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ABSTRACT: Molecular dynamics simulations of model miscible polymer blends consisting of 1,4-
polybutadiene (PBD) (slow component) and PBD chains with reduced or eliminated dihedral barriers
(fast component) have been performed in order to study the influence of blending on segmental relaxation
processes in the fast component. We find that blending with a slow (high glass transition temperature,
or T;) component significantly increases the separation between the o- and -relaxations of the fast (low
T,) component, which may be unresolvable or nearly unresolvable in the pure melt. The o-relaxation of
the fast component is strongly influenced by blending, moving to longer relaxation times with increasing
concentration of the slow component. In contrast, the relaxation time of the S-process of the fast component
is only weakly influenced by blending. We speculate that this separation of relaxations processes in the
fast component with blending can explain segmental relaxation behavior observed in dielectric and NMR
relaxation studies of miscible polymer blends with disparate component dynamics.

I. Introduction

Despite extensive study, the underlying mechanisms
responsible for dynamics in miscible polymer blends
remain poorly understood, and the interpretation of
polymer blend dynamics remains controversial. A prime
example of such controversy is the segmental relaxation
of the lower glass transition temperature or 7, (dynami-
cally fast) component in blends comprised primarily of
the higher T, (dynamically slow) component. Dielectric
measurements of such blends reveal significant dielec-
tric loss at high frequency that exhibits weak concentra-
tion dependence and is located in a frequency range
similar to the response of the neat melt of the lower T
component. In blends where the lower T; component
dominates the dielectric activity of the blend the dielec-
tric loss of the blend (and hence the lower T, component)
was found to show either a very broad single relaxation
or sometimes two distinct relaxations. For example, in
polymer blends consisting of components with very
different glass transition temperatures in the neat melts
(AT; > 80 °C) such as polystyrene/poly(methylphenyl-
siloxane) (PS/PMPS)! or polystyrene/poly(vinyl methyl
ether) (PS/PVME),23 dielectric spectroscopy has clearly
showed two distinct relaxations of the fast component
(PMPS and PVME). One relaxation was found to have
a relaxation time similar to that of the neat melt of the
fast component and another closer to that expected on
the basis of blend average dynamics. Interpretations of
dielectric measurements in blends with dynamically less
asymmetric components (AT, < 80 °C) such as polyiso-
prene/poly(vinylethylene) (PI/PVE) have also resulted
in apparently contradictory conclusions regarding the
influence of blending on the dynamics of the fast
component (PI). Alvarez et al.* reported that they need
to assume a bimodal relaxation of the PI component in
the PI/PVE blend to interpret their data, while Kamath
et al.> and Arbe et al.® claim that they were able to fit
the dielectric response of the PI/PVE blend using
unimodal relaxation for both components.
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An additional controversy in understanding segmen-
tal relaxation of the fast component in miscible polymer
blends apparently stems from the quite different relax-
ation time scales accessible to various experimental
probes of segmental relaxation. QENS and NMR spin—
lattice relaxation measurements are primarily sensitive
to motions on the nanosecond or subnanosecond time
scale while 2D-NMR measurements typically probe
motions on the millisecond time scale. Dielectric spec-
troscopy has the broadest time window, ranging from
nanoseconds to multiple seconds, but is most straight-
forwardly applied in the millisecond to microsecond
domain. As a result of the differences in relaxation time
scales various techniques are often utilized in study of
the same blend at the quite different temperatures that
are needed to bring the segmental relaxation time into
the relaxation time scale of the particular experiment.
The combination of different time scales and measure-
ment at different temperatures can lead to apparently
contradictory conclusions. For example, in the PI/PVE
blend, the PI segmental relaxation times obtained from
2D-NMR measurements’ around 240 °C were estimated
to be 2—3 orders of magnitude slower than in the neat
PI melt, while QENS measurements® at 270 °C sug-
gested that PI segmental relaxation is barely affected
by blending.

