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ABSTRACT: Deuterium NMR at Larmor frequencies of 15.6 and 76.7 MHz was used to study the segmental
dynamics of perdeuteriopoly(ethylene oxide) (d4PEO) in miscible blends with poly(vinyl acetate) (PVAc). Blends
with PEO compositions of 2% and 50% were studied. The segmental dynamics of PEO are 9 orders of magnitude
faster than the PVAc segmental dynamics for a 2% PEO blend near the blend T, and could be described by the
Lodge—McLeish model with a self-concentration of 0.3. The segmental dynamics of PEO in blends with PVAc
show a weaker temperature dependence than the terminal dynamics of PEO in the same blends. We also compare
the segmental and terminal dynamics of components in several other miscible polymer blends. For the fast
component in a blend, it is commonly observed that terminal relaxation has a stronger temperature dependence
than segmental relaxation. This effect correlates with the difference between the T, values for the pure components
and also with the ratio of the activation energies of the segmental dynamics for the two components in the blend.

Introduction

Understanding the relationship between segmental and ter-
minal dynamics in a polymer system is of importance both
scientifically and practically. Segmental dynamics characterize
the conformational transitions of polymer chains, determining
the glass transition temperature (7,) and the transport properties
of small molecules in a polymer matrix. Terminal dynamics
characterize the fluctuations of the end-to-end vectors of polymer
chains and strongly influence rheology and chain diffusion. For
pure homopolymers, the relationship between the two dynamic
processes is well-studied. At temperatures well above T, for a
pure homopolymer, it is commonly observed that the ratio of
the terminal relaxation time (7;) to the segmental relaxation time
(Tseg) 1s @ constant.”> This is consistent with the generally
accepted view that segmental motion is the fundamental kinetic
process that drives all other processes on longer length and time
scales. The Rouse model,® which adopts a bead—spring model
for a polymer chain, successfully reproduces this proportionality
between dynamics at different length scales. This simple
proportionality makes it easy to predict one dynamic process
given the other and thus has practical significance.

Many applications of polymers involve tuning the overall
dynamic properties of a material by blending different polymers
together. Being able to predict the dynamics in polymer blends
is of great importance. However, miscible polymer blends are
complicated dynamic systems featuring anomalously broad DSC
glass transitions* and the failure of time—temperature superposi-
tion.” Significant effort has recently been given to understanding
how the segmental dynamics of each component changes upon
blending. Components in a miscible polymer blend have distinct
segmental dynamics.*® Unlike miscible small molecule mixtures
in which all the components move at similar rates, the segmental
dynamics of a polymer in a miscible blend are biased to those
of its pure homopolymer. This explains, at least qualitatively,
the broad DSC glass transition and partially explains the failure
of time—temperature superposition. The Lodge—McLeish (LM)
model’ is one approach that captures these features by consider-
ing the self-concentration effect (the enhanced local concentra-
tion due to chain connectivity). In some systems,**'? quanti-
tative agreement has been found between the model predictions
and experimental results.

* To whom correspondence should be addressed.

10.1021/ma8010526 CCC: $40.75

In addition to understanding component segmental dynamics
in miscible blends, it is necessary to understand the relationship
between segmental and terminal dynamics for each component
in order to predict the rheological properties of the blend.'®"'
While the idea of self-concentration indicates that the LM model
is specifically applicable for segmental dynamics, it has also
been used to describe'? '® and predict'®!! terminal dynamics
in some cases. The use of the LM model in this way assumes
that segmental and terminal relaxation processes for a given
component in a miscible blend are tightly coupled and have
the same temperature dependence. However, no systematic test
of this assumption has yet been made. The literature indicates
a range of behaviors among different miscible polymer blend
systems. For polyisoprene/poly(vinyl ethylene) (PI/PVE),® a
single self-concentration value can fit both the segmental and
terminal dynamics of the PI component in blends with various
compositions indicating that the two processes have the same
temperature dependence. For poly(ethylene oxide)/poly(methyl
methacrylate) (PEO/PMMA)>'®!7 blends, however, a significant
difference was found between the temperature dependence of
terminal relaxation times and that of segmental relaxation times
for the PEO component. For polyisoprene/polystyrene (PI/PS),"
the component segmental dynamics have different temperature
dependences while the component terminal dynamics have
similar temperature dependences. For poly(vinyl ethylene)/
poly(butylene oxide) (PVE/PBO),"® a composition dependence
of the separation between segmental and terminal relaxation
times was reported for the PBO component, which indicates
from a different perspective the failure of the Rouse propor-
tionality relationship in this blend.

