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ABSTRACT: We use explicit atom molecular dynamics to investigate mobility in poly(methyl methacrylate)
[PMMA] when blended with 10%, 20%, and 30% weight percent poly(ethylene oxide) [PEO]. The responses to
blending of main chain motion, rotation of the two methyl groups, and rotation of the entire ester side chain,
which is associated with the S-relaxation, are individually assessed at temperatures well above the glass transition
temperature where their characteristic times overlap. We also consider the response of main chain motion in
PEO to blending with PMMA. We find three classes of behavior: methyl group rotation is not influenced by
blending, ester group rotation and the main chain motion of PEO are slightly altered by the change in environment,
and a substantial change in dynamics is observed for main chain motion in PMMA. The observation that the
[-relaxation in PMMA changes with mixing is unusual, as this is a local motion thought to be insensitive to
blending. This is discussed in light of the spatial extent of localized motion and that of mixing of the two

components.

Introduction

Dynamic processes in glass forming polymers occur over a
large range of temporal and spatial scales and have been
investigated using a variety of techniques including NMR,'*
dielectric spectroscopy,” light* and neutron scattering.>® These
processes fall into three categories, which may be defined
loosely based on the relevant spatial scales. Terminal motion
reflects translational mobility of the chain as a whole, and is
thus connected to spatial scales comparable to chain dimensions.
Segmental motion reflects motion of a statistical segment or
Kuhn length sized region of the polymer chain backbone.
Although their temperature dependencies become different at
low temperature,’ both terminal and segmental motions become
increasingly slow as the glass transition temperature 7, is
approached, and thus are associated with the primary or
o-relaxation of amorphous materials. Secondary motion reflects
movement of specific local regions of the polymer repeat unit,
such as reorientation of a side group or methyl group rotation,
with spatial scales comparable to the size of the moving unit,
which is typically smaller than the Kuhn length. These motions
are not influenced by passage through the glass transition and
include the f-relaxation observed in amorphous materials.

Changes in mobility when two polymers are mixed have been
widely investigated over the past fifteen years. There is a marked
difference in the response of primary [either terminal or
segmental] and secondary relaxations to this change in environ-
ment. The primary relaxations of the blend constituents shift
toward one another yet are not coincident.*'" At the same time,
primary relaxations in miscible blends are broadened compared
to those of the pure components. Theories to explain these
observations are based on the idea of a local region with a
composition that varies from the bulk blend composition.
Differences lie in the origin of the biased local composition,
which can be from chain connectivity'*~'* or from thermal
concentration fluctuations.'>~"°

In contrast to the primary relaxation, secondary relaxations
are insensitive to changes in environment, although exceptions
exist. As an example, consider poly(vinyl methyl ether)
[PVME], with secondary relaxations including the -relaxation
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and methyl group rotation. When blended with polystyrene [PS],
both the characteristic time and the breadth of the -relaxation
are unaffected.® Similarly, blending with PS does not alter
rotation of the methyl group in PVME, even for blends with
80 wt % PS. 2 As an exception to this rule, although Arrighi®'
et al. observed similar behavior for methyl group rotation in
PS/PVME, they report that rotation of the ester CH3 group in
poly(methyl methacrylate) [PMMA] changes when mixed with
solution chlorinated polyethylene [SCPE]. Investigations that
observe the response of primary and secondary relaxations to
blending focus on different temperature ranges: the primary
relaxation is studied above 7,, whereas secondary relaxations
are studied below T, where the primary relaxation is frozen.
The latter is necessary so that the primary relaxation does not
contribute to the measurement. For example, in the case of
methyl group rotation using quasi-elastic neutron scattering
[QENS], if the measurement is made at high temperature, the
methyl group protons will reflect translation related to the
segmental relaxation, and methyl group rotation. In addition,
the primary and secondary processes can merge in the high
temperature range, such that it is not possible to separate them.
In this contribution we examine the response of primary and
secondary relaxations to blending in the temperature range
characteristic of high frequency experiments such as deuterium
NMR and QENS. To isolate secondary relaxations at high
temperature, we use molecular simulation, which can directly
probe locally defined motions, separating them from the primary
relaxation at any temperature.

As a target system, we choose mixtures of poly(ethylene
oxide) [PEO] and PMMA. The repeat units of these two
polymers are illustrated in Figure 1. We have recently compared
explicit atom, united atom, and coarse-grained simulations
against experimental data for both pure components,?>* with
the result that all three provide a reasonable description. In the
present case, we choose the explicit atom model because we
wish to examine rotation of both methyl groups in PMMA. In
a previous investigation,?* we isolated four processes in PMMA!:
the segmental relaxation by following motion of backbone
atoms, the f-relaxation by following motion of the ester
hydrogens about a virtual C;—C bond, and rotation of the two
methyl groups by following motion of the ester hydrogens about
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Figure 1. Repeat units of the polymers simulated: (a) PMMA and (b)
PEO.

the C,—O; bond or a-hydrogens about the C;—Cj; bond. PEO
exhibits a B-relaxation,” and an additional secondary relaxation
associated with confinement.®® The physical origin of the
[-relaxation in PEO is less clear. In another polymer without
side groups, it was shown that the f-relaxation is associated
with the time scale of a single conformational transition, whereas
the a-relaxation is associated with sampling of all conforma-
tional transitions with equilibrium probability.?” If this is true,
it is not possible to isolate the two by considering subsets of
atoms, as we did for PMMA, so we consider the motion of all
atoms in PEO. It has been suggested that in polymers without
side groups, the f-relaxation can predominate at temperatures
far above Ty, such as we consider here.”® We assume for the
time being that the primary relaxation is observed in PEO, and
address the question of whether the S-relaxation contributes
significantly below. We will thus follow two primary relaxations
[PEO and PMMA backbone atoms], and three secondary
relaxations [f-relaxation and the two methyl group rotations in
PMMA] in the temperature range above the glass transition
temperature of PMMA.