Several theoretical models attempt to explain dy-
namical behavior of blends and their components based
on thermally driven concentration fluctuations,® chain
connectivity,? or a combination of both.1%710 In these
models, the local (segmental) dynamics of a polymer
chain are thought to be determined by the local envi-
ronment which deviates from the average blend com-
position. The Lodge—McLeish model® suggests that
segmental dynamics are defined by the environment on
the scale of the Kuhn length. On this length scale chain
connectivity results in a local environment for a polymer
segment that is richer in segments of its own type than
the average blend composition. While this model has
not been applied to describe bimodal relaxation of the
lower T, component observed in some blends relatively
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dilute in the fast component, it does not exclude these
phenomena. For polymers with large self-concentration
or with segmental dynamics controlled by a local
environment that is significantly smaller than the Kuhn
length, it is possible, in the frame of this model, to have
segments of the lower Ty component in two very differ-
ent environments: one almost exclusively comprised of
like segments and the other almost a 50/50 mixture of
segments, which would lead to bimodal relaxation of the
fast component.?

Models based on concentration fluctuations assume
that segmental dynamics are determined by a local
region that can be spontaneously rich in segments of
either blend component. The size of this local region is
related to cooperatively rearranging volumes associated
with the glass transition!! and (depending on the model)
has certain temperature and composition dependences.
Therefore, according to this class of models, a segment
of each component can have a broad distribution of local
environments (ranging from pure meltlike to dilute
limits) on length scales of several nanometers that
consequently leads to a broad dynamical response of the
components and the blend. This type of model has been
invoked to describe the dielectric relaxation of various
blends including the bimodal relaxation of the lower T
component.!?19 While concentration fluctuation-based
models can qualitatively account for the presence of the
bimodal relaxation in the fast component they are
unable to describe the wide separation of relaxation
times observed in experiments.l® A very recent attempt
to use a concentration fluctuation model to describe the
dielectric loss of PI/PVE blends resulted in a prediction
of a much narrower dielectric loss than that obtained
from experiments and completely missing a high-
frequency wing in the blend dielectric loss.1°

In summary, the theoretical models described above
attempt to explain the dynamical response of miscible
polymer blends and the perplexing behavior of the lower
T, component by considering heterogeneity in the
composition of the local environment of polymer seg-
ments and local structure (e.g., density fluctuations,
chain connectivity, etc.). While it has been shown that
parameters of these models can be fitted to quantita-
tively reproduce composition and temperature depen-
dence of segmental relaxation times for a variety of
miscible polymer blends,??1213 there are a number of
blends in which these models are able to predict only
qualitative trends observed in experiments® or fail
completely.!2 The majority of those failures are associ-
ated with prediction of the fast component dynamics in
the blend.

In this paper, we discuss segmental relaxation in
model realistic polymer blends consisting of components
with very different neat melt dynamics as obtained from
molecular dynamics (MD) simulations. We believe that
the relaxation mechanisms observed in this work are
qualitatively generic and have not been considered
before in interpretation of the segmental dynamics of
the fast component of miscible polymer blends.

II. Simulation Methodology and Systems
Investigated

Chemically realistic 1,4-polybutadiene (PBD) chains
(or CR-PBD) have been represented using a quantum
chemistry-based united atom force field.!* A detailed
description of the CR-PBD model and extensive com-
parison of melt simulations with NMR spin—lattice
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Figure 1. Dihedral energy profiles for the C(sp?)—C(sp®)—

C(sp®)—C(sp?) diherdral in CR-PBD, LB-PBD, and FR-PBD
models.