Here we report measurements of the segmental dynamics of
deuterated poly(ethylene oxide) (d4PEO) in miscible blends with
poly(vinyl acetate) (PVAc) using 2H NMR. Blends containing
2% and 50% d4PEO were studied. For each composition we
performed 2H NMR T; measurements in the miscible region at
two different magnetic fields. Segmental correlation times were
extracted using a modified Kohlrausch—Williams—Watts
(mKWW) correlation function. The terminal dynamics of both
PEO and PV Ac components as well as the segmental dynamics
of the PVAc component in blends with various compositions
were previously studied by Urakawa et al.'> We combine our
results with the data of Urakawa et al. in order to study the
relationship between the component segmental and terminal
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dynamics. A second reason for studying a blend containing PEO
is its relevance to PEO/PMMA blends whose unusual dynamic
behavior has drawn considerable interest'®-!7-2+2830738 and hag
sometimes been considered an atypical miscible blend system.
Studying another blend system with PEO as one component
will help us better understand the behavior of PEO/PMMA
blend.

We find that segmental and terminal dynamics of the PEO
component in PVAc blends have increasingly different tem-
perature dependences upon dilution of PEO. By comparing the
data for a number of miscible blend systems, we find that
terminal dynamics often have a stronger temperature dependence
than the segmental dynamics for the fast component in a blend.
Thus, the assumption that segmental and terminal processes have
the same relationship in a blend as in a pure melt is often
incorrect. We find that the ratio of the activation energies for
segmental and terminal relaxation is correlated with the
component 7}, difference and the ratio of the activation energies
of the segmental dynamics for the two components in the blend.

For the PEO/PVAc system, we find a large difference (up to
9 orders of magnitude) between the segmental relaxation times
of the two components near the blend 7, qualitatively similar
to the difference of 12 orders of magnitude reported for the
PEO/PMMA blend.'® However, unlike the case of PEO/PMMA,
the dynamics of PEO in blends with PVAc can be well described
by the LM model with a ¢ of 0.3, which is well within the
range of ¢gr values commonly observed in miscible blend
systems.12 We discuss the anomalously large ¢eir value reported
for the PEO component in blends with PMMA in terms of the
experimental temperature range in that study. When the data
for PEO in PEO/PMMA are fit over a restricted temperature
range above the blend Ty, a ¢gir of 0.37 is found, indicating
similarity between the behavior of PEO in PMMA and in PVAc.

Experimental Section

Materials. Perdeuteriopoly(ethylene oxide) was purchased from
Polymer Source (P2632-dEO). The d,PEO has M,, = 1.6 x 10°
g/mol with M,/M, equal to 1.07. T, of PEO with similar molecular
weight is previously reported to be 211 K.'> Poly(vinyl acetate)
with M, = 1.2 x 10* g/mol and M/M,, = 1.77 was kindly provided
by Dr. Osamu Urakawa. T, of this PVAc is 308 K.

Blend Preparation. The 2% d,PEO/PV Ac blend was prepared
via freeze-drying with HPLC grade benzene. The 50% d,PEO/PVAc
blend was prepared by solvent casting from benzene solution. A
detailed description of the preparation method can be found
elsewhere.'®2°

T, and Miscibility. The interaction parameter y for 2% deuter-
ated PEO in PVAc was measured using small-angle neutron
scattering by Huang*' using polymers with similar molecular
weights as those used in this study. Negative y values were extracted
for the temperature range of 323—383 K. Extrapolating the y values
to higher temperatures supports the miscibility of the blend up to
450 K (the highest temperature we studied). No direct neutron
scattering data are available for the 50% dPEO/PVAc blend;
however, a detailed study of the phase behavior of protonated PEO/
PVAc blends has been published by Chen et al.”' In their work,
the phase diagrams of PEO (M,, = 4.62 x 10* g/mol) in blends
with PVAc with varying molecular weights (My, = 1.68 x 10*—1.26
x 10° g/mol) were deduced both from DSC measurements and from
a Sanchez—Lacombe lattice fluid (LF) theory calculation. Good
agreement was found between the two methods, and both indicate
a LCST phase behavior. If we assume that isotopic labeling has a
negligible impact on the phase behavior of these polymer blends,
the phase diagram of the PEO/PV Ac blend used in our study can
be estimated from Chen’s study. For the 50% PEO/PVAc blend,
we estimate the phase boundary to be around 390 K, and we set
the upper temperature boundary for our measurement accordingly.
PEO in the 50% blend crystallizes at around 335 K,'> which sets
the lower temperature limit for our measurement. For the NMR
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measurements, if phase separation occurs, different 7 relaxation
times are expected for different phases, in which case the decay of
inverted magnetization should be nonexponential. For all our data,
excellent single-exponential decays were observed, supporting the
miscibility of the blends in the temperature range of our study. T,
of 2% PEO/PV Ac blend was measured to be 305 K with differential
scanning calorimetry by Urakawa et al.'> Because of the crystal-
lization of PEO, T, cannot be accurately measured for the 50%
PEO/PVAc blend.