This blend, characterized by large T, contrast [AT, ~ 185
K] and minimal interactions,?” has been studied by dielectric
spectroscopy,’® NMR,*' quasi-elastic neutron scattering
[QENS],* 37 and mechanical spectroscopy.®® Of these tech-
niques, dielectric spectroscopy targets a large frequency range
and can be used above T, to observe the primary relaxation, or
below T, to observe secondary relaxations. Observation in a
mixed system depends on the dipoles present, and for the PEO/
PMMA blend the f-relaxation of PMMA is strongly observed.
This, combined with the fast nature of the primary relaxation
of PEO, makes this process difficult to observe with dielectric
measurements. PEO component dynamics have instead been
investigated using NMR'* and QENS,*~7 which present the
possibility of component labeling using deuteration, but are
limited to high frequency motions and thus the temperature
range above T,. In principle, both primary and secondary
relaxations would contribute with separation only possible in
certain instances, for example via the spatial scale in a QENS
measurement. The primary relaxation of PEO, investigated via
NMR in blends with 3—30% PEOQO, reveals a separation from
the primary relaxation of PMMA of up to twelve orders of
magnitude. Relaxation times for PEO are only weakly dependent
on composition,?' suggesting a decoupling from dynamics of
PMMA. Several explanations have been offered for this result:
the lack of side groups in PEO leading to a decoupling of
component motion,>' observation of a secondary, rather than a
primary relaxation,?® and a relaxation times short enough to be
comparable to vibration/libration®® [the process before 1—2 ps
observed in QENS on PEO and other polymers]. A common
feature of all three suggestions is the extremely fast dynamics
of PEO. In contrast, QENS measurements of PMMA show
significant changes in the primary relaxation when mixed with
PEO, with those changes consistent with the differences in T,
between pure PMMA and the blend.**** Clearly, the two
primary relaxations in this mixture respond quite differently,
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Table 1. Nonbonded Potential and Parameters for PEO—PMMA

Interactions”
u"(ry) = 4el(olr)'> — (olr)°] + [1/(4meo)l[(qig/ry]
atom type o (A) ¢ (kcal/mol) ¢ (e.c.)
PMMA C; Cin a-CH; group 3.52 0.067 —0.135
Cs C in CH; group 3.52 0.067 —0.09
C; main chain C group 3.20 0.051 0.00
C CinC=0 3.75 0.105 0.51
0, OinC=0 2.96 0.210 —0.43
O, ester O 3.00 0.170 —0.33
C, Cinester CH; group  3.50 0.066 0.16
H;, H in alkane CH; or 2.50 0.030 0.045
CH, groups
H, Hin ester CH; group  2.42 0.015 0.030
PEO C; C in CH; group 3.88 0.095 0
C, Cin CH, group 3.88 0.095 —0.066
O O 3.51 0.215 —0.256
H, H in CH, group 3.20 0.010 0.097
H, H in CH; group 3.20 0.010 0

“ The atom numbering corresponds to the repeat units in Figure 1.

with that of PEO recently connected to confinement effects.>®
Secondary processes are invariant to environment in this system.
The PMMA f3-relaxation, and the PEO - and f3'-relaxations as
observed at temperatures below T, using dielectric spectroscopy
remain coincident with those in the pure components.>

One paper has appeared using simulation in combination with
QENS to study dynamics in the PEO/PMMA blend.*® This work
focused primarily on the dynamics of PEO, specifically on the
possibility of PEO being confined by the far more immobile
PMMA. As such the investigated temperature range was
between the blend 7, and the 7, of pure PMMA, and primary
focus was on PEO mobility. In the present contribution, we
focus on the temperature range above the 7, of PMMA, where
both components are mobile. We investigate changes in primary
and secondary relaxations, primarily of PMMA. In this sense
the work is complementary to what is already available.

Simulation Details

We present explicit atom (EA) simulations on blends of PEO
and PMMA at three compositions: 10%, 20%, and 30% PEO
by weight. We also present EA simulations for pure PEO and
pure PMMA that have been described elsewhere.”> >* The
PMMA chains have 10 repeat units and a molecular weight of
1016 g/mol, and the PEO chains have 31 repeat units and a
molecular weight of 1350 g/mol. For each composition, 50
chains were placed in the simulation box, with 4, 8, and 12
PEO chains corresponding to the 10, 20, and 30 wt % blends.
Simulations were run in the NVT ensemble with the volume
set by the pure component densities as a function of temperature
assuming no volume change on mixing, and the temperature
controlled using the velocity-rescaling algorithm of Berendsen
et al.*® Simulations were carried out at seven temperatures: 400,
420, 440, 470, 500, 550, and 600 K, with the highest two
temperatures for the 20% blend only. As mentioned above, the
EA force fields used for pure PEO*> and PMMA?* have been
tested against QENS and neutron diffraction data and described
elsewhere. For the blend simulations, we also require forces
between PEO and PMMA atoms. Only nonbonded potentials,
summarized in Table 1, are needed for this purpose. Integration
was accomplished using a velocity—Verlet algorithm with the
multiple time step reversible reference system propagator
algorithm employed to reduce computation time. *' Values for
the time steps are listed in Table 2. The cutoff distance for both
van der Waals and Coulomb interactions was 7 A, with long-
range electrostatic interactions calculated using the Ewald
summation method.

