are the experimental temperature limits of eqs
2 and 3. It may be seen that the distribution is nearly
temperature independent. This is in spite of the fact that
the Cole-Cole width parameter has nearly doubled over
the temperature range studied. Conversely, it may be said
that the experimentally observed process-narrowing with
increasing temperature is a simple consequence of the tem-
perature dependence of the relaxation times of the type
expressed in eq 5 and a temperature-independent distri-
bution, F(AH).

The distribution, F(AH), for bulk polymer of Figure 1
forms the basis for comparison of the simulation results
with experiment. This comparison is somewhat compli-
cated by the following issue. The interpretation of the
experimental dielectric 8 relaxation in MA/E copolymers
given previously!2 proposes that the process is actually a
composite of two mechanisms. One of them is the side
group reorientation process considered here. The other
is rigid side group excursions driven by main-chain re-
orientations connected with the PE v process. It is not
possible to separate their relative contribution to the

F(AH) = D
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Figure 2. Methyl acrylate side group. (a) Molecular geometry
of the low-energy side group states for a MA group containing
model molecule. Atoms outlined in bold define the side group
torsional angle. This torsional angle is the reaction coordinate
in the MD umbrella sampling simulations. (b) Conformational
energy as a function of side group torsional angle for the model
(isolated) molecule conformation shown in (a).

relaxation time distribution except to make an estimate
of the relative relaxation strengths of the two mechanisms.
In vinyl acetate copolymers with ethylene (VA/E) the two
processes are experimentally partially resolved into ob-
servable 8 and v loss peaks.2? The observed strength of
the composite 8 processin MA/E copolymers is ~ 3-4 times
greater than the observed v process in VA/E polymers at
the same polar group content.l2 Since main-chain-driven
rigid ester group excursions are presumed as the basis of
the v process contributions in both polymer types, it is a
reasonable presumption that the y mechanism contribu-
tion to the composite 8 process in MA/E is similar to the
observed strength of the 4 process in VA/E. On this basis
the side group rotational mechanism contributes several
times as much to the measured strength as the main-chain
v mechanism. Thus we will assume here that the
distribution in Figure 1 is sufficiently dominated by the
side group rotation mechanism that comparison of the
simulation results can be made directly with it.
Isolated Chain. Isolated chain molecular mechanics
studies of PMA and MA/E copolymers have been described
elsewhere.® In these studies the 8 process in these
polymers was considered to be due to rotation of the MA
side groups between low-energy torsional states. Figure
2a shows the molecular geometry of the three side group
energy minimum states for a MA/E model molecule for
a specific main-chain conformation. The energetics for
rotation between the states for this model are shown in
Figure 2b. By computing conformational energy curves
similar to Figure 2b for highly populated conformations
of the model molecule, it is possible to calculate a
distribution of rotational energy barriers for side group
rotation resulting from local chain conformational dif-
ferences.® The resulting distribution is shown in Figure
1. The isolated chain distribution is much narrower than
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the experimental distribution. Further, the principal
activation energy of 5.3 kcal/mol is significantly smaller
than the experimental value of 8.9 kcal/mol.

MD Umbrella Sampling Formalism. Let p(¢) be the
relative probability of configurations with a given value
of the reaction coordinate ¢ in a canonical ensemble of the
remaining coordinates.!! In our case the reaction coor-
dinate ¢ is the torsional angle of the side group as shown
in Figure 2a. The potential of mean force A(¢), or Helm-
holtz free energy, associated with p(¢) is given by the
expression

A(¢) = —kgT' In p(¢) ®

where kg is the Boltzmann constant and T is the absolute
temperature. If a molecular dynamics simulation of
adequate length to sample all values of ¢ were possible,
a single run would be sufficient to completely determine
the rotational energetics of the side group. Unfortunately,
the relatively short trajectories (up to ~1 ns) of MD
simulations as compared to the relaxation time (>104 ns
atsubglass temperatures) of the process preclude adequate
sampling of high-energy configurations. This limitation
can be circumvented by use of the umbrella sampling
technique, where the probability of finding the side group
in a certain desired range of ¢ is increased by use of a
biasing window potential, U*(¢).”1114 It is simply shown!!
that the biased probability density p*(¢), in the presence
of the window potential, is related to the unbiased value
by the expression

p*(g) = PO (V@) Tp(g) ©)

where 8 is (kgT)! and the brackets indicate the unbiased
canonical ensemble average. With eq 9, eq 8 becomes

A(¢) = —kgT In p*(¢) - U*(¢) - C; (10)
where

C; = kgT In (ePV"®) (11)

When overlapping windows are used, resulting Helmholtz
free energy curves can be shifted to form a single,
continuous curve, thereby eliminating the need to explicitly
evaluate the constants C;.