NMR Measurements. As discussed in ref 15, dielectric relax-
ation measurement failed to detect the segmental dynamics of PEO
component in blends with PVAc, indicating very fast PEO
segmental dynamics. Since NMR detects segmental dynamics at
higher frequencies than those typically used in the dielectric
measurements, it is well-suited for studying the segmental dynamics
of PEO in blends with PVAc.

Spin—Tlattice relaxation times 7} were measured using H NMR,
and the standard inversion recovery (r—7—u/2) pulse sequence.
H NMR measurements were performed at two frequencies using
two different NMR spectrometers: Varian Inova-500 NMR spec-
trometer (76.7 MHz) and Bruker DMX NMR spectrometer (15.6
MHz). Temperature was controlled to +0.5 K and calibrated to an
uncertainty of £2 K using an ethylene glycol thermometer and
melting point standards. Data were processed with line broadening
equal to one-tenth the line width of the resonance peak, and the
magnetization relaxation was fit with three parameters to obtain
T,. Intensities and peak areas were separately employed for the fit
and yielded 7 values that agreed to within the experimental error
of our measurements (6%). After exposure to high temperatures,
T, was reacquired at lower temperatures as a test for sample
degradation. In all cases, the 7; measurements after exposure to
high temperatures agreed with earlier measurements to within
experimental error.

Data Interpretation

NMR Relaxation Equations. Relaxation of the 2H nuclear
spin is dominated by electric quadrupole coupling of deuterium
nuclei. As shown below, the relaxation of the deuterium nuclei
is related to the reorientation of the C—D bond.**** The
spin—lattice relaxation time of deuterium can be written as

1_3, LQ)
T 10”( 1| (@) + 41Qwp)] (1)

Here wp/27 is the Larmor frequency. The quadrupole coupling
constant e2qQ/h was taken as 155 & 3 kHz (determined from
the solid-state echo line shape at 183 K24) for d4PEO deuterons.
In eq 1, J(w) is the spectral density function, the Fourier
transform of the orientation autocorrelation function G(r) for
the C—D bond:

Jw) = % S Gwe™" ar 2)

G(t) is the function of our interest and can be written as

1

5 3

G = %Bosz 0(H0—

where 6(¢) is the angle of the C—D bond relative to its
orientation at time ¢ = 0.

Correlation Function and Correlation Time. We assume
a modified Kohlrausch—Williams—Watts (mKWW) functional
form for the orientation autocorrelation function. This functional
form has been previously employed and been found to give
excellent agreement with experimental data.?>~ 2740

Gl = alibe—z/zlib +a- alib)e—(z/r,cg)ﬂ )
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Figure 1. ?H T, values for pure d4PEO, 2% d4PEO in PVAc blend,
and 50% d4PEO in PVAc blend. Data were obtained at 16 and 77 MHz.
Solid lines, dashed lines, and dotted lines are fits for pure PEO, 50%
PEO, and 2% PEO, respectively. Fits are obtained by simultaneously
fitting all the data to eqs 1—6 with B constrained to 354 K and aj
constrained to 0.1. Fits are extended to lower temperatures to show
the 71 minimum. Fit parameters are shown in Table 1.

Table 1. Fit Parameters for d4PEO Dynamics in Blends with

PVAc*
composition 2% d4PEO 50% d4PEO pure d4PEO
Tew (PS) 0.021 0.015 0.020
To (K) 230 212 180
0.233 0.225 0.243

“ B constrained to 354 K, and aj;p, constrained to 0.1.