Initial configurations were obtained from well equilibrated
united atom simulations. To obtain the initial EA box from the
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Table 2. Time Steps Used in the Reversible Multiple Time Step
Reversible Reference System Propagator Algorithm

interaction type time step (fs)

bonding, bending and torsion 1

van der Waals and the real part 2
of the Coulomb Ewald summation

reciprocal part of the Coulomb Ewald summation 4

equilibrated united atom configuration, we must place two
hydrogen atoms on the PMMA C, and the PEO C,, and three
hydrogen atoms on the PMMA methyls C, and C; and PEO
end C;. The two hydrogen atoms are placed on the backbone
PMMA C; and PEO C, simultaneously, with the C;—Cy—
bond angle fixed at 110°, and the C,—H bond length fixed at
1.09 A. Hydrogen atoms are placed on PMMA C, and C; methyl
groups and PEO end C; in a two step process, described using
PMMA C, as an example. The first hydrogen is placed with a
fixed O;—C,-H, bond angle of 110°, a fixed C,—H, bond length
of 1.09 A, and an H,—C,-O,—C torsional angle chosen at
random. The remaining two hydrogen atoms are then inserted
with H,—C,-H; angles of 110° and C,—H, bond lengths of 1.09
A. Following placement of the missing hydrogen atoms, the
systems were equilibrated for at least 3 ns before collecting data
over 2 ns trajectories.

Evaluation of Simulation Accuracy. We evaluate the ability
of our simulations to represent the influence of mixing by
examining three quantities as a function of blend composition:
the scattered intensity /(g) is compared with neutron diffraction,
the intermediate scattering function /(g,f) of PEO hydrogens is
compared to QENS measurements on a hPEO/dPMMA blend,
and the self-intermediate scattering function of PMMA hydro-
gens is compared to QENS measurements on a dPEO/hPMMA
blend.

In neutron diffraction, the scattered intensity /(g,0) arises from
coherent scattering between pairs of atomic species i and j,*?
and does not contain information about time dependence:

coh cohsn’1 qlrj(o) - r,(o)'
Z Z b —————— (1)
qlri0) — r(0)!

The positions 7; and r; are evaluated at the same time frame,
the coherent scattering length b " describes the interaction
between neutron and nucleus, the momentum transfer g ~ 27/r
defines the spatial scale, and c; is the atomic species concentra-
tion. This function represents atomic packing over length scales
ranging from intramolecular distances to nearest neighbor
packing.

We compare the composition dependence of our simulations
with that of neutron diffraction data in Figure 2. The comparison
cannot be made directly because the experimental data are at
300 K, well below the T, of PMMA where simulated systems
cannot be equilibrated. Instead we examine trends with com-
position at 500 K for the simulated systems, and at 300 K for
neutron diffraction experiments, measured at the ILL, Grenoble,
France, and described in reference 33. Deuterated samples were
used for all measurements. The first peak, centered near 0.9
A~ is associated with intermolecular packing of PMMA. In
both simulation and experiment, as more PEO is added, this
peak decreases, and its position shifts slightly to smaller spatial
scales. The second peak is centered near the intermolecular peak
in pure PEO [¢ = 1.4 A~']. Its behavior with composition differs
slightly between simulated and experimental investigations. In
the simulations, the peak is absent in pure PMMA and its height
increases steadily with the addition of PEO, as expected. The
peak position in the 10% blend is at smaller spatial scales than
in the 20% and 30% blends. The experimental data follows the
same trends: peak height increases with additional PEO content,

(q,0) =
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Figure 2. Static structure factors of PMMA and of PEO/PMMA blends
from (a) simulations at 500 K and (b) neutron diffration experiments
at 300 K.*

and the peak in the 10% blend is located at smaller spatial scales.
The difference is in the pure PMMA curve, which has a
pronounced peak at ~2 A~" that is absent in the simulated data.
As discussed when evaluating the simulation force field for pure
PMMA, this is most likely due to differences in tacticity: the
experimental samples are ~80% syndiotactic while the simu-
lated samples are 65% syndiotactic. The features at high g are
intramolecular in origin and do not change much with composi-
tion in either case. We conclude that although quantitative
agreement is absent between the 300 K experimental and 500
K simulated curves, and the region surrounding the second peak
has considerable disagreement, the simulation model is able to
describe changes that occur with composition in a reasonable
way.