System Simulated. The system consists of a single
MA type pendent ester group in an ethylene chain
surrounded by a matrix of polyethylene segments (Figure
3). Itis customary in MD simulations, in order to reduce
computer time, to contract the hydrogen atoms into the
carbon atoms as “united atom” centers. Specially cali-
brated 6-12 power nonbonded potentials have been
developed for the purpose. In general, in molecular
mechanics force fields, effective torsional potentials for
bond rotation depend both on the potential function
explicitly parameterized in terms of the torsional angle
and on the nonbonded potentials. For example, in a
methylene chain with explicit hydrogens rather than
contracted united atom centers, the explicit torsional
potential is taken as a threefold cosine function of the
rotational angle. Part of the effective barrier and the
gauche—trans energy difference results from the nonbond-
ed interactions between explicit atoms. In general, the
united atom nonbonded potentials do not do a good job
inthe intramolecular context of barriers and conformation
energy differences. This is overcome by switching off the
four- or even five-center intramolecular interactions and
directly parameterizing the torsional potential with ad-
ditional terms. For example, a single-fold torsional angle
cosine term is commonly used to represent the gauche-
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Figure 3. System simulated: A single MA type ester group (at
pointer) on a Cy4 hydrocarbon chain surrounded by a matrix of
polyethylene. Inthe simulation the ester group containing chain
has explicit hydrogens (not shown). The ester group interacts
with explicit (virtual) hydrogens and carbons in the matrix.
Matrix—matrix nonbonded interactions are of the united-atom
contracted-hydrogen methylene bead type.

trans energy difference. Inthe present more complicated
case of an ester group containing various atom types, it
would be very difficult to carry out this parameterization
and have confidence in its reliability. Thus we have
designed the simulation procedure in such a way as to
permit use of the explicit hydrogen atom formulation for
the ester group but permit the united atom contraction
for the much more numerous methylene groups in the
matrix.

The system considered consists of two chains. One chain
is comprised of 24 main-chain carbons with explicit
hydrogens and a methyl acrylate side group attached to
the 13th carbon. The explicit atom force field including
realistic nonbonded, stretch, bend, and torsional functions
used previously!>16 was employed intramolecularly in this
chain. The other chain, representing the matrix, consists
of a single polyethylene chain of 744 main-chain carbons.
Within the matrix including all matrix—matrix nonbonded
interactions, the centers were considered to be united atom
methylene beads, where a methylene unit was considered
to be a single force center. The nonbonded, stretch, bend,
and torsional functions for methylene beads used previ-
ously!” were employed. In intermolecular nonbonded
interactions between the ester group and the matrix
polyethylene, explicit hydrogens were considered. This
was accomplished by placing “virtual” hydrogens at each
matrix carbon center considered and computing the
interaction from the explicit atom nonbonded potential
set. The virtual hydrogens do not participate in the
dynamics and transfer of the forces to the matrix carbon
centers via constraint equations as described below. In-
termolecular interaction between non-ester group meth-
ylene centers in the Co4 chain and the matrix were
considered to be united atom methylene bead interactions.

The constraints involving the virtual hydrogens dis-
cussed above were formulated as follows. If r; and r; are
the main-chain bond vectors about the attachment point,
the hydrogens are taken to lie in the plane containing the
vectors r; — ry and re X r;, with fixed bond lengths and
angles with respect to the r; —ro vector. With the positions
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of the hydrogens so formulated (yielding constraint
equations), it is straightforward to calculated the change
in position of the hydrogen with respect to a change in
position of the three base carbon atoms. This can be
formulated in terms of 3 (3 X 3) Jacobian matrices J¢, C
=i-1,i,i+ 1, one for each of the three base atoms about
the chain attachment point, i, of the virtual hydrogen, v.
With respect to one of the base atom displacements, Aqc,
the virtual hydrogen displacement, Aq,, is

Aq, = J Aqe (12)

where q is a Cartesian coordinate vector. It is now simple
toredistribute any force acting on a virtual hydrogen (F;)
from a distant center, j, to forces on base beads (F¢;).18
The forces are

aU(r,)
w=" —aqv’ (13)
Uy U(r,) dq, _
=" "dg, - o, g Tude (4

where U(r,j) is the potential energy of the virtual hydrogen—
Jth center interaction.