This function indicates that C—D vector reorientation occurs
via two mechanisms: librational and segmental motions. In this
equation ajip and Ty, are the amplitude and relaxation time for
librational motion; 7j;, is set to 1 ps in our fitting analysis, as
the fit is insensitive to this value. The remaining two parameters
in this equation, 7y, and 3, describe a characteristic segmental
relaxation time as well as the distribution of times associated
with it. We assume that 7., has Vogel—Tammann—Fulcher
(VTF) temperature dependence:

Tseg _ B
log(r —T-1, )

[

where 7., B, and T are constants for a given component in a
particular blend. The correlation time for segmental dynamics
Tege 15 the time integral of the segmental portion of the
correlation function

Tiege = Ir;?F(/%) ©)

Results

T, Data and Fitting to the mKWW/VTF Function. Figure
1 shows the measured H T} values for pure d;PEO as well as
2% and 50% d4PEO in PVAc blends. Data were acquired at H
Larmor frequencies of 16 and 77 MHz. For pure PEO and the
50% PEO/PVAc blend, the 77 minimum was not reached due
to the crystallization of PEO. For the 2% PEO/PVAc blend,
acquisitions were done above the temperature at which the fwhm
line width was 10 000 Hz, in which range the PEO component
can be considered to be a liquid. The error bars for each data
set are about the same size as the symbols.

Fitting of the deuterium 7 data was performed for pure PEO
and both blends using eqs 1—6. Data for each composition were
fit simultaneously for both fields. In this fitting procedure there
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are five unknown parameters: djib, T, 3, B, and Tp. Because of
the relatively small range of correlation times sampled in these
measurements, B and T are highly correlated with each other.
To be consistent with the fits for pure PEO in the study of PEO/
PMMA system by Lutz et al.,'® B was constrained to be 354 K
for all compositions studied here. In addition, based on
preliminary fits, the amplitude of libration was hardly affected
by blending. Consequently for all compositions, aj, was
constrained to a value of 0.1, which is about the middle of all
the ajip values (0—0.4) that can fit the data. The fitted 7' curves
for pure PEO, 50% PEO/PV Ac, and 2% PEO/PV Ac blends are
shown in Figure 1 and give a good representation of the data;
curves below the actual data acquisition temperatures are
predictions from the fitting parameters to show the 77 minimum.
Compared to unconstrained fits, adding the constraints described
above did not significantly affect the fitting quality and did not
have an impact on the 7. values that we report below.

The parameters for the fits shown in Figure 1 are given in
Table 1. Similar to the case of PEO/PMMA blends,'® small 3
values are observed, indicating a broad distribution of relaxation
times for d4PEO. Tj increases monotonically with decreasing
PEO concentration, indicating that the PEO dynamics slow down
upon dilution with PVAc. Because of the broad distribution of
relaxation times and the limited temperature range that did not
include the 77 minimum, an array of fitting parameters provided
comparable fits. When cooperatively adjusted, a wide range of
B (over several hundred K) and T, (over 100 K) can fit the
data. Consequently, while the calculated correlation times are
considered accurate, the values of the parameters should be
considered with caution. In particular, allowing all other
parameters to adjust freely, unconstrained fits gave values of
in the range of 0.22—0.28 for pure PEO, 0.22—0.25 for 2%
PEO/PVAc, and 0.22—0.26 for 50% PEO/PVAc.

Our fitting procedure assumes that all the parameters are
constants in the temperature range of our experiments. In a
recent study of the dynamics of 20% PEO in a PVAc blend by
quasi-elastic neutron scattering (QNS) experiments, Tyagi et
al.** reported that the distribution of PEO relaxation times
broadens at lower temperatures. To compare with their observa-
tions, we separately fitted our 2% PEO/PV Ac data in low (<350
K), medium (350—400 K), and high (>400 K) temperature
regions.The 3 values extracted for different temperature regions
are consistent within 0.05, which indicates that for our experi-
ments the distribution of relaxation times does not change
significantly with temperature. It is possible that the difference
between the NMR and neutron scattering results arises as a result
of the different types of local motions probed by these
techniques. Further study is required to better understand this
issue.