The ability of the simulations to model dynamics is tested
by comparison to quasi-elastic neutron scattering [QENS] data.
The scattering in QENS experiments is measured in the
frequency domain. Measurements performed on the High Flux
Backscattering Spectrometer [HFBS]** and the Disk Chopper
Spectrometer [DCS]** at the Center for Neutron Research,
National Institute for Standards and Technology, have been
described in previous publications.***>*” Data obtained on these
instruments are Fourier transformed to the time domain, where
we compare to the intermediate scattering function calculated
from simulation coordinates:

]coh(q’ l) + Iinc(q’ l’)
Icoh(q, 0) + Iinc(q, 0)

lg,1) = @

This function includes coherent and incoherent contributions,
the relative weights of which are proportional to the coherent
and incoherent scattering lengths [b°" and "] of the atoms
present in the sample,

lr(t) — r(0)l
Icoh , _ coh gohsnlq J i 3
(q.0) = z Z i e
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sin glr(t) — r(0)l
IlﬂC , — blﬂC 4
@D = e O @

where 7,(f) is the distance vector of atom i at time t. The
scattering function is normalized by the intensities at ¢ = O; the
coherent part was given above, and the incoherent part is simply

as follows:
> el )

1

1"(q,0) =

The incoherent scattering length of hydrogen is very large, and
thus under most circumstances where protons are present in the
samples, the scattering function is dominated by the incoherent
part and can be represented with little error as

1 & bincsin qir(t + 1) — r(ty) D:
— Cb;
z b =G qlrt + ty) — {1y

i

Iself(q, l) —

N
]%D; cos(glx(r + 1,) — x(t,))(6)

where i indicates hydrogen atoms, and x;(¢) is the x coordinate
of 7,(). The brackets indicate averages over multiple reference
times, represented by #,, rather than the single reference time
of + = 0. We refer to this as the self-intermediate scattering
function, because the incoherent part of the scattering reflects
correlations between the locations of the same atoms at different
times.

Experimental isolation of the mobility of one component is
accomplished by “hiding” the other component with deuterium
labeling: the dPEO/hPMMA system provides the motion of
PMMA protons, and the hPEO/dPMMA system provides the
motion of PEO protons. Because the blends that we consider
are rich in PMMA, the coherent contribution from dPMMA in
the hPEO/dPMMA system ranges from 25—50% of the total
scattering. When comparing to data from hPEO/dPMMA blends
meant to isolate the PEO component, we thus include all atoms,
weighted by their coherent and incoherent cross sections, as in
egs 2, 3, and 4. When comparing with data from dPEO/hPMMA
blends, we neglect the coherent contribution from dPEO, which
is less than 5% of the total scattering, and calculate the motion
of PMMA hydrogen atoms using eq 6. Because the mobility of
the two components is well separated in time, the measurements
were performed on instruments with different time ranges: PEO
motion was assessed using the DCS, which covers times up to
50 ps; by this time significant decay is observed in the self-
intermediate scattering function. For PMMA, we use measure-
ments from the HFBS, covering the time range of 200 ps — 4
ns.

In Figure 3, we compare I"MMA(¢4,7) obtained from the HFBS
on dPEO/hPMMA blends with that calculated from the simula-
tion, as a function of composition. We conclude that the
simulations provide a good description of the influence of
blending on PMMA. We note that because we present results
for blends with compositions in a narrow range where crystal-
lization is absent experimentally, the composition dependence
is smaller that might otherwise be expected, in both simulation
and experiment.

The intermediate scattering function I"5°(g,1) calculated from
the simulations is compared with DCS measurements on hPEO/
dPMMA blends in Figure 4. Pure PEO is not included because
it was only measured at 343 K. Because we did not measure
the ratio of incoherent to coherent scattering in our samples,
we need to include this as a variable in the comparison of
simulated and experimental curves. In order to do so, we left
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Figure 3. Comparison of simulated [open symbols] and experimental
[closed symbols] self-intermediate scattering function for pure PMMA
and PMMA component in the 10%, 20%, and 30% blends. Experi-
mental data is_ from the HFBS on hPMMA/dPEO samples at 440 K
and ¢ = 1.5 A~13* Simulations include the motion of all hydrogen
atoms on the PMMA component at the same conditions.
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Figure 4. Comparison of simulated [lines] and experimental [symbols]
self-intermediate scattering function for the PEO component in the 10%,
20%, and 30% blends. Experimental data i is from the DCS on dPMMA/
hPEO samples at 440 K and ¢ = 1.1 A~137 Simulations include both
incoherent scattering from the PEO component and coherent scattering
from the PMMA component.

the incoherent cross sections at their theoretical values, and
multiplied the coherent cross sections by a constant value. In
order to produce the agreement in Figure 4, the coherent cross
sections were multiplied by 0.79 [10% blend], 0.83 [20% blend]
and 0.86 [30% blend]. This is consistent with reference 36, in
which the measured ratio of coherent to incoherent scattering
at ¢ = 1.1 A™" is 90% of that anticipated by the theoretical
cross sections for a 25% PEO/75% PMMA blend. At first
glance, it appears that the influence of mixing is greater on PEO
than on PMMA. As mentioned above, the experimental data
contains a contribution from dPMMA, which is immobile on
the time scale of the instrument; its contribution to the
measurement is to increase the value to which the function will
decay from zero to some fraction consistent with the amount
of PMMA in each blend. An examination of this issue in
conjunction with experimental measurements is presented in ref
37, where it is concluded that the contribution from dPMMA
is elastic up to 470 K, as can be seen from the tendency of the
data to level off toward the end of the time range. Although we
include this contribution for comparison to experimental data,
it was removed from our experimental study by including an
elastic fraction in the fitting procedure, and it is removed in the
current study by excluding PMMA atoms from the calculation.
As will be seen below, this decreases the influence of mixing.
Although the PEO component requires an additional adjustable
parameter [the ratio of coherent to incoherent scattering], its
value is consistent with available experimental measurements.
We thus conclude that the simulation model is able to adequately
capture changes in PEO dynamics that occur with mixing,
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Figure 5. Influence of mixing on the segmental relaxations of PEO
and PMMA at 500 K and (a) ¢ = 0.9 A™'; (b) ¢ = 1.5 A~". For PEO,
we include all hydrogen atoms, whereas for PMMA we include only
those on the chain backbone to isolate the segmental relaxation.

although this observation is not as strong as for the PMMA
component.

