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ABSTRACT: We have performed molecular dynamics simulations of blends composed of chemically realistic
(CR) and lower barrier (LB) 1,4-polybutadiene (PBD) over a wide range of composition and temperature. In
these blends, the dynamically fast component (LB-PBPz 108 K) and dynamically slow component (CR-
PBD, Ty~ 164 K) are conformationally, structurally, and thermodynamically very similar, with different dihedral
barriers leading to significantly different segmental dynamics. We observe primtagtaxation) and secondary
main-chain g-relaxation) processes in the dielectric response of pure melts and CR-PBD/LB-PBD blends for all
temperatures and compositions investigated. The separation between the dielemtdd-relaxation processes

of the fast component polymer significantly increases upon blending. This increasing separation dramatically
influences the frequency-dependent dielectric susceptibility of the blend due to the significant strength of the fast
componeng-relaxation process and the insensitivity of this relaxation process to the blend composition, providing
a plausible explanation for the broadening of the blend dielectric response observed experimentally in a number
of miscible blends. The results obtained from our simulations are discussed in light of concentration fluctuation,
Lodge—McLeish, and coupling models.

I. Introduction effective local concentration around a segment can be defined

. . . . as
Understanding the influence of blending on mechanisms of

segmental relaxation is a crucial step in our ability to tailor Get = Pse T (1 — beer)®d (1)
dynamical and viscoelastic properties of polymer mixtures and

has been a focus of numerous experimental and theoretica\yhere is the blend composition (volume fraction of A or B
studiest Much of this effort has involved application of NMR segments) andgserr is the so-called “self-concentration” of the
relaxation, dielectric spectroscopy, and QENS measurementscomponent under consideration (A or B) and corresponds to
to polymer blends of components with various degrees of the volume fraction occupied by a polymer segment in the
thermodynamic compatibility, structural similarity, and dynamic volumeV ~ Ix3. The model correlatege with a glass transition
asymmetry. One of the remarkable and almost universal temperaturelyei(¢) for the local environment (quantified by
characteristics of miscible polymer blends is the distinct ¢e) of polymer segment, which is assumed to be equal to
segmental dynamics of the component polymers. Specifically, Ty(¢err). To predictTy(¢er) the glass transition temperature of
the component polymers of miscible blends exhibit segmental the pure componentﬂ'g andTS) can be used, assuming that a
relaxation times that differ in magnitude and temperature mixing rule such as the Fox equation
dependence from each other and from their corresponding pure

melt values. Preservation of the individual character in the 1 1 Ohe  1— oy
segmental dynamics of each blend component instead of T ﬁ(¢)=T(¢ )ZF T
following some average (defined by blend composition) seg- 9€ greft 9 9
mental dynamics has inspired development of theoretical models,

that attempt to provide mechanistic insight into as well as 'S appllcattl)le. erreqbeﬁ alnd ?e/f_{ arz éhe effectltve (Ioca(ljl)th
predictive descriptions of this phenomenon. concentrations (from eq 1) of A an Segments aroun e

) ) . segment of interest. The LM model assumes that the segmental
Theoretical models have been suggested to explain dynamicakg|axation of the components in the blend is qualitatively
behavior of blends and their components based on thermally (mechanistically) the same as in pure melts of components and
driven concentration fluctuatioffschain connectivity, or a that only their temperature dependence shifts upon blending. If
combination of botd8 In these models, the Segmental dynam‘ the Segmental relaxation of a pure melt of the Component A

ics of a polymer are thought to be determined by the local can be described by a VogeFulcher (VF) temperature
environment that can deviate from the average blend composi-dependende®

tion. The Lodge-McLeish (LM) modet suggests that segmental
dynamics are determined by the environment on the scale of

the polymer statistical segment defined by the Kuhn lemhgth Tg\eg(T) = ’Ao; ex;{
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. The

)

®3)

A
T-T)

then the temperature dependence of the segmental relaxation
of this component in the blend can be represented by the same
VF equation but with a concentration-dependféﬁltparameter
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T§(¢>) = TQ + (TQ(¢eﬁ) — TQ) (4) segment with its envi_ronment. This coupling mddglCM)
represents the relaxation time for therelaxation process as

WhereT’Q andTg(¢>eﬁ) are the (known) glass transition temper- 7, = 1(7gft)" " (6)
ature of the pure melt of polymer A and the (estimated using

eq 2) glass transition temperature for the segmental relaxationwhere 7o is the primitive relaxation timetc is the crossover

of an A segment in the blend, respectively. time (onset of coupling) that has been shown to be around 2 ps

Another class of modeld-6 assumes that segmental dynam- [0 most polymers;”andn is the coupling parameter which
ics are determined by a local region that can be spontaneouslycan be relate_d_ to the parameter - 18; B) of the
rich in segments of either blend component due to thermal Kohlrausch-Williams—Watts (KWW) functior®*(see below)

concentration fluctuations (CF) in addition to a chain connectiv- that describes .tha-rela'\xatlon process in the t'me domain.
Changes of this coupling parameter as a function of blend

ity effect discussed above. It is assumed that these fluctuations > . .
are Gaussian distributed composition can effectively reflect broadening of theelax-
ation process due to concentration fluctuations. Recently, it has

. been suggested that the primitive relaxation tmgie this model

—0 5(¢eff — [Per) ) can be associated with the JohaBoldstein (JG) relaxation

' m5¢eﬁ)2[| process/ﬂ-relaxgtlon proces§2theref0re defining the separation
between the primany¢relaxation) and secondarg-telaxation)
processes as