relaxation,!® dynamic neutron scattering,!® and dielec-
tric relaxation!” measurements can be found in the
literature. To create components with faster dynamics
two models have been employed. In the first model, the
dihedral barriers of all backbone dihedrals (excepting
double bonds) were reduced by a factor of 4 relative to
the CR model (we refer to this model as low barrier
chains or LB-PBD). In the second model, all backbone
dihedrals have been eliminated completely, providing
us with freely rotating chains or FR-PBD. In Figure 1,
we compare the dihedral energy profiles for these
models for the backbone C(sp2)—C(sp?)—C(sp?)—C(sp2)
torsion. All other bonded and nonbonded interactions
in these three models are identical. Our previous
simulations of FR-PBD melts!® have already demon-
strated that the reduction or elimination of dihedral
barriers in PBD melt allows essentially identical struc-
tural properties to those obtained using the CR-PBD
model—only dynamic properties are influenced by the
removal of the dihedral barriers. On the basis of Vogel —
Fulcher fits to the temperature dependence of the
o-relaxation time obtained from the torsional autocor-
relation function (see below), we obtain glass transition
temperatures!® of 170, 102, and 55 K for the CR-PBD,
LB-PBD, and FR-PBD, respectively. Finally, to model
a matrix that has much slower dynamics than CR-PBD
we used heavy FR-PBD, further referred to as HFR-
PBD. In HFR-PBD the atomic masses of FR-PBD chains
have been increased by a factor of 2 x 1019, thereby
effectively shifting the relaxation time scales by 5 orders
of magnitude to longer time. Note that qualitatively
relaxation of the HFR-PBD melt is identical to that in
FR-P?D; only the time scales are offset proportionally
to m'2,

All blends consisted of 40 chains each having 30
repeat units. Bonds were constrained using the SHAKE
algorithm.20 A cutoff radius of 10 A was used for
truncation of van der Waals interactions. A multiple
time step integrator with 1 fs time step for integration
of bonded degrees of freedom (bends and torsions) and
5 fs time step for nonbonded (intermolecular and in-
tramolecular separated by five bonds and more) interac-
tions was employed. Original configurations were taken
from existing well-equilibrated CR-PBD melts trajec-
tories obtained from our previous simulations. The
desired fraction of chains was converted to FR-PBD,
LB-PBD, or HFR-PBD and subsequently equilibrated
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over 40 ns followed by production run over 200—400 ns
using NVT ensemble molecular dynamics (MD) simula-
tions. The following blends have been investigated: (a)
FR-PBD/CR-PBD at 198 K with 10, 25, 50, 75, and 90%
FR-PBD; (b) LB-PBD/CR-PBD at 198 K with 10, 25, 50,
and 75% LB-PBD; and (c¢) CR-PBD/HFR-PBD at 500 K
with 10% CR-PBD.

III. Results

A. Torsional Autocorrelation Function and Seg-
mental Relaxation. The torsional autocorrelation
(TACF), defined as

TACF() = @(t)@(;))D— B(0)d "
B(0)*0— H(0)A

where 6 is the absolute value of the dihedral angle
ranging from 0 to x, was determined for the
C(sp?)—C(sp?)—C(sp3)—C(sp?) dihedrals. For polymers
with local dipole moments perpendicular to the chain
backbone, such as 1,4-PBD, dielectric relaxation is
closely related to the decay of the TACF. In this work,
we use the TACF as a convenient measure of segmental
scale relaxations in miscible polymer blends. Recently,
we showed that FR-PBD?! and LB-PBD?2 melts exhibit
two-step decay (neglecting librations) in the TACF with
increasing separation between the relaxation processes
with decreasing temperature. Hence, an important
consequence of the reduction (LB-PBD) or elimination
(FR-PBD) of dihedral barriers beyond the lowering of
characteristic relaxation times is the clear resolution
of a- and S-relaxations of the backbone dihedrals within
the time window accessible for MD simulations. Mecha-
nistically, we found that the -relaxation is due to large-
scale conformational motions that are spatially homo-
geneous (all dihedrals visit each conformational state).
However, on the time scale of the f-relaxation dihedrals
while visit all conformational states cannot populate
them with equilibrium probabilities due to packing
constraints imposed by the surrounding matrix. Com-
plete segmental relaxation (a-relaxation) occurs on
longer time scales over which all dihedrals able to
populate each conformational state with equilibrium
probability, a process that requires cooperative motion
of the matrix. A detailed discussion of molecular mech-
anisms responsible for the splitting of the o- and
pB-relaxations in the FR-PBD and LB-PBD melts can be
found in refs 21 and 22.