The Effect of Environment on the Primary Relaxations
of PEO and PMMA. We begin by comparing the influence of
mixing on the primary relaxations of the two components. To
do so, we consider the self-intermediate scattering function of
hydrogen atoms, as with QENS experiments. The primary
relaxation is isolated in PMMA by considering motion of only
the backbone hydrogen atoms, eliminating methyl group rota-
tions and the ﬁ—relaxation.24 For PEO, we consider all the
hydrogen atoms. These data may be regarded as a “perfect”
QENS experiment: one with exact labeling and ability to remove
the secondary relaxations in PMMA. The two functions are
compared in Figure 5. Decays for both components consist of
two processes: a composition-independent decay before 1 ps,
followed by a second decay that is influenced by environment.
The fast decay is a common feature in polymers, observed for
PEO,*”*> PMMA,*** and other polymers.*®"*® Physically, it
represents atomic motion prior to encountering constraints
formed by other atoms, and has been connected with oscillations
within a torsional well.*’ The time 1 ps is also the time where
the mean-squared displacement crosses from the ballistic to
subdiffusive regimes, illustrated in Figure 6. We use ballistic
to refer to the initial motion before encountering other atoms,
rather than the mean-squared displacement going as ¢, which
is sometimes associated with this term. For polymer melts, the
mean squared displacement in the ballistic region is often
between ' and #'°. The time of cross-over appears material
independent, but the distance the atoms have traveled at that
time [the local cage size] is quite different. Specifically, the
cage for PEO is almost twice as large as that of PMMA: as
defined by (MSD)'2, the cage radii are 2.2 A for PEO and 1.2
A for PMMA. This is reflected in the decay curves. The spatial
scale ¢ = 1.5 A~! corresponds roughly to motion within a sphere
of radius 2.1 A, approximately equal to the cage size for PEO.
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Figure 6. Mean-squared displacements [MSD] of both components in
the 20% blend at 500 K.

We thus expect a significant portion of the PEO decay will
reflect cage exploration. The observation that the fast decay
occupies about 80% of the total decay is consistent with this
expectation. This is relevant for PEO because the cage size is
unusually large, and motion of the second, composition de-
pendent process is unusually fast. This combination means that
at spatial scales where the second process would normally be
visible, the decay curve reflects mainly fast cage exploration
instead. If this cage exploration is connected with torsional
oscillations, as was shown for poly(ethylene),* they are
unusually large, and likely enable fast barrier crossings. We
explore this possibility in Figure 7, in which the behavior of
the backbone dihedral angles is illustrated as a function of time.
Rotation about the C—C bond occurs by brief residences with
oscillations about torsional minima, interspersed with regions
of time where rotation appears to occur freely. Only this
behavior is observed for rotation about the C—O bond. This
means that the typical time required for rotation about this bond
is less than 2 ps. In PEO, the decay on the time scale normally
connected with torsional oscillations also includes significant
torsional barrier crossings. This greatly increases the average
area explored by the PEO protons and leads to the unusually
strong fast decay in PEO. Blending with PMMA has little
influence on this conclusion.

The second process, beginning at ~1 ps, is associated with
the primary relaxations of each component. This behavior of
this process is consistent with previous observations: the primary
relaxation of PMMA is significantly influenced by environment,
while that of PEO is not.** 37 In particular, the observation that
PEO mobility is slowed slightly when mixed with PMMA, with
the extent independent of composition is consistent with
deuterium NMR experiments on this system.>'

To summarize the decays for the entire temperature and
spatial scale range of our simulations, we extract a characteristic
time from I759(g,7) or I™MA(g,1) using the empirical Kolrausch—
Williams—Watts [KWW] expression:

B
Ig,H) =A exp[—(T d ) ] (7
KWW

While the KWW expression is empirical, the three parameters
have physical significance: A represents the strength of processes
faster than the time window of fitted data, Txww is the
characteristic time of the observed motion, and f indicates the
width of the characteristic time distribution.

The characteristic times of both components are presented
as a function of temperature for all blend compositions in Figure
8. Experimental data is provided for comparison: for PMMA,
we choose a momentum transfer of ¢ = 0.6 A~! and compare
to QENS data: at this momentum transfer the primary relaxation
contributes most to the observed scattering.*> For PEO, experi-
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Figure 7. Dihedral angles as a function of time with the time interval of 2 ps at 400 K for (a) pure PEO and (b) PEO in 20% blend.
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Figure 8. Temperature dependence of segmental relaxation times of
PMMA and PEO in all three blends at (a) g = 0.6 A”" and (b) ¢ = 1.5
A~'. QENS?? and NMR?' data are also included in this figure for
comparison.