P(¢er) 0 €X

about some average effective concentraigmwith [{0¢es)20]
variance. The size of this local region is related to cooperatively log(z,) — log(rs) = nllog(z,) — log(t,)] (")
rearranging volumes associated with the glass tran&?timd

(depending on the particular variation of the CF model) has Since it is frequently observed that the segmental relaxation of
certain temperature and composition dependences. According? dynamically fast polymer both slows and broadens (ge.,

to these models, a segment of each component can have a broa@ecreases) upon blending with a dynamically slower component,
distribution of local environments ranging from pure melt-like the CM (eq 7) suggests that the separation between-tiaed

to dilute limits on length scales of several nanometers that /A-relaxation processes in the fast blend component will increase
consequently leads to a broad distribution of segmental relax- Upon blending. While the CM is the only model for polymer
ation timesP(7seg of the components and the blend. Similar to blends (or melts_) that we are aware of that attempts to corre!ate
the LM model, the effectiv@, for each component in the blend ~ @~ and -relaxation processes, the mechanisms of correlation
as a function ofeif can be estimated using data for the pure (or couplmlg) of segmentgl dynamics with the surrounding matrix
melts of the components while the dynamical response of each@r® not rigorously defined, and therefore the composition
component in the blend as well as total of the blend can be dependenc_e of t_he CM parameters ar_ld the |n_f|u_ence of blending
predicted taking into account the assumed distributions of local 0N relaxation times are not predicted within the model.

environment$(¢er) and the corresponding distributions of the Nevertheless, the CM has been applied to polymer biéiadhsl
segmental relaxatiord(rse. other glass-forming mixture®;2! showing trends qualitatively

consistent with experiment, including systems where the LM
and CF models have struggléd.

Another challenging task for theoretical models is to capture
the breadth of the dielectric relaxation experimentally observed
for many blends. For example, dielectric measurements on
polyisoprene (Pl)/poly(vinylethylene) (PVE) blends reveal
significant dielectric loss at high frequency that exhibits weak
concentration dependence and is located in a frequency range
similar to the response of the neat melt of the lowigr
‘component (PI), as illustrated in Figure 2aA very recent
attempt to apply a CF model for description of the dielectric

number O,f b.Iends in which these. models. are able to. predict response of PI/PVE blefidesulted in a prediction of a dielectric
only qualitative trends observed in experiments or fail com- | <o either with qualitatively correct shape (distinct high-

pletely, indicating that some physics of segmental relaxation in frequency wing) but much narrower than observed in experi-

polymers blends is not being captured by these models. menis or with reasonable broadness but without a high-frequency
Particularly challenging for these models is the prediction of wing.

segmental relaxation of the low@ (dynamically fast) com- It is clear that additional understanding of the underlying
ponent of blends consisting of component polymers with very mechanisms of segmental relaxation in polymer blends would
differentTy in the neat melt. For example, the reported apparent gre a1y facilitate further progress in developing models that
weak composition dependence of the poly(ethylene oxide) correjate segmental dynamics with blend structure. Molecular
segmental relaxations in poly(ethylene oxide)/poly(methyl meth- 4 namics (MD) simulations, which have already made important
acrylate) blends measured by the spiattice NMR cannotbe  qonyributions to our understanding of segmental dynamics in
satisfactory described by the LM modéIThe LM model also  olymer melts, are in principle a perfect tool to address the
failed to describe segmental dynamics obtained from dielectric jsqes of segmental relaxation in miscible polymer blends. In
spectroscopy measurements in poly(vinyl methyl ether)/ {his work, we employ MD simulation to investigate the
polystyrene (PVME/PS) blend for low concentrations of composition and temperature dependence of segmental relax-
PVME 1415 ations in model polymer blends. We then discuss our results in
Another phenomenological model that has been applied to light of the theoretical models discussed above and suggest an
segmental relaxation in polymer blends (as well as melts) is alternative explanation for some puzzling dynamical features
based on a concept of intermolecular coupling of a relaxing observed experimentally in polymer blends. CDV

Both the LM and CF models attempt to account for the
influence of the local environment on the segmental relaxation
of the component polymers of a blend by assuming that
segmental relaxation of components in the blend is qualitatively
(mechanistically) the same as in the pure melts of these
components and that only relaxation times (or glass transition
temperatures) are shifted upon blending. While it has been
shown that these models can quantitatively reproduce the
composition and temperature dependence of segmental relax
ation times for some miscible polymer blends? there is a
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Figure 1. Frequency-dependent dielectric loss of (a) 50/50 PI/PVE
blend, Pl melt, and PVE melt at 270 K (data from ref 23) and (b)
50/50 LB-PBD/CR-PBD blend, LB-PBD melt, and CR-PBD melt at
198 K obtained from MD simulations. Arrows indicate concentration-
independent shoulder at high frequencies.

II. Model Description and Simulation Methodology

In this work, we have significantly extended our investigation
of blends comprised of chemically realistic 1,4-polybutadiene
(CR-PBD) and lower barrier 1,4-polybutadiene (LB-PBD)
chains?* CR-PBD is represented using a quantum chemistry
based united atom force figfkdthat has been extensively
validated against NMR spirlattice relaxatiorf® dynamic
neutron scattering’ and dielectric relaxatidd measurements.

To create a blend component with faster dynamics, the dihedral
barriers of all backbone dihedrals (except double bonds) were

reduced by a factor of 4 relative to the CR-PBD model (we
refer to this model as low barrier chains or LB-PBD). Figure 2

illustrates the dihedral energy profiles for these models for the

backbone C(sp—C(sp)—C(sp’)—C(sp) (alkyl) dihedral. All

other bonded and nonbonded interactions in the CR-PBD and

LB-PBD models are identical. Our previous simulati#isve
already demonstrated that modification of dihedral barriers in
PBD melts has little influence on structural but dramatically
influences dynamic properties. We illustrated recently that
reduction of the dihedral barriers in the LB-PBD melt resulted
in significantly lowerTgy (108 K) than is observed for the CR-
PBD (164 K)3°Hence, mixing of LB-PBD and CR-PBD chains
provides us with a model polymer blend in which the compo-
nents are quite different dynamically and yet have very similar
structure, thermodynamics, and chain conformations.