As a check on our fitting procedure, a superposition of 7}
data for different compositions is shown in Figure 2. One
temperature shift is applied to each blend at both fields to yield
the master curve; no vertical shifts are used here. The good
superposition indicates that the dynamics of PEO in blends are
approximately the same as those of pure PEO with only a
temperature shift. For the 2% PEO/PV Ac blend, the data were
shifted 57 K to lower temperatures. This number is much smaller
than the 7 difference of 97 K between the pure PEO and PVAc,
indicating that the dynamics of the dilute PEO component are
not slaved to its host. Thus, the segmental relaxation times for
PEO and PVAc are distinct as discussed below.

Correlation Times. After fitting the 7 data as described
above, we calculate the segmental correlation time Tyg. Of
d4PEO in the various blends using eq 6. Figure 3 presents the
segmental correlation times of pure PEO as well as for PEO in
the blends. An error bar of +0.15 to +0.25 decades is associated
with the segmental correlation time for d4PEO at the lowest



Macromolecules, Vol. 41, No. 21, 2008

T T T T T
.05 Pure PEO e o _
50% PEOQ (shifted 33K) A A ° L
2% PEQ (shifted 57K) | | o ° o
[e]
- o °
o©
1.0 N » o] |
— » on
) (]
Z 77 MHz h® oro
- [u]
g = - n%
-~ 15+ A A -
] o
™ A 16 MHz
al a®
bl )]
o
2.0 o 4
o
o
| [ | | [
250 300 350 400 450
T-AT (K)

Figure 2. Superposition of H T values for d4PEO in blends and pure
d4PEO. Blend data are shifted to the pure PEO data using only
temperature shifts. For each blend, a single temperature shift is used
for data at both fields.
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Figure 3. Segmental correlation times for pure d4PEO and d4PEO in
blends with PVAc calculated from the fit parameters shown in Table
1. Representative error bars are shown. The inset shows a superposition
of the three correlation time curves achieved by using temperature shifts.
The shifts associated with the 2% PEO/PV Ac blend and the 50% PEO/
PVAc blend are 58 and 36 K, respectively.

temperatures; this error diminishes to +0.1 decades at the
highest temperatures studied for all compositions. The inset
shows the superposition of correlation times for all compositions.
Similar to the raw data superposition shown in Figure 2, only
temperature shifts are employed here. The quality of the
superposition again argues that the segmental dynamics of the
PEO component in these blends have approximately the same
dynamics as pure PEO with a temperature offset. Shifts
associated with 2% PEO/PVAc blend and 50% PEO/PVAc
blend are 58 and 36 K, respectively. These numbers are in good
agreement with the shifts for the raw 7 data shown in Figure
2, supporting the validity of the model used for data interpreta-
tion.

Discussion

Relationship between Segmental and Terminal Dynamics
for PEO in PVAc. A comparison between the temperature
dependence of segmental and terminal dynamics of pure PEO
as well as the PEO component in 2% and 50% PEO/PVAc
blends is shown in Figure 4. Data representing terminal
dynamics are viscoelastic shift factors measured by Urakawa
et al.'> for PEO/PVAc blends with comparable compositions
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Figure 4. Comparison of temperature dependence of segmental and
terminal dynamics of pure PEO and PEO in blends with PVAc.
Terminal dynamics data are taken from ref 15 with vertical shifts
applied. Solid and dashed lines are used to guide the eye.

as the blends used in our study. These shift factors are
proportional to the terminal relaxation times (7). To test the
relationship between segmental and terminal dynamics for the
PEO components in these blends, the shift factors are vertically
shifted to the window of segmental correlation times. Since no
terminal dynamics data have been reported for 2% PEO/PVAc
blends, the terminal dynamics data for 5% PEO in PVAc are
used here to compare with the segmental dynamics of 2% PEO
in PVAc. As both compositions are in the dilute region, it is
reasonable to compare these data directly. It can be seen from
Figure 4 that over the temperature range studied segmental
dynamics and terminal dynamics of pure PEO show similar
temperature dependences. This observation agrees with the
proportionality relationship discussed in the Introduction, which
is true for most pure homopolymers well above T,. However,
as PEO is blended with PV Ac, the temperature dependences of
the two types of dynamics deviate. This deviation is quite
significant for dilute PEO in PVAc; for dilute PEO chains at
the low temperature end of our temperature range, the activation
energy for terminal dynamics is 1.8 times higher than the
activation energy for segmental dynamics.