Periodic boundary conditions were employed, and
velocity Verlet integration of the equations of motion was
used. Trajectories were calculated at constant temper-
ature by rescaling the velocities at each time step by a
coefficient v given by!?

5 (T, \\2
Y= 1+G T_l (15)

where T is the fixed temperature, T is the current kinetic
temperature, t7is the temperature rescale time constant,
and é; is the integration time step constant. Values of 500
and 0.5 fs, respectively, were used for the time constants.

Generation of Glass Structures. The procedure used
to generate new glass morphologies was as follows. A 25-
ps trajectory beginning with an equilibrated melt con-
figuration at 500 K generates a “new melt” configuration.
The autocorrelation function for torsional angles has
completely decayed in this time. The 500 K “new melt”
is quenched to 300 K over 8 ps. A 25-ps equilibration
trajectory is performed on the 300 K melt, after which
time the system energy is stable. It isthen quenched over
8psto200K. Afinal 25-pstrajectory yields an equilibrated
“glass” at 200 K that is also stable with respect to total
energy. The system was determined to be a glass at 200
K on the time scale of the MD runs due to the infrequency
of torsional transitions (~0.04 conformational transitions/
bond in 10 ps) and the small decrease in the internal
rotation angle autocorrelation function (to ~0.98 after 10
ps), where 10 ps corresponds to a typical umbrella sampling
run for a given window potential (see below). This tem-
perature also corresponds to the upper end of the range
of experimental relaxation data for the process. The
volume at each temperature was chosen to yield a density
for the periodic system which corresponds to the exper-
imental values for amorphous polyethylene.l” The volume
is reduced proportionally for each time step during the
quenches.

Free Energy Calculations. Previousinvestigations!!
have employed the device of constraining the structure
outside a sphere of an fixed radius centered at the moiety
of interest (i.e., the rotating side group) during umbrella
sampling MD trajectories. Thisgreatly reduces calculation
time as the forces between constrained particles need not
be calculated. Of additional importance is the fact that
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9A

Figure 4. Configuration of unconstrained atoms about the
rotating side group in a typical glass structure.

energy fluctuations outside of the region of interest are
eliminated by the constraints and smoother energy barriers
are obtained. We have adopted this scheme, and a sphere
radius of 9 A was chosen as illustrated in Figure 4. This
radius was large enough that constraints did not affect
the rotational energetics of the side group and corre-
sponded to the nonbonded cutoff distance.!” Forces
between unconstrained atoms (the ~150 atoms, including
explicit hydrogens, lying within the sphere) and con-
strained atoms (those outside the sphere) were still
considered.

The window potential for umbrella sampling was of the
form

U*(¢) = x(¢ - ¢)° (16)

where a value for x of 20 kcal/mol was determined to be
optimum for allowing adequate overlap for windows 15°
wide. The procedure for umbrellasampling was as follows:

(1) Increment ¢, to a new value (15° increments were
used in general).

(2) Perform a 10-ps trajectory to allow the system to
equilibrate to the new window potential. The side group
torsional angle is periodically sampled.

(3) Perform a 10-ps sampling trajectory.

(4) Repeat step 3 if the probability density functions
resulting from steps 2 and 3 differ significantly.

Results

Figure 5shows typical probability densities as calculated
for three overlapping windows. Application of eq 10 and
joining of the resulting free energy curves into a continuous
function yield the free energy curve also shown in Figure
5. The free energy curve for a complete rotation in the
bulk is shown in Figure 6. Also shown is the conforma-
tional energy curve determined by energy minimization
of an all-trans isolated chain MA/E model molecule (see
Figure 2b). The starting location for the side group in the
bulk simulation is also indicated. The contribution of the
matrix to the effective barrier for reorientation is apparent.
It is also apparent that the relative energies of the energy
minimum states are affected in the simulation by the
amorphous packing. That is, the side group does not find
a new minimum unaffected by the packing. This effect
will be considered in detail later.