All blends consisted of 40 chains, each having 30 repeat units.

Bonds were constrained using the SHAKE algorithiA. cutoff
radius of 10 A was used for truncation of van der Waals
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Figure 2. Conformational energy of the C&p-C(sp)—C(sp)—C(sp)
(alkyl) dihedrals as a function of dihedral angle for the CR-PBD and
LB-PBD models. Also shown is the division of alkyl dihedral angles
into gauché, trans, and gaucheconformational states.

for integration of bonded degrees of freedom (bends and
torsions) and 5 fs time step for nonbonded (intermolecular and
intramolecular separated by five bonds and more) interactions
was employed. Original configurations were taken from existing
well-equilibrated CR-PBD melts trajectories obtained from our
previous simulations. The desired fraction of chains was
converted to LB-PBD and subsequently equilibrated over 40
ns followed by production run over 26@00 ns (depending
on T and blend composition) usingVT ensemble MD simula-
tions. The LB-PBD/CR-PBD blends with 10%, 25%, 50%, and
75% of the LB-PBD have been investigated at 198 K. The LB-
PBD/CR-PBD blend with 10% of the LB-PBD has also been
investigated as a function temperature at 222, 240, 273, 293,
323, and 400 K, while the LB-PBD/CR-PBD blend with 50%
of the LB-PBD has been investigated at 170,180, 222, 240, and
273 K.

[ll. Analysis of Dipole Relaxation

Dipole relaxation in PBD is due primarily to angular
reorientation of the cis HC=C—H groups that have a net
dipole moment (unlike trans HC=C—H groups, which have
no net dipole moment due to symmetry). Since there is no net
dipole moment directed along the backbone of the PBD chain,

the dipole moment relaxation and dielectric response of PBD

is primarily sensitive to segmental motion. Linear response

theory allows us to obtain the complex dielectric permittivity

e(w) = €'(w) — ie"(w) using the relationshf3

€'(w) —ie"(w) . po .

— %, -~ 1- iw ["DACF(t) exp(-iwt) dt (8)
where the dipole moment autocorrelation function (DACF) is
given as

M(0)-M(t)O
DACF({t) = ———=
M(0)-M(0)OI
N N

S MEMOD Y MmO

i,)=1

~

9)

N
z [M;(0)-M;(0)C0

i)=1

N
[4;(0)-M;(0)C

interactions. A multiple time step integrator with 1 fs time step HereM(t) andM;(t) are the dipole moment of the system (m&sv
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or blend) and the dipole moment of chainat time t, in the LB-PBD melt can be clearly observed by all probes of
respectively, andN is the number of chains. For purposes of segmental relaxation (torsional and dipole moment autocorre-
determiningM(t), we assume that the dipole moment of each lation functions, incoherent dynamic structure factor-HC
polymer chain is uncorrelated with that of the other polymer vector autocorrelation functions, and dielectric susceptibility)
chains, yielding the right-hand expression in eq 9. In calculating investigated. Mechanistically, we found that theelaxation
the DACF from MD trajectories using eq 9, hydrogen atoms process in LB-PBD melts can be associated with large-scale
were added to the united atom trajectories in the manner conformational motions corresponding to all or nearly all
described previousl§2 and partial atomic charges were subse- dihedrals visiting each conformational state. Theelaxation
quently assigned to all atorA%. process in LB-PBD melts becomes broader and at the same time
We assume that the contribution of a relaxation process to weaker (in strength) with decreasing temperature due to an
the (partial) decay of the DACF (eq 9), resulting from segmental increasingly heterogeneous population of conformational states
motion associated with the relaxation process, can be representedly individual torsions on time scales longer thanfhelaxation

by the KohlrauschWilliams—Watts (KWW) functior8.19 time but shorter than the-relaxation time. This heterogeneity
in the population of conformational states is imposed by the
- _ (1Y matrix which biases conformations of individual dihedrals on
f(t)=Aex (10) : > ;
T time scales shorter than tleerelaxation time and results in an

) ) ) ] ) increasing fraction of conformational transitions becoming
where 7 is the apparent relaxation timg, is the stretching jneffective in fomenting segmental relaxation with decreasing
exponent, and\ is the amplitude. We represented the autocor- emperature. Complete segmental relaxation (thelaxation
relation functions (eq 9) with the best fit obtainable using & ,rocess) occurs on longer time scales when a cooperative motion
single relaxation process and a sum of two processes, labelegyt the matrix results in the breaking up of the segmental cage
B (short-time) andx (long-time) using (due to intermolecular packing), which in turn leads to every

dihedral populating each conformational state with near-
DACF() = Agfs(0) + Afo(0) (11) equilibriurﬁ p?robabﬁity.