In parts a and b of Figure 2 we show the TACF of the
fast component (FR-PBD and LB-PBD) at selected blend
compositions for the FR-PBD/CR-PBD and LB-PBD/
CR-PBD blends, respectively. For reference, the TACF
o-relaxation time for the CR-PBD melt is on the order
of several microseconds, while the TACF a-relaxation
times for the FR-PBD and LB-PBD melts are 48 and
840 ps, respectively. Both the FR-PBD and LB-PBD
melts exhibit a weak separation between o- and S-re-
laxations at 198 K. As dynamically slow CR-PBD is
blended with the fast component, we can see that the
first step (excluding librations) in the decay of the
TACEF, or -relaxation, of the fast component is at most
weakly dependent on blend composition while the
o-relaxation is clearly strongly dependent on blend
composition.

We assume that both relaxations (o and ) in the
TACF can be represented by the KWW function3
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where 7 is an apparent relaxation time and f is a
stretching exponent. The TACF's for the fast components
were fit using the Williams ansatz:24

TACF(8) = A0 (&) + Afo(®) (3)

fit) = exp

where f,(¢) and f4(¢) are KWW functions representing
the a- and f-relaxations, respectively, while A, and Ag
are amplitudes of these processes with the constraint
Aq + Ap < 1.0. The ansatz in eq 3 has been extensively
used to fit relaxations where two statistically indepen-
dent processes are both contributing in the same time
domain.?® Only data for ¢ > 1.0 ps have been used in
the fits. Integrated relaxation times for each process
were determined from the time integral of the corre-
sponding relaxation function fi(¢) from zero to infinity.

Figure 3a shows relaxation times for the a- and
p-relaxations of the fast component in the FR-PBD/
CR-PBD and LB-PBD/CR-PBD blends as a function of
blend composition. Figure 3a clearly shows that as the
concentration of the slow component increases, the
separation between o- and S-relaxations of the fast
component increases dramatically due to the dramatic
influence of blend composition on the a-relaxation and
the insensitivity of the S-relaxation on blend composi-
tion. Figure 3b illustrates the composition dependence
of the amplitude (A, in eq 3) for the a-relaxation of the
TACEF for the fast component in the FR-PBD/CR-PBD
and LB-PBD/CR-PBD blends. The weak composition
dependence of the amplitudes indicates that the strengths
of a- and - relaxations of the fast component are not
strongly affected upon blending. A more detailed discus-
sion of the temperature and composition dependence of
relaxation times, amplitudes, and stretching exponents
of both relaxation processes in the slow and fast
components in these blends will be addressed in the
upcoming paper.

B. Dielectric Relaxation. Linear response theory
allows us to obtain the complex dielectric permittivity
e(w) = €'(w) + ie"(w) using the relationship?®

e'(w) + ie"(w) _

" 1—io [, @) exp(—iwt) dt  (4)

where the dipole moment autocorrelation function
(DACEF) is given as

N
4,(0)-M(£)0
MO»MOD £

1) = =
B4(0)-M(©0)D N
M,(0)-M,0)C

(5)