Figure 7 is a comparison of the free energy rotational
barrier and the potential energy rotational barrier for the
same glass structure. The latter is obtained by sampling
the potential energy from the biased configurations.!! The
similarity of the curves implies that there is no significant
entropic contributrion to the rotational energy barrier, at
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least for the path found by the simulation. Application
of transition state theory to the experimental principal
relaxation time for the PMA homopolymer dielectric 8
process! also indicates minimal entropic contribution to
the free energy barrier. However, for the MA/E case as
represented by eq 2, a positive activation entropy of ~16
cal K! mol™! is indicated. This is substantial and no
indication of this is seen in the results of Figure 7. It is
not surprising that the simulation curves such as in Figure
7 do not indicate an appreciable entropy of activation. In
the picture envisioned, a thermally activated barrier
crossing, entropic effects would be associated with vibra-
tional frequency differences in the ground and activated
states. These effects are usually rather modest. The
similarity of the MD free energy and energy results is
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Figure 8. Rotational energy barriers for side group rotation
computed for seven glass structures (shaded bars). Also shown
(dashed curve) is the experimental distribution of activation
energies (190 K) from Figure 1. The full curve corresponds to
a Cole-Cole distribution of activation energies that has the same
average activation energy and standard deviation as the discrete
set of seven computed in the bulk and shown as shaded bars.

Table I
Comparison of Experimental and Calculated Distribution
of Activation Energies

modeling
exptl bulk isolated chain
E,.° or (AG),® keal/mol 8.9 8.8 5.4
0,5 kcal/mol 2.12 1.84 0.35
af (190 K) 0.31 0.35 0.86

¢ Principal activation energy or free energy. ® Standard deviation
of the activation energy distribution. ¢ Cole~Cole width parameter
value, determined in the case of modeling as the value required to
produce the standard deviation of the activation energy distribution
found from simulation.

consistent with this, and, as stated, the experimental results
for MA homopolymer are as well. The question of why
the MA/E copolymer experimental results indicate a
significant entropy of activation can only be speculated
on. It was presumed above, in the section on basis for
comparison with experiment, that the experimentally
observed (8 process is a composite of the side group rotation
process and a main-chain polyethylene-like v process. It
was argued that the strength is dominated by the side
group rotation. It may be, however, that “contamination”
from the v-like main-chain process has more of an effect
on the entropy of activation than supposed.
Distribution of Activation Energies. The effect of
the amorphous bulk packing on the average rotational
energy barrier and the distribution of rotational energy
barriers was considered by examining a number of glass
structures. A total of seven structures were generated
and examined through the umbrella sampling technique.
Rotational energy barriers for each are shown in Figure
8. In addition to the experimental distribution at 190 K
and the isolated chain distribution, a curve, labeled
simulation, is displayed. This distribution function is the
Cole-Cole distribution yielding the same principal (mean)
value and standard deviation as the seven discrete bulk
simulation values. Table I shows a comparison of principal
activation energies, standard deviations of the activation
energy distributions, and Cole-Cole width parameter
values for experiment, bulk simulation, and the isolated
chain model. The bulk simulation results indicate that
variations in the amorphous packing environment of the
side groups lead to a broad distribution of rotational energy
barriers that resembles the experimental distribution of
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activation energies and yields a principal activation energy
similar to experiment.

Local Structure. Itis of interest to examine the glass
morphology local to the side group in order to see how
differences in packing affect the rotational energy barrier.
One method of investigating packing is to calculate the
occupied volume distribution fo(r) around an atom, which
can be defined asZ®

41rvspnfrrr2g(r) dr

for) = - an

° Ughen (™)
where r is the radial distance from the center of the atom
of interest, v is the occupied volume/atom determined by
Monte Carlo sampling of snapshots of the system,!” g(r)
isaradial distribution function about the atom of interest,
rc is half of the Lennard-Jones hard-core diameter, and

4r(®-r?)

Ughen(r) = _3—0‘— (18)

The occupied volume distribution indicates what fraction
of a shell of outer radius r and inner radius r. is occupied
by other atoms. Typical results for configurations where
the side group is at the rotational energy barrier peak are
shown in Figure 9a. Results for configurations where the
side group in the energy minimum state are shown in Figure
9b. The curves represent averages of the fractional
occupied volume distributions for the side group methyl
carbon, carbonyl oxygen, and ether oxygen. Examination
of Figure 9 reveals a correlation between the short-range
packing density around the side group in the barrier peak
configurations and the magnitude of the rotational energy
barrier. Beyond 4-5 A the correlation dies off. The matrix
contribution to the rotational energy barrier appears to
be primarily a function of the short-range nonbonded
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interactions of the side group with matrix as the side group
crosses the rotational energy barrier and is independent
of longer range density fluctuations in the glass. No
correlation between short-range packing density and
rotational energy barrier is seen for the starting config-
urations near the rotational energy minimum. Indeed,
the short-range nonbonded interactions appear to be very
similar for the energy minimum configurations for all
examined glass structures.