One of the important conclusions obtained from our inves-
tigation of thea- and -relaxation processes in the LB-PBD
melts is that both are operative at all temperatures. Moreover,
at high temperatures thg-relaxation process dominates the

Here f,(t) and fz(t) are KWW functions (eq 10) representing
the a- and g-relaxations, respectively, whild, and Az are
amplitudes of these processes with the constriaint- Az <

1.0. The choice of KWW functions to represent the relaxation . . . .
processes, as opposed to other functional forms in the time S€gmental relaxation. These results are consistent with analysis

domain, was a matter of convenience. Thaelaxation in ~ ©f the a- and f-relaxation processes in PBD melts from
polymers is commonly represented with a stretched exponentialdielectric spectroscopy experimerifst was found that below
function in the time domain and an asymmetric (e.g., Havriliak 1o WO 10ss peaks could be clearly observed, and these were
Negami) function in the frequency domathThe B-relaxation associated with the- or S-relaxation processes. At temperatures
process in polymers, however, is usually considered to be @P0V€Ty the dielectric loss exhibits one broad peak which is a
relatively symmetric in the frequency domain and hence is combination of c_ontrlbutlons from Ies_s_ separated (in frequ_ency)
represented with a CofeCole function, although asymmetry & andf-relaxation processes. Traditionally, such behavior at
in the 8-relaxation process and the use of a Havriidkegami  Nigher temperatures is associated with “merging“osfand
function to represent the process are not unkndwAs p-relaxations into a single process. However, Arbe €P4l.
described below, we find that th&relaxation process in the ~ Showed that if some characteristics of theelaxation process
LB-PBD melt and LB-PBD component in CR-PBD/LB-PBD  are extrapolated from low temperatures, then the dielectric loss
blends is typically not very broad; i.e., the stretching exponent at temperatures abovg, can be fitted with two separate

B (eq 4) is usually greater than 0.5. A KWW function wiite processe&n(—relaxation. aan-reIaxation) that remain separated
0.5 can be represented reasonably well in the frequency domainfor all temperatures investigated. They also found that the
with a (symmetric) Cole-Cole function. strength of thex-relaxation process decreases significantly and

Relaxation times for thew-relaxation ¢,) and -relaxation that f-relaxation process begins to dominate the segmental
(tp) processes were determined from the time integral of the relaxation with increasing temperature.
corresponding relaxation functiofa(t) andfs(t), obtained from At the lowest temperature (198 K) of our simulation of the
fitting and were described by either a Vogé&lulcher temper- pure CR-PBD melt, the DACF does not show any obvious
ature dependence (eq 3) or an Arrhenius temperature dependencsignatures of two separated relaxation processes, consistent with
the experimentally observed single, broad dielectric loss peak
(M) =1 exp((—:) (12) at this temperaturé® We found that the CR-PBD melt DACF
® T from our MD simulations can be adequately represented by a
] ] single (“merged’a- andS-relaxations) KWW process (eq 10)
IV. Results and Discussion over a wide range of temperatures (¥380 K). However, the
A. Segmental Relaxation in the Pure Component Melts. stretching exponerft is strongly temperature dependent, which
Here we briefly summarize our understanding of segmental is inconsistent with experimentally observed constant stretching
relaxation mechanisms in the pure LB-PBD and CR-PBD melts exponenfs = 0.41 for theo-relaxation process in PBD at lower
from MD simulations and dielectric relaxation measurements. temperature® as well as with the timetemperature superposi-
Detailed study of relaxation mechanisms in the LB-PBD #fielt  tion principle observed for this system in our previous simula-
has revealed that reduction of dihedral barriers in PBD allows tions32 This strong temperature dependence of the stretching
us to observe a clear separation betweemthelaxation process  exponent is indirect evidence that the single “merged” process
and a low-temperature relaxation process associated within reality is a combination of two separate processes that become
polymer backbone motion, the Johafoldsteinj-relaxation less separated upon increasing temperature as was suggested
process® The separation of the- and-relaxation processes by Arbe et af® and in our previous simulation studies of tE'IeDV
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Figure 3. Temperature dependence of the integrated relaxation times

of thea- andS-relaxation processes in the CR-PBD melt obtained from
fitting DACFs (triangles) and from analysis of experimental data by
Arbe et al. Line shows the VF fit of all data for tlherelaxation times.

dielectric response of CR-PBD meffsTaking this into account,
we fit the DACF for the CR-PBD melts using two processes
(eq 11) fixing the stretching exponent for therelaxation
process to experimental vaffeof 8 = 0.41 since we do not
have simulation data for temperatures belfyof the CR-PBD
that would allow us to independently determine the constant
stretching exponent. We found that for> 225 K this fitting
protocol provides relaxation times and amplitudes for dhe

and g-relaxation processes that are in good agreement with

experimental data. The-relaxation times nicely follow the VF

temperature dependence of the experimental data, as shown i

Figure 3, while the amplitudes for this process were between
0.08 and 0.15 for the temperature range between 400 and 22
K. The g-relaxation times are also consistent with experiment.

For lower temperatures (228.98 K), constrainingg = 0.41
for the a-relaxation process yields-relaxation times that are
systematically lower than experiment and do not follow the VF
behavior observed for MD simulations at higher temperatures.
We believe that in this temperature range theelaxation is
not adequately sampled in our simulations due to very long
relaxation times. The DACFs decay only to about-8045 on
the multiple microsecond time scale of our simulations. Taking
into account that thg-relaxation process in this temperature
range constitutes the majority of the relaxatfnye find that
the fits to our DACFs in this temperature range are relatively
insensitive to the representation of theelaxation. Therefore,
in this temperature range, in addition to fixing KWW stretching
parameter, we also fixed the relaxation time for dagelaxation
process as obtained from a VF fit of experimental and high
temperature simulations d&tand allowed the amplitudes and
parameters for th@-relaxation to be adjustable. This fitting
protocol produced relaxation times for tAeprocess that are in
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Figure 4. DACF as a function of time for LB-PBD (open symbols)
and CR-PBD (filled symbols) components in the LB-PBD/CR-PBD
blends and pure melts at 198 K. Lines show fits using egs 10 and 11
for CR-PBD and LB-PBD components, respectively. Estimated uncer-
tainties are smaller than the symbol size.

is a local process that depends much less on matrix mobility,
we anticipate that blending will influence the-relaxation
process of the component polymers much more than their
p-relaxation processes. This effect may be particularly important
for the lowerTy component since thg-relaxation process is
likely to be comparable in strength to or even stronger than the
a-relaxation process at temperatures aboveTfef the pure
lower Tg component.