=

Here M(¢) and M;(t) are the dipole moment of the system
and the dipole moment of chain i at time ¢, respectively,
and N is the number of chains. For purposes of deter-
mining M(¢) we assume that the dipole moment of each
polymer chain is uncorrelated with that of the other
polymer chains.l” For the purpose of calculating the
DACEF hydrogen atoms were added to the united atom
trajectories in the manner described previously,2” and
partial atomic charges have been subsequently assigned
as described elsewhere.!”
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Figure 2. TACFs for the (a) FR-PBD in the FR-PBD/CR-PBD
blend and (b) LB-PBD in the LB-PBD/CR-PBD blend as a
function of concentration at 198 K. Also shown is the TACF of
the CR-PBD melt at 198 K. Dashed lines show fits to eq 3.
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Figure 3. Concentration dependence of the (a) integrated re-
laxation times for the TACF o- and -processes and (b) ampli-
tudes for the a-process of the FR-PBD and LB-PBD compo-
nents in the FR-PBD/CR-PBD and LB-PBD/CR-PBD blends.

In Figure 4 we show the DACFs of the LB-PBD
component in the LB-PBD/CR-PBD blends as a function
of concentration at 198 K. Similar to the TACFs the
DACEFs s for LB-PBD show increasing separation between
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Figure 4. DACFs of the LB-PBD component in the LB-PBD/
CR-PBD blends as a function of concentration at 198 K.
Dashed lines show fits to eq 3.
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Figure 5. Dielectric loss as a function of frequency for the
LB-PBD/CR-PBD blend and its components for the 25%
LB-PBD concentration at 198 K. Also shown are dielectric
losses for neat LB-PBD and CR-PBD melts scaled by their
composition in the blend.

two relaxation processes with increasing concentration
of the slow components. Fits of the DACFs by eq 3 are
also shown in Figure 4. The composition dependence of
the relaxation times for the a- and f-relaxations is
similar to that seen for the relaxation times for the
TACF shown in Figure 3a.

We have calculated dielectric response of the blend
and its components for the LB-PBD/CR-PBD mixtures
utilizing eq 4. In Figure 5, we show the normalized
dielectric loss as a function of frequency for the compo-
nents and total of the blend with 25% concentration of
the LB-PBD component. Also shown are the dielectric
losses for pure CR-PBD and LB-PBD melts weighted
by 0.75 and 0.25, respectively. The weighting of the pure
melts response facilitates comparison with the response
of individual components in the blend. Examination of
Figure 5 results in several striking observations. First,
the dielectric response of the LB-PBD component in the
blend shows two distinct peaks consistent with the split
between the o- and S-relaxations observed in the TACFs
and DACFs. The position of the high-frequency peak
coincides with the peak position of dielectric loss in the
pure LB-PBD melt, which consists of contributions of
two processes that are separated only by about an order
of magnitude in frequency yielding a single broad
peak. The low frequency (a-relaxation) process for the
LB-PBD component of the blend shows up as a very
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Figure 6. DACFs for the CR-PBD in the neat melt and in
the CR-PBD/HFR-PBD blend with 10% of the CR-PBD at
500 K.

broad process in the frequency range that overlaps the
response of the CR-PBD component in the blend. Hence,
upon blending the high-frequency process (5-relaxation)
of the LB-PBD component is only weakly affected while
the low-frequency o-relaxation moves to much lower
frequencies and broadens significantly. For the CR-PBD
component the dielectric loss upon blending becomes
narrower and shifts to higher frequencies. Finally, for
the total blend the dielectric response consists of two
clear peaks: (1) a low-frequency peak due to relaxation
of the CR-PBD component and a-process of the LB-PBD
component and (2) a high-frequency peak due to -pro-
cess of the LB-PBD component.