Before we begin our discussion of the relationship between
segmental and terminal dynamics in polymer blends, we briefly
describe the behavior of pure homopolymers in the high-
temperature region relevant to this paper. A recent study by
Ding et al.' offers a good overview of this issue. For the six
pure homopolymers investigated (cis-polyisoprene, polyoxybu-
tylene, poly(propylene glycol), atactic polypropylene, polysty-
rene, and polycarbonate), they found that the ratio of terminal
to segmental relaxation time is nearly constant at high temper-
atures, indicating similar temperature dependence of the seg-
mental and terminal dynamics. At lower temperatures, however,
when the segmental relaxation is slower than 107>—1077 s, the
ratio starts to drop and the dynamic behavior of pure homoply-
mers becomes more complicated. Similarly, work by Plazek?
showed that thermorheological simplicity holds for PVAc in
the temperature range from 7, + 25 °C to T, + 80 °C but fails
between T, and T, + 25 °C. Thus, if the segmental and terminal
dynamics of a given component in a polymer blend exhibit
significantly different temperature dependences at temperatures
where the segmental correlation times are less than 1077 s, this
represents a unique feature of miscible blends.

Relationship between Segmental and Terminal Dynamics
in Other Miscible Blends. We next consider the general
relationship between component segmental and terminal dynam-
ics combining the experimental results of PEO/PVAc blends
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Figure 5. Ratio of the activation energy for terminal dynamics to the
activation energy for segmental dynamics for the low-7, component
(a) and the high-T, component (b) in various blends. Abscissas are the
T, difference between homopolymers. Dotted lines represent the
behavior of homopolymer melts. The error bars shown reflect error
propagation originating in uncertainties in the relaxation time data. (a)
From left to right, data points are for PB in PVE,?® PI in PVE,® PEO
in PVAc,” PI in PS,'"® and PEO in PMMA.>!® The solid line is a
guide to the eye. Compositions in the range of 20—30% low-T, polymer
were chosen, except for PEO in PVAc where an average of 2% and
50% PEO was used. The inset shows the same plot but for dilute PEO
in PVAc'® and dilute PEO in PMMA.'%!7 (b) From left to right, data
points are for PVE in PI, PVE in PB, PVAc in PEO, and PS in PL
Compositions in the range of 20—30% high-7, polymer, except for
PVAc in PEO where 60% PVAc is used.

and literature information on other miscible blends.”%!>~18:20

We quantify this relationship by the ratio between the apparent
activation energies for terminal (£, rm) and segmental dynamics
(Easeg), evaluated at the same temperature. A ratio of unity
indicates the simple relationship between these quantities found
in a polymer melt. In the remainder of this section, we will
correlate the ratio E,em/Eqseg With different blend properties
in an effort to understand what controls the relationship between
segmental and terminal dynamics.

Figure 5 shows the ratio E, jerm/Easeg for the low-T, compo-
nents (a) and high-T, components (b) in different blends plotted
against the 7, difference between their pure components. Ej ierm/
E; g 1s taken at the lowest temperature at which both segmental
and terminal dynamics data are available; more information is
provided in Table S1 in the Supporting Information. The study
of Ding et al.' shows that when segmental relaxation is slower
than 1077 s, even for pure homopolymers, the temperature
dependences of segmental and terminal dynamics can differ.

Macromolecules, Vol. 41, No. 21, 2008

This effect does not contribute any ambiguity to our analysis
since our comparisons are made for segmental correlation times
of the components in the range of 10~7—107 s. For all systems,
similar compositions in the range of 20—30% low-T, component
were chosen, except for PEO/PV Ac blend. For the PEO/PVAc
system, since the dynamics of blends with 20—30% PEO
composition range were not studied, the average of this ratio
for 2% PEO in PVAc and 50% PEO in PVAc is plotted in
Figure 5a. For Figure 5b, due to the crystallization of PEO in
blends with high PEO compositions, Ej term/Easee for the blend
with lowest PVAc concentration studied'® (60%) was plotted.

If the segmental and terminal dynamics of each component
had the same temperature dependence in these polymer blends,
all the symbols would fall on the horizontal line within their
error bars. Figure 5a shows that for the low-T, component in a
blend the ratio of the apparent activation energy for terminal
dynamics to that for segmental dynamics is usually bigger than
one. This ratio is even bigger for dilute blends as shown in the
inset. Thus, blending with a slower component has a stronger
effect on the terminal dynamics of the fast component than on
the segmental dynamics. This observation is consistent with a
recent work done by Niedzwiedz et al.® on the dynamics of
PEO in blends with PMMA. They obtained the dynamics of
the PEO component at short length scales with neutron
backscattering and at a larger length scale with neutron spin-
echo experiments. They found that the large length scale
dynamics were much slower than the prediction of the Rouse
model when the shorter scale dynamics were used as input.
Niedzwiedz et al. explained this behavior by arguing that the
larger scale dynamics of the fast component are not determined
by the average local dynamics but rather are dominated by the
lowest local mobilities.