B. Composition Dependence of Dipole Moment Relaxation

.ri]n LB-PBD/CR-PBD Blends. In Figure 4 we show the DACF
of the fast (LB-PBD) and slow (CR-PBD) blend components

or several blend compositions at 198 K. Also shown is the
ACF for the pure component melts. Signatures ofdhend
p-relaxation processes can be clearly seen for the pure LB-PBD
melt. As dynamically slow CR-PBD is blended with the fast
LB-PBD component, th¢-relaxation process of the fast LB-
PBD blend component is influenced very little while the
o-relaxation process for this component is strongly dependent
on blend composition. The DACFs shown in Figure 4 were fitted
using eq 11 (two processes) for the LB-PBD component and
eq 10 (combined process) for the CR-PBD component. For the
LB-PBD component no constraints on the KWW parameters
were imposed in the fitting. The- andj-relaxation processes
are well separated in this component, and the fits were
consistently converging to the same set of parameters indepen-
dently of initial values. However, significant overlap of the
o-relaxation ang-relaxation processes as well as incomplete
sampling of thex-relaxation process within the simulation time
window for the CR-PBD component significantly complicates
the fitting of DACFs for this component using two relaxation
processes (eq 11). Unlike the pure CR-PBD melt, where
experiment provides constraints in our fitting, for the blend there

agreement with high-temperature data as well as experimentalis no additional information that would allow us to define such

data, as shown in Figure 3. We also found that the amplitude constraints. Therefore, our attempt to fit the CR-PBD response
for the B-relaxation process at the Iowest temperature inyesti- in the blend using two processes (eq 11) resulted in a broad
gated (198 K) was about 0.7, consistent with analysis of range for some parameters that provided nearly identical

experimeng® The stretching exponent for thg-relaxation

descriptions of the data. Consequently, we fit relaxation in the

process was found to be between 0.6 and 0.7 over the entirecR-pBD blend component as a combined+ 3)-relaxation

temperature range.
We believe that these findings for pure melts have important

process.
The integrated relaxation times for tlee and -relaxation

consequences for segmental relaxation mechanisms in miscibleprocesses of the LB-PBD component awnd-{ j3)-relaxation

polymer blends. Since, as discussed above,cthrelaxation

process of the CR-PBD component are shown in Figure 5a as

process in amorphous polymers depends on cooperative motiora function of blend composition. For the LB-PBD component

of the local environment (matrix) while threlaxation process

the insensitivity of thep-relaxation time and the strongDV
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processes. A similar trend has been observed in the application
(@) of CM to glass-forming liquid mixturest-3® The stronger
composition dependence of the width of the combined relaxation
in the CR-PBD component for low LB-PBD content blends may
indicate that while separation of the- and -processes is
significantly reduced by initial blending, reflecting a greater
influence (speeding up) of therelaxation than thg-relaxation
_ upon blending with the fast LB-PBD component, further
il T increase in the LB-PBD content has relatively little additional
107 - MLl Lisrsp 4 influence on the separation once the separation has been greatly
Tﬂmm; "‘f reduced by initial blending.
e iy i The amplitude of thgs-relaxation process (and hence the
o-relaxation as well) of the LB-PBD component shows almost
no concentration dependence. The strength offthelaxation
process in the LB-PBD melt at this temperature (well abbye
fraction of LB component of the pure LB-PBD melt) is comparable to the strength of the
0.7 T . . . + o-relaxation process. The composition independence of the

relaxation time (ps)

0.0 0.2 0.4 0.6 0.8 1.0

strength of the LB-PBD componenf-relaxation process

indicates that thg-relaxation process of the fast component,

while becoming well separated from therelaxation process

ﬁaﬁsm_,,m upon blending, remains strong for all blend compositions and

is responsible for a significant fraction of the relaxation of the
B, S fast LB-PBD component in the blend.

i [ iesiiee The two most salient conclusions from these analyses of
}A il dipole moment relaxation in CR-PBD/LB-PBD blends are (1)
03 - s g, % i that the (main chainj-relaxation process of the fast component

JIfEasiiiii is insensitive to blending at temperatures that are well above
‘]If glass transition of this component and (2) thatdheslaxation
i '% B BPRD process of the fast component broadens significantly upon
0

0.6 1

amplitude(A) and
stretching exponent ()
=
=

' ' ' blending. Insensitivity of subglass relaxation processes to
0.2 0.4 0.6 0.8 1.0 blending has been observed experiment&if? However, these
fraction of LB component observations were made for blends where the subglass process
Figure 5. (a) Integrated relaxation times for the andS-relaxation is associated V‘,’if[h side group motion and at temperatures below
processes of LB-PBD and combinad { 3)-relaxation process of the  the glass transition where the segmental and subglass processes
CR-PBD component as a function of blend composition at 198 K. Also are well separated. Broadening of segmental relaxation of the

shown are the integrated relaxation times tor and ﬁ'relaxation dynam|ca"y fast Component has been observed in many po'ymer

processes in CR-PBD melt. (b) Composition dependence of KWW : : 23
stretching parametep) and amplitudes for ther- and S-relaxation blends and is predicted by CF modél:2*However, we do