mental data other than our own is available. We thus include
relaxation times from NMR'® and choose a momentum transfer
of ¢ = 1.5 A™": this provides the best comparison between
neutron and NMR data, indicating that the length scale for
reorientation of a C—H bond is approximately 4 A. The error
bars provided with the QENS data indicate the range of

relaxation times that can describe the measured decay, regardless
of the values of other fit parameters, as discussed in reference
32. As shown in Figure 8a, times for the PMMA primary
relaxation isolated using simulation correspond to the QENS
data, both with respect to their values and the influence of the
faster PEO. When the absolute values of relaxation times are
large, such as the lowest temperatures for pure PMMA,
quantitative agreement is lost. This is not surprising, as the error
bars for the experimental points increase and the simulation is
least reliable under these conditions. The same is true for the
PEO primary relaxation: as illustrated in Figure 8b, the times
correspond well to those measured via NMR. Characteristic
times for PMMA change significantly with addition of PEO,
but only moderately as the amount of PEO increases. We present
the stretching parameters for both components in Figure 9.
Stretching parameters for the primary relaxation of PMMA are
highly temperature dependent, as also observed by dielectric
spectroscopy, presented for comparison. Blending does not
change the stretching parameters for PMMA, indicating that
the breadth of the relaxation time distribution is insensitive to
blending. The situation is different for PEO, where blending
with PMMA significantly decreases the stretching parameter,
consistent with a wider distribution of relaxation times. The
temperature dependence is similar to that reported by Genix, et
al.*® for a 10 wt % PEO blend, also shown for comparison.
The wider distribution could have several causes: confinement
effects at temperatures below the blend T, and two populations
of PEO protons differing in their response to blending with
PMMA are both consistent with a wider distribution. Small
values of the stretching parameter that depend on temperature
[around 0.3 from NMR,"? ranging from 0.35 at 307 K to 0.5 at
444 K for QENS?"] are consistent with experimental measure-
ments on PEO. As suggested by the decay curves, times
characterizing the primary relaxation for PEO are insensitive
to composition: times from the three blends, although displaced
slightly from pure PEO, are coincident. As mentioned in the
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Figure 9. Temperature dependence of f3 for the segmental relaxations
of both components. Both graphs are for ¢ = 0.6 A™": (a) PMMA
compared to dielectric spectroscopy;>® (b) PEO compared to MD data
from ref 36.
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Figure 10. Torsional autocorrelation function for pure PEO and PEO
in 20% blend at 400 K: (a) C—C bond; (b) C—O bond.

introduction, this unusual observation has spurred a number of
explanations.

One is that the lack of side groups on the PEO chain
decouples it from its environment.>' Another is that the observed
relaxation is a secondary, or f-relaxation, which is related to
single transitions between torsional minima and is always
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Table 3. VTF Fit Parameters for PMMA and PEO Dynamics in

Blends”
pure PMMA in PMMA in PMMA in
PMMA  10% blend 20% blend  30% blend
T, (K) 373 349 327 309
Ty (=T, — 33 K) 340 316 294 276
pure PEO PEO in all three blends
T, (K) 166 212

“ For fits to PMMA dynamics B = 795 K, 7, = 10.8 ps for ¢ = 0.6
A ! andrm—lpsforq—ISA I forﬁtstoPEOdynamlcsB—850K
—01psf0rq=06A andrm—lpsfoquISA’

present, even when merged with the primary relaxation, which
is associated with exploration of torsional minima with equi-
librium probability.*® Techniques such as deuterium NMR,
QENS and simulation, which probe high frequency processes,
would be sensitive to the $-relaxation rather than the primary
relaxation. Finally, it has been suggested that the influence of
the surrounding environment is small for PEO because its
primary relaxation time is small enough that it approaches the
prin;gi‘tive relaxation (the process appearing at times less than 1
Ps)-

It appears that despite having very small characteristic times,
the relaxation observed is the primary relaxation. As presented
in Figure 7 above, there are two distinct backbone rotations for
PEO. Many of the rotations about both types of bonds occur in
less than 2 ps, but some larger residence times are observed,
particularly about the C—C bond. Because the typical time scale
for one conformational transition is less than 1 ps, the lowest
time we used when fitting the data, the observed process cannot
be the f-relaxation. The process appearing in the time window
we fit corresponds to the latter stage, composition dependent
decay of the torsional autocorrelation function, as illustrated in
Figure 10. Characteristic times obtained from fitting the data
longer than 1 ps are consistent with those in Figure 8. The small
environmental influence is thus a real feature of the a-relaxation
in PEO. It appears that in PEO, the [3-relaxation is so fast that
it is merged with torsional oscillations and thus not observed,
rather than the a- relaxation being so fast it is dominated by
the -relaxation. To the extent that the primitive relaxation time
may be regarded as the time for exploration within a torsional
well, the interpretation of reference 39 is accurate.

Also provided in Figure 8 are attempts to correlate the data
with Vogel—Tamman—Fulcher (VTF) fits using pure component

parameters:
T\_ B
ln(t ) =7 T, (8)

©

The composition dependence is introduced via T, while 7., and
B retain pure component values for blend fits. The resulting
parameters are listed in Table 3. For PMMA, we require that
Ty follow the composition dependence of 7, as prior QENS
measurements have suggested this is appropriate. For PEO, T
is treated as a free parameter. Although the temperature
dependence of the pure components is captured by these fits,
the composition dependence for PMMA is not well described.
This means that primary relaxation times for the simulated
blends cannot be described by changes in blend 7y, as is possible
for QENS measurements. This may be due to the shorter chains
used for the simulations, for which measured 7,5 may not be
appropriate.