Relative Site Energies. A fundamental assumption
in the isolated chain RIS modeling of the relaxation
strength of the dielectric 8 process in MA and MA/E
copolymers is that the relative energies of the energy
minimum torsional states or sites of the methyl acrylate
side groups are not influenced by the glass matrix or
packing.#5 Examination of Figure 6 indicates that, in the
bulk simulation, this assumption does not hold. The
energy minimum found in the bulk on rotation over the
barrier is significantly higher in energy relative to the
starting point than found in the isolated chain. That is,
after moving over the barrier the rotating group fails to
find a new site as favorably packed intermolecularly as
the starting point. This result must be largely nonphys-
ical for the following simple reason. If it were so, then
reorientation of flexible groups would generally involve
large site energy differences. It follows from this that,
due to unfavorable Boltzmann weighting, the populations
of the alternative sites would be very small and the
strengths of associated relaxations would be very weak
and essentially nonobservable.® The experimental
strengths of such processes, including the case studied
here, are often quite substantial. Below, some comments
are made that are directed toward rationalizing this aspect
of the simulation results.

First, it is necessary to consider differences in exper-
imental glass formation and glass formation in the
simulation. A real quench from a 300 K melt to a 200 K
glass occurs on a time scale on the order of seconds, during
which the side group will undergo many millions of
transitions between low-energy sites. The side group will
spend an appreciable fraction of the time in each of the
energy minimum states and very little time at the top of
the energy barrier. For asimulated quench, the time scale
is so short as to preclude a reasonable chance of a side
group transition occurring. The side group spends all of
its time in a relatively narrow range of torsional angles
about an energy minimum state, labeled “start” in Figure
6. A reasonable supposition therefore follows. During a
real quench the side group spends an appreciable fraction
of its time in each side group state, thereby clearing a
space for itself in the matrix about each potential site.
During a simulated quench, the side group spends all of
its time in a single energy minimum state, allowing for
artificially close packing in the other potential sites. This
supposition is supported by Figure 9. It can be seen that
in configurations where the side group is located in the
same state as during quenching (Figure 9b), the short-
range packing is essentially independent of the particular
glass structure. This implies that the side group does
indeed clear out a space for itself in the matrix. Figure
9a shows configurations where the side group is well
removed from its position during quenching. The short-
range packing varies greatly and is in general more dense
than that for the configurations shown in Figure 9b.

There is another related consequence of the amount of
time spent in each site in physical systems compared to
thelength of the simulations. Barrier crossing is physically
rapid and the MD sampling time scale is appropriate for
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this partof the transition. Butitis possible that the higher
site energy found in the second state would be considerably
lower, though slower structural rearrangement, if the MD
runs were much longer at the second minimum. Physicaily,
the time spent at the minima would be appropriate to this
but it is practically precluded by computation time.

In addition to the general comment at the beginning of
this section about the observation of such subglass process,
more direct experimental evidence exists to support the
supposition that the relative site energies are not greatly
affected by the glass matrix. A study of the effect of
absorbed water on the dielectric 8 process in PVAc has
been performed.? PVAc is very similar to PMA in mo-
lecular structure, and the strength of the dielectric 8
processin PVAcand VA/E copolymers can be represented
well by a site model involving side group rotation that is
completely analogous to the model for MA and MA/E.5
The study indicates that water acts as a plasticizer for the
dielectric 8 process, apparently agglomerating near the
homophillic ester side groups. The time-temperature
location of the process and activation energy are somewhat
sensitive to water content. The width of the process is
more sensitive to water content, becoming narrower as
water content increases. However, the strength of the
process is experimentally essentially independent of water
content. Apparently water alters the influence of the
matrix on the rotational energy barrier (i.e., the packing
near the side group in barrier peak side group configu-
rations) but does not affect the relative energies of the
local minimum energy states. This implies in turn that
the matrix has little effect on the relative energies of the
minimum energy sites.
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