processes of LB-PBD and combinad ¢ f)-relaxation process of the N0t believe that concentration fluctuations play a dominant role
CR-PBD component. Lines are for eye guidance. The error bars arein determining the dielectric response of CR-PBD/LB-PBD
either less than the symbol size or indicated explicitly. blends. According to CF models, the concentration fluctuations

should become negligible in dilute mixtures, and therefore no
dependence of the-relaxation time on blend composition can  broadening of component relaxation can be expected in this
be clearly seen. For the CR-PBD component the relaxation time concentration regime. We observe monotonically increased
for the (@ + f)-relaxation process decreases monotonically with broadening of the response of the LB-PBD component with
increasing fraction of the fast component. For the pure melt of increasing concentration of the CR-PBD component even in
the CR-PBD we also show relaxation times for the and relatively dilute (in the LB-PBD component) blends. Further-
p-relaxation processes obtained as described in section IVA. more, the combined(+ f3)-relaxation process in the CR-PBD
The relaxation time obtained for the combined process lies component of the LB-PBD/CR-PBD blends appearsdorow
between relaxation times of- and 8-relaxation processes, as upon blending with LB-PBD, counter to the predictions of the
anticipated. CF models.

In Figure 5b we show amplitudes and stretching exponents |t has been claimed that the CM predicts both insensi-
for the KWW functions for each process for both components. tivity of the 3-relaxation of the fast blend component to blend-
The stretching exponent for tiferelaxation process of the LB-  ing and broadening of the-relaxation process of the fast
PBD component decreases slightly as the concentration of theblend component with increasing concentration of the slow
slow component increases. However, theelaxation process  componen? We investigated the applicability of the CM to
in the LB-PBD component broadens significantly with increas- the relaxation behavior of the LB-PBD component in our
ing concentration of the slow component. For the CR-PBD CR-PBD/LB-PBD blends. Note that all parameters of eq 7
component, significant narrowing of the combined € f)- (excepttc) are available from the fits of LB-PBD DACF at
relaxation process is observed upon blending with the fast LB- any composition, and their compliance with eq 7 can be easily
PBD component, particularly for low LB-PBD content blends. eyaluated. We usecﬁWW and T';WW from our KWW fits of
This narrowing is likely due to a combination of reduced the DACF and calculatefl, = 1 — n using the CM witht, =
separation between the- and g-relaxation processes with 2 ps. The predicted values gf, are shown in Figure 6. The
blending (note that in the pure melt at 198 K the processes in ¢ prediction forf,, for the LB-PBD component of the CR-
CR-PBD are separated by almost 3 orders of magnitude, aspBp/LB-PBD blends is qualitatively different from that ob-
shown in Figure 5a) and intrinsic narrowing of the individual - served in our simulations. The predicted relaxation is mgeh,

0.
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Figure 6. Composition dependence of the KWW stretching parameter
for the a-relaxation process of the LB-PBD component as obtained
from fitting the DACFs and from prediction using CM.
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Figure 7. Normalized dielectric loss of (a) the CR-PBD component,
(b) the LB-PBD component, and (c) the LB-PBD/CR-PBD blend at

198 K for several blend compositions and pure melts of the components.
All curves are normalized such that the total dielectric loss is unity.

narrower than that observed in our simulations. The CM
predicted response of the LB-PBD component in the blend with
the lowest LB-PBD concentration is narrower than observed in
the pure LB-PBD melt.

C. Composition Dependence of Dielectric Loss in LB-PBD/
CR-PBD Blends.Using eq 6, we have calculated the dielectric
response of the LB-PBD/CR-PBD blends and individual com-
ponents in the blends, as shown in Figure 7. For the CR-PBD

Macromolecules, Vol. 39, No. 24, 2006
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Figure 8. Contributions due tax- and -relaxation processes to the
dielectric loss of LB-PBD in the pure melt and the 25/75 LB-PBD/
CR-PBD blend at 198 K. Contribution for each process has been scaled
proportionally to the corresponding amplitudes, @nd Ag) obtained

from fitting the DACFs and renormalized such that the sum ofathe
and S-relaxation process gives unity dielectric loss for each case.
Contributions in the blends were not weighted by the blend composition.

p-relaxation processes (as discussed above) for the slow CR-
PBD component with increasing concentration of the fast LB-
PBD component. The dielectric response of the LB-PBD
component (Figure 7b) shows the development of a low-
frequency shoulder as the concentration of the slow CR-PBD
component increases, consistent with the increasing separation
between theo- and -relaxation processes observed in the
DACFs. In Figure 7c, we show the normalized total dielectric
loss of the LB-PBD/CR-PBD blends as a function of frequency.
The total dielectric response of the blend consists of two clear
peaks: (1) a broad low-frequency peak due to relaxation of the
CR-PBD component (combined (+ f)-relaxation process)
shifted to higher frequency compared to the CR-PBD pure melt
combined with thea-relaxation process of the LB-PBD
component shifted to lower frequency compared to the LB-PBD
pure melt and (2) a high-frequency peak due to primarily the
[-relaxation process of the LB-PBD component (uninfluenced
by blending) and the high-frequency tails of therelaxation
process of the LB-PBD component and the combiree-(5)-
relaxation process of the CR-PBD component. The striking
similarity of features in the blend dielectric loss observed for
the 50/50 PI/PVE and 50/50 LB-PBD/CR-PBD blends (Figure
1, a and b) allows us to conclude that the relaxation mechanism
responsible for the high-frequency peak in the blend response
is similar for the two blend$!

Decomposition of the dielectric response of the LB-PBD
component into contributions from the- and S-relaxation
processes is shown in Figure 8 for one blend composition and
is compared with the dielectric susceptibility of the correspond-
ing pure melt. As expected, the dielectric loss due to the
[-relaxation process of the LB-PBD component does not shift
in frequency or strength upon blendiffgyhile the contribution
due to thea-relaxation process shifts to lower frequencies,
broadens, and overlaps with the response of the CR-PBD
component.