C. High-Temperature Regime. Results for the
FR-PBD/CR-PBD and LB-PBD/CR-PBD blends dis-
cussed above clearly show that blending with a slow
component differently influences the a- and f-relax-
ations of the fast component enhancing their (already
existing in the pure melt) separation. To determine
whether blending with a slow component can promote
separation between o- and f-relaxations at tempera-
tures where the pure melt of the fast component exhibits
only a single combined process (e.g., as observed from
dielectric relaxation), we studied a CR-PBD/HFR-PBD
blend with 10% of the CR-PBD component at 500 K. In
this blend, the CR-PBD is the fast component while the
HFR-PBD matrix is slower (e.g., relaxation time of the
o-relaxation) by several orders of magnitude. The
CR-PBD melt shows one combined dielectric relaxation
process at 500 K as exhibited by the relatively feature-
less DACF shown in Figure 6. However, when the
CR-PBD chains are mixed with much slower HFR-PBD
matrix, clear splitting between o- and f-relaxations can
be observed as illustrated in Figure 6, resulting in a two-
peak dielectric loss of the CR-PBD component in this
blend. Note that at this high-temperature most of the
relaxation of the DACF of the CR-PBD component in
the blend occurs through the -relaxation which largely
follows the combined process in the CR-PBD melt.
Therefore, while the dielectric loss associated with the
CR-PBD a-relaxation shifts significantly to lower fre-
quencies upon blending, the strong high-temperature
pB-relaxation, which is weakly influenced by blending,
dominates dielectric response of the CR-PBD compo-
nent.

IV. Discussion and Relation to Experiments

The above analyses of the influence of blending on
relaxation processes in a minority fast component of
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model miscible blends allow us to make several impor-
tant observations regarding relaxation mechanisms that
we believe have not been considered before in the
interpretation of experimental data on miscible polymer
blends. First, we observe that blending with a signifi-
cantly slower component promotes separation between
the o- and f-relaxations of the segmental relaxation of
the fast component under conditions where those pro-
cesses are either resolvable or merged in the pure fast
component melt. Second, the S-relaxation of the fast
component is at most only weakly affected by blending
while the a-relaxation of the fast component exhibits a
strong concentration dependence of relaxation times.
Hence, we interpret the high-frequency loss observed
in numerous dielectric spectroscopy studies of miscible
polymer blends (see Introduction) that is apparently
uninfluenced by blending as being due to the intrinsic
p-relaxation of the fast component and not due to
concentration fluctuations and/or structural heteroge-
neities within the blend. In other words, instead of
assuming that some fraction of the fast component is
not affected upon blending due to presence of the pure
meltlike local environments, we believe that a fraction
of the relaxation of the fast component (the -relaxation)
is not affected by blending and contributes homoge-
neously to the high-frequency response of the blend,
while the contribution from the a-relaxation is shifted
to lower frequencies with increasing fraction of the slow
component.

Finally, we note that when techniques such as NMR
spin—lattice relaxation or QENS are employed, mea-
surements are often made at temperatures that are well
above the glass transition temperature of the fast
component. This is required to move the segmental
relaxation time of the fast component into the experi-
mental time window. At these temperatures, the (-re-
laxation can dominate the merged or nearly merged
segmental relaxation.2:22 We speculate, therefore, that
NMR spin—lattice and QENS measurements may be
primarily sensitive to the p-relaxation of the fast
component relaxation in some blends and may not
detect, or only partially detect, contributions from the
composition-dependent o-relaxation of the fast compo-
nent that may be fairly weak at temperatures above the
Ty of the fast component. As a result, these techniques
may yield an anomalously weak (apparent) composition
dependence of the segmental relaxation time for the fast
component on blend composition by associating the
segmental relaxation time with the relatively matrix-
insensitive f-relaxation and not the composition-de-
pendent o-relaxation of the fast component. For ex-
ample, this could be the reason for the reported apparent
weak composition dependence of the poly(ethylene
oxide) segmental relaxations in the poly(ethylene oxide)/
poly(methyl methacrylate) blend measured by the spin—
lattice NMR.28 On the other hand, this supposition is
based on simulations of relatively ideal model polymer
blend which does not possess several characteristics
(e.g., mismatch in chemical structure of two components,
presence of side groups, specific interaction or hydrogen
bonding between components, etc.) that have been
considered as potentially important factors defining
dynamical relaxations in realistic blends.
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