We present the spatial dependence of characteristic times in
Figure 11. For PMMA at all compositions, characteristic times
follow a power law in momentum transfer: Tgyw ~ g 2%,
consistent with translational motion. For PEO, two scaling
regions are evident, with a cross-over near ¢ = 1 Al At spatial
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Figure 11. Dependence of segmental relaxation times on spatial scale
for both components in the 20% blend at 440 K. DCS data are also
included.”’
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Figure 12. Influence of blending with PEO on the rotatlon of the entire
ester group of PMMA Data shown are (a) ¢ = 0.9 A and 7 = 500
K; (b) g =08 A and T =500 K; (c) ¢ = 1.5 A= and T = 600 K.

scales larger than this, Rouse scaling is observed, whereas
at smaller spatial scales, the characteristic times change only
slightly. This type of scaling is a hallmark of restricted motion,
such as rotation, and was previously reported in simulations of
this system at temperatures lower than we consider here.>® In

Macromolecules, Vol. 42, No. 7, 2009

1
O MD - pure PMMA
08¢ A MD - PMMA in 20%blend
isotropic rotation diffusion
0.6
|5
2
53]
041
021
O n 1 ) S ]
0 0.5 1 1.5 2 2.5 3

q(A™)

Figure 13. Spatial dependence of the EISF obtained from rotation of
the entire ester side group in pure PMMA and in the 20% blend at 600
K. Data are consistent with isotropic rotational diffusion over a sphere
of radius 2.85 A.
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Figure 14. Temperature dependence of entire ester group rotational
times and stretching parameters in pure PMMA and all blends at (a)
relaxation times at ¢ = 0.6 A™!, (b) relaxation times at ¢ = 1.5 A
and (c) stretching parameters at ¢ = 1.5 A~

that case, this behavior was attributed to restriction of PEO
motion due to the immobile PMMA component, as all consid-
ered temperatures were lower than the glass transition for
PMMA. That is not the case here, although such an interpreta-
tion is still possible due to the 2—3 orders of magnitude
separating the characteristic times of the two components. We
reported a similar change in slope from QENS data, and those



Macromolecules, Vol. 42, No. 7, 2009

1

—— pure component
—-—--10% blend
——-20% blend
—-—-30% blend

0.8

06
o)
2 04
0.2
)
LT 107 107 T Y
time,ns

Figure 15. Comparison of the composition dependence of segmental
motion of PMMA and ester group rotation at 500 K.
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Figure 17. Comparison of methyl group rotations in pure PMMA and
PEO/PMMA blends at 500 K: (a) g = 0.9 A, (b)) g = 1.5 A7\

times are included in Figure 11.7 It can be difficult to
distinguish Rouse [txww ~ ¢~*] from translational [txww ~
¢~?] motion for polymers since f3 is frequently near 0.5]. This
is also the case here, since values of  for PEO range from 0.4
to 0.5.
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Figure 19. Temperature dependence of methyl group rotations in pure
PMMA and PEO/PMMA blends at ¢ = 0.6 A~'. Rotational times are
g-independent.

The Effect of Environment on Secondary Relaxations
in PMMA. We now turn our attention from the primary
relaxation to the behavior of the three secondary relaxations in
PMMA when mixed with PEO. For pure PMMA, we previously
connected rotation of the ester side group with the -relaxation
by showing that it is an activated process with activation energy
consistent with dielectric spectroscopy measurements of the
B-relaxation at low temperature.”’® To isolate either ester or
methyl group rotations, we calculate /(q.f) using eq 6, but
neglecting translational motion by “virtually fixing” the terminal
position of the rotating group. For example, to isolate ester
methyl group rotation, we fix the C, position [see Figure 1],
whereas to isolate rotation of the ester side group, we fix the C
position. Clearly, these carbon atoms do move throughout the
simulation: their position is rendered fixed by calculating the
hydrogen positions relative to the position of the appropriate
carbon atom.

The intermediate scattering function describing ester group
rotation I**'(q,r) is presented in Figure 12. In contrast to the
behavior of the -relaxation at low temperature, at temperatures
where the main chain relaxes over comparable times, the
p-relaxation is influenced by addition of PEO. The nature of
the influence is reminiscent of the primary relaxation in PEO:
the decay is faster when PEO is present, but the extent of the
difference is composition independent. Because data for the three
blends are nearly coincident, in what follows, we examine the
behavior of the 20% blend in comparison to pure PMMA. To
fit the decays and obtain characteristic times, we use a variant
of the KWW expression relevant for rotational motion:

I(g,1) = A{EISF + (1 — EISF) eXp[_(r t )ﬁ]} )
Kww
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This approach®-> allows for a distribution of rotational times,
and yields fit qualities comparable to a log-Gaussian distribution,
frequently used to describe rotation of side groups. The
parameters A, Txww, and § retain the same meanings, and the
EISF [elastic incoherent structure factor] describes motion over
a restricted spatial area, with the ¢ dependence of the EISF
characterizing its geometry. A plateau in /(g,f) at long times
indicates the presence of an EISF and sets its value. Clear
assignment of the value of the EISF requires running until the
plateau is well established, something that is less computation-
ally demanding at high temperatures. The EISF for rotation is
temperature independent, and thus we choose 600 K to set its
value and use this to fit the data at other temperatures. The EISF
in pure PMMA and in the 20% blend are coincident, as
illustrated in Figure 13, from which we determine that the EISF
is composition independent. Although they are not used for
illustration purposes, fits to the other two blend compositions
were made using this same EISF.