D. Temperature Dependence of Dipole Moment Relax-
ation in LB-PBD/CR-PBD Blends. In Figure 9 we show the
DACFs and their fits with egs 11 and 10 for the LB-PBD and

component (Figure 7a) the dielectric loss becomes narrower andCR-PBD components, respectively, as a function of temperature

shifts to higher frequencies upon blending, consistent with a
decrease in relaxation times and with either narrowing of the
relaxation processes or reduced separation betweemn-thed

in the blend with 10% LB-PBD. For both components we have
applied the same fitting procedure as in the analysis of the
composition dependence described above. The temper&B{}e
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Figure 9. DACF as a function of time for LB-PBD (open symbols)
and CR-PBD (filled symbols) components in the 10/90 LB-PBD/CR-
PBD blends at 198, 222, 240, 273, 323, and 400 K. Lines show fits
using egs 10 and 11 for CR-PBD and LB-PBD components, respec-
tively. Arrow indicates the direction of increasing temperature.
Uncertainties are smaller than the symbol size.
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dependence of the integrated relaxation times for the LB-PBD
p-relaxation process is illustrated in Figure 10a, while integrated 0
relaxation times for the-relaxation process of the components
in the pure melts, the LB-PBD-relaxation process in the blend,
and the combined CR-PBDu(+ f3)-relaxation process in the 6 1
blend are shown in Figure 10b for the 10% LB-PBD blend and
in Figure 10c for the 50% LB-PBD blend.

Figure 10a clearly shows that the temperature dependence
of the -relaxation processes for the LB-PBD component in
the blends is very similar to that in pure melt of this component
due to the insensitivity of thg-relaxation process to blending
with the slow CR-PBD as discussed extensively above. The 14
p-relaxation times for LB-PBD can be well described by an
Arrhenius temperature dependence in both the pure melt and
the 10% and 50% LB-PBD blends. Therelaxation process
of the LB-PBD component in the blends shown in Figure 10b,c 1000/T
exhibits significantly stronger temperature dependence than theFigure 10. Integrated relaxation times for the- and 3-relaxation
pure LB-PBD melt over the range of temperatures studied. processes of LB-PBD and CR-PBD components as a function of inverse

; 0 R ; . temperature for the LB-PBD/CR-PBD blend and pure melts. (a)
However, even in the 10% LB-PBD blend despite the domi Relaxation times for thes-relaxation processes. The error bars are

nance of the slow component (90%) in the blend,dhmlax- comparable to the symbol size. Lines show Arrhenius fits (eq 13). (b,
ation process for the LB-PBD component is faster than the c) Relaxation times for thex-relaxation processes (LB-PBD) and

dominant CR-PBD component (combined { j)-relaxation combined ¢ + 3)-relaxation process (CR-PBD) in 10% and 50% LB-

; ; ; . PBD blend, respectively. Solid lines show the VF fit of components
process). The relaxation times for the combined € 5) . pure melt data, dashed lines show the LM model prediction for the
relaxation process of the CR-PBD component have relatively LB-PBD a-relaxation process witheer = 0.3 and 0.0, and dashed-

weak temperature dependence that seems eventually to crosgotted lines show the LM prediction for the CR-PBD component in
over the temperature dependence of the LB-RBEelaxation the blend withgser = 0.3.

process. This “unphysical” behavior is due to fitting the

contributions of botho- and S-relaxation processes that have provide an unexpectedly weak temperature dependence of
quite different temperature dependences and magnitudes ofcomponent segmental relaxations in some blends.
characteristic relaxation times using one KWW function. The  To investigate the applicability of the “self-concentration”
separation between the (+ f)-relaxation processes increases concept of the LM model to segmental relaxation in our LB-
with decreasing temperature, and it becomes more difficult to PBD/CR-PBD blends, we have attempted to represent the seg-
adequately/completely sample the contribution ofdhgrocess mental relaxation times and their temperature dependence for
to relaxation due to increasing-relaxation times. As a  theao-relaxation processes in the 10% and 50% LB-PBD blends
consequence, the relaxation time obtained for the combimed ( using the LM model. The VF fits to the dipole moment auto-
+ f)-relaxation process deviates more from the true segmentalcorrelation times for the pure melts were extrapolated to low
(o) relaxation time with decreasing temperature. Unfortunately, temperatures, and the temperature where the segmental relax-
similar problems might be emerging in interpretation of ation time reachd1 s was consideref, for the corresponding
experimental data using techniques that are limited to relatively polymer melt (CR-PBDTy = 164 K, LB-PBD Ty = 108 K).

fast observation times (e.g., spitattice NMR and QENS) and ~ We then calculatedy ¢« for each component in the blend €
therefore, as in our simulations, cannot differentiate contributions 0.1 and 0.5 of the LB-PBD component) using the Fox equation
of secondary and primary relaxation processes and therefore(eq 2) where ¢er has been determined using@ser = CDV

7, LB-PBD

log(7) (ps)

(¢) a-relaxation process
(50% LB)
0 T T T T T T

2 3 4 5 [ 7 8 9
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0.3 estimated for PBB! Finally, the segmental relaxation times
from the LM model for each blend component have been
predicted using eq 3 where thg and B' parameters for =
{CR-PBD, LB-PBD} were kept the same as for corresponding
pure melts whileT, were determined using eq 4. In Figure
10b,c we show predictions by the LM model for tireelaxation
times of the LB-PBD and CR-PBD components witky;; =

cantly slower component promotes separation betweeinthe
andf-relaxation processes of the fast component. Second, the
relaxation time for thes-relaxation process of the fast compo-
nent is at most weakly affected by blending while theelax-
ation time of the fast component exhibits strong concentration
dependence. Third, th&relaxation process in the fast compo-
nent preserves its strength upon blending and can be comparable
0.3. The LM predictions for the segmental relaxation times for in strength to the-relaxation process at temperatures well above
the CR-PBD component deviate significantly from the relaxation Tg Of the fast component pure melt. In fact, we find that the
times of the combinedo( + f)-relaxation process observed in A-relaxation process of the fast component constitutes the
the blend. This deviation increases with decreasing temperaturegnajority of the blend dielectric loss at high frequency. The
due to weaker temperature dependence of the combined (  dielectric response due to therelaxation process of the LB-
p)-relaxation process than can be expected from the true PBD component broadens significantly, shifts to lower frequen-
a-relaxation process. It is possible that deviation between LM cies, and overlaps with the response {{ 3)-relaxation process)
predictions for the segmental relaxation time of blend compo- Of the slow component (CR-PBD) upon blending. For the CR-
nents and observed relaxation times (experimental or simulation)PBD component, the overall dielectric response becomes

in some blends may be due, at least in part, to the inability of
the measuring technique to separate strong Igeadlaxation
contributions to the relaxation from the true segmental relaxation

narrower upon blending with the fast (LB-PBD) component.
This seems to be a combination of two effects: (a) slight
narrowing of the relaxation processes and (b) decrease in

process (the-process) and/or a measurement window that does Separation betweea- and-relaxation processes.

not allow sufficient sampling of the long-time contribution of
the a-process to segmental relaxation.

For the LB-PBD blend component, where it is possible to

The dielectric response obtained from our MD simulations
of LB-PBD/CR-PBD blends is qualitatively similar to the
experimental dielectric response of real polymer blends com-

separate relaxation due to the local and segmental processeBrsed of dielectrically active component polymers with sig-

and to completely sample therelaxation, it is clear that the
LM model with ¢ser = 0.3 significantly underestimates the
slowing down of segmental relaxation upon blending for both
compositions. Hence, the LM model with a physically reason-
able ¢seif Underestimates the coupling between segmental
dynamics of the LB-PBD component and the dynamics of the
matrix. Thegser = 0.0 for the LB-PBD component provides a
better description of ther-relaxation times for the LB-PBD
component in the 10% LB-PBD blend, as illustrated in Figure
10b, indicating that, within the LM formulation, the segmental
relaxation of the fast component is determined entirely by the
bulk composition of the blend which is contrary to the spirit of
the LM model which assumes that the local, dynamically
relevant environment for a segment differs in composition from
the bulk blend due to chain connectivity effects. However, in
the 50% LB-PBD (Figure 10c), even withses = 0.0, the LM
underestimates the slowing down of titeelaxation of the LB-
PBD component.

The inability of the LM model to predict segmental relaxation
times for the LB-PBD component in the LB-PBD/CR-PBD
blends illustrates that the segmental relaxation processes for th

dynamics of the pure melts combined with a temperature-

independent local environment that exhibits an effective glass
transition temperature. Specifically, the segmental dynamics of

the fast LB-PBD component appear to be too strongly coupled
to the dynamics of the matrix than allowed within such a simple
framework, as illustrated in Figure 10b,c. A Vogéiulcher fit

(eq 3) of thea-relaxation times for the minority LB-PBD
component in the 10% LB-PBD blend yieldsTa value quite
similar to that found for the CR-PBD melt. This correspondence

seems to indicate an increasing dominance of the CR-PBD

dominated matrix in determining the segmental relaxation
behavior for the minority LB-PBD with decreasing temperature.

V. Conclusions

nificantly different segmental dynamics. We interpret the high-
frequency loss observed in numerous dielectric spectroscopy
studies of miscible polymer blends that is apparently uninflu-
enced by blending as being due to the intrinSicelaxation
process (secondary relaxation, intramolecular in nature) of
backbone dihedrals of the fast component and not due to
concentration fluctuations and/or structural heterogeneities
within the blend. In other words, instead of assuming that some
fraction of the fast component is not affected upon blending
due to the presence of the pure meltlike local environments,
we believe that draction of the local intramolecular backbone
relaxation of the fast component (thé-relaxation process) is
not (or only slightly) affected by blending and contributes
homogeneouslyo the high-frequency response of the blend,
while the contribution from thet-relaxation process 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 in the study of the
dynamics of miscible polymer blends, measurements are often
made at temperatures that are well above the glass transition

blend components cannot be understood in terms of SegmemaTemperature of the fast component. This is required to move

he segmental relaxation time of the fast component into the
experimental time window. At these temperatures direlax-
ation process can dominate the merged or nearly merged
segmental relaxatiof?:*> We speculate, therefore, that NMR
spin—lattice and QENS measurements may be primarily sensi-
tive to thep-relaxation process of the fast component relaxation
in some blends and may not detect, or only partially detect,
contributions from the composition-dependentelaxation of

the fast component that may be fairly weak at temperatures well
above theTy of the fast component. As a result, these techniques
may yield an anomalously weak (apparent) composition de-
pendence of the segmental relaxation time for the fast compo-
nent on blend composition by associating the segmental
relaxation time with the relatively matrix-insensitigeaelaxation
process and not the composition-dependerglaxation process

The above analyses of segmental relaxation processes in LB-of the fast component.

PBD/CR-PBD blends allow us to make several important
observations regarding relaxation mechanisms in miscible
polymer blends. First, we observe that blending with a signifi-
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