The information in Figure 13 can be used to determine the
geometry and type of rotation. Because the rotating protons are
separated from the point of rotation by three bonds, we expect
rotation of the ester group to occur in a continuous manner.
We thus provide the prediction of the isotropic rotational
diffusion model, in which continuous small angle rotations occur
and the rotating molecule has no preferred spatial orientation:

EISF = (%)2 (10)

In the above equation, r = 2.85 A represents the radius of the
area of rotation. As shown in Figure 13, this model provides
an excellent description of the EISF for both pure PMMA and
the 20% blend. This suggests that ester methyl protons rotate
around the C;—C bond by randomly moving throughout a circle
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of radius 2.85 A. The rotation of the ester group in PMMA has
previously been investigated using simulation.’® The authors
used a different approach to isolate the rotation, by fitting the
decay of ester group hydrogens with a function that describes
both segmental motion and rotation. As in the current case, these
authors find that the extent of the rotation is large [~4 A, but
conclude that rotation on a circle [8 or more sites] is more
appropriate.

We compared the temperature dependence of ester group
rotation in pure PMMA to experimental measurements of the
B-relaxation in a previous publication,>* and concluded that our
simulation results are consistent with the high temperature end
of the [-relaxation. As with pure PMMA, the temperature
dependence of characteristic times for ester group rotation in
the blends [Figure 14a] is Arrhenius. The activation energy is
consistent with dielectric measurements as previously dis-
cussed.>* Although the barrier remains constant, the presence
of PEO shortens the relaxation times. As mentioned above, this
is different than the usual observation at low temperature; that
the f3-relaxation is uninfluenced by environment. The stretching
parameters for ester group rotation vary with temperature, as
illustrated in Figure 14c. The temperature dependence is slightly
larger than that obtained for dielectric measurements, but within
the scatter of the data. We note that dielectric spectroscopy only
observes the B-relaxation and the primary relaxation of PMMA
as distinct processes below the 7, of PMMA: above this
temperature they appear to merge into a single process. The
current measurements isolate the motion responsible for the
B-relaxation®*>* at high temperature. It appears that in this
region, relaxation times for the primary relaxation and the
P-relaxation of PMMA are both influenced by mixing. This is
evident from Figure 15, in which the composition dependence
of both processes is presented in a single graph. The decays of
main chain motion and ester group rotation occur over similar
time scales, consistent with their merging to a single process in
this temperature range in dielectric experiments. The main chain
motion is clearly influenced more by the presence of the fast
PEO than ester group rotation, and a stronger composition
dependence is also evident. Given that the ester group rotates
over an area approximately 6 A in diameter, and that significant
packing of PEO with PMMA occurs over this spatial range as
illustrated by the PEO—PMMA intermolecular g(r) in Figure
16, it is reasonable that PEO atoms are encountered as this group
rotates, thus influencing its mobility.

PMMA has two methyl groups, one located on the ester side
chain [C,] and the other attached to the main chain branch point
[C;5], termed the a-methyl. The ester methyl rotates quickly
[times in the ps range at the temperatures of our simulations],
while o-methyl rotation times are comparable to those of the
primary and J-relaxations. We calculate the intermediate
scattering function reflecting rotation of both methyl groups as
described above. The results, presented in Figure 17, show that
methyl group rotation in PMMA is insensitive to environment.
A slight influence on the o-methyl can be discerned at high ¢,
but this is much smaller than the influence on ester side group
rotation. To obtain characteristic times and describe the entire
temperature range, we fit the data using eq 9, with the EISF
assigned from the plateau values in I™"™(g,7). The EISF is
temperature and composition independent, the same for both
methyl groups, and most consistent with a 6-fold rotation
model, as illustrated in Figure 18. The 6-fold model describes
motion between six equally spaced sites on a sphere, and
captures the combination of motion within a site combined with
site transitions better than a 3-fold model. This is an unexpected
result that we attribute to the high temperature of the simulation
compared to where methyl group rotation is normally measured.
A full discussion can be found in reference 55. Methyl group
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relaxation times are presented as a function of temperature in
Figure 19. As expected, the coincidence of methyl group rotation
for pure PMMA and PMMA in blends with PEO is observed
over the entire temperature range: both relaxation times
themselves, and activation energies are insensitive to environ-
ment. One might ask why rotation of the entire ester group is
sensitive to environment, whereas rotation of the methyl group
itself is not. The spatial extent of the two motions is quite
different: the ester group rotates over a sphere of radius 2.85
A, whereas the methyl group rotates over a hexagon that can
be inscribed in a sphere of radius 1.02 A. In the former case,
the protons travel over distances comparable to interchain
spacings, and thus as discussed above have the opportunity for
their motion to be influenced by the surrounding PEO chains.
Since the closest intermolecular contacts occur at 2.7 A, it is
not possible for interchain packing to influence rotation of the
smaller methyl groups.

Concluding Remarks

We summarize with a relaxation map in Figure 20, which
illustrates the responses of the five motions investigated in the
paper to mixing: the primary relaxations of PEO and PMMA,
the fB-relaxation in PMMA, and rotation of the two PMMA
methyl groups. Both parts of the figure present the primary
relaxations of PEO, and rotational times for the PMMA methy]s.
In part a, we show the primary relaxation of PMMA, whereas
in part b the S-relaxation of PMMA is presented. The different
relaxations overlap significantly, in particular the primary and
p-relaxations in PMMA, and to some extent rotation of the
o-methyl. At the higher momentum transfer, ¢ = 1.5 A~ times
for PEO approach rotation of the ester methyl in PMMA. The
[-relaxation in PMMA becomes faster when the environment
is altered to include PEO. It thus appears that localized motions
may be influenced by environment if the spatial extent of the
motion is sufficiently large.
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