The trend in Figure 5a indicates that the decoupling of the
segmental and terminal dynamics of the fast component becomes
more pronounced as the component T, difference increases. For
the PEO/PMMA blend, which has the largest component Ty
difference, the deviation from proportionality is quite significant.
Two other observations from the literature are consistent with
this trend. Watanabe et al. reported anomalous broadening of
the terminal dynamics of PI (fast) component in a blend with
poly(4-tert-butylstyrene) (P4tBS).** For this blend, the compo-
nents also have a large 7, difference (220 K).Watanabe et al.’s
observation is consistent with Figure 5a in that a large
component T, difference is associated with a failure of simple
models to describe the dynamics of the fast component in the
blend. In their work published in 2006,' Hirose et al. tested
the validity of Rouse model in miscible polymer blends from a
different prospective. They found that the separation between
segmental and terminal dynamics of the poly(butylene oxide)
(PBO) (fast) component in blends with poly(vinyl ethylene)
(PVE) varied with blend composition, indicating a failure of
Rouse model in this blend. However, the variation (~0.5
decades) is relatively small, which given the small 7, difference
(70 K) between the two components in that blend is consistent
with Figure Sa.

For the high-T; component in a blend, it is not clear whether
a corresponding correlation exists between the extent of
deviation from Rouse model and the component T difference
based on Figure 5b. The one clear outlier (PVAc in PEO/PVAc)
was evaluated at a significantly different composition than the
other systems, but we do not know whether this explains the
deviation of this system from the trendline.

Another attempt to understand the distinct temperature
dependences for segmental and terminal dynamics of compo-
nents in miscible blends is motivated by a recent paper by
Ngai.?” Ngai related the different temperature dependences for
segmental and terminal dynamics of the dilute PEO component
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Figure 6. Logarithm of the ratio of the apparent activation energies
for terminal and segmental dynamics of component A vs the logarithm
of the ratio of apparent activation energies for segmental dynamics of
A and B. Solid symbols are for the low-7, components, and open
symbols are for the high-7, components. Circles are for PEO/
PMMA?>'®!7 blends, squares for PEO/PVAc'? blends, up triangles for
PI/PS'® blends, down triangles for PB/PVE?® blends, and diamonds
for PI/PVES® blends.

in blends with PMMA to the temperature dependences of the
segmental dynamics of the two components. Ngai argued that
terminal relaxation of PEO could not occur without some motion
of the PMMA matrix. Thus, the terminal dynamics of PEO
might be coupled to the segmental dynamics of PMMA in a
way that the segmental dynamics of PEO is not.

In Figure 6, we generalize this idea to other blends and
compositions by plotting the ratio Ejerm(A)/E;seg(A) of one
component A vs the ratio E,geg(A)/Eyseq(B). The plot is made
on a double log scale, and the solid line is to guide the eye. For
all the systems, these ratios are evaluated at the lowest
temperature for which segmental and terminal dynamics data
of A and the segmental dynamics data of B are all available
and segmental dynamics of A is faster than 1077 s. Points with
negative values of the abscissa all represent the low-T,
component in these blends, and positive values are for the high-
T, components. Table S2 in the Supporting Information provides
additional details about the points plotted in Figure 6.

Figure 6 shows a reasonable correlation between Ej jerm(A)/
E,seg(A) and ratio of segmental activation energies for the two
components. The miscible blend systems whose components
exhibit segmental relaxation processes with quite different
temperature dependences are also those systems for which the
couplings between the segmental and terminal relaxation
processes of a given component are the weakest. Thus, the
terminal relaxation process of a component appears to depend
upon the segmental relaxation processes of both components.

Figures 5 and 6 demonstrate two important points. They
clearly show that segmental and terminal dynamics of a given
component in a miscible blend often do not have the same
temperature dependence. Furthermore, deviations from the
simple behavior of homopolymer melts (dotted horizontal lines
in Figures 5 and 6) are correlated with the dynamics in the blend,
suggesting what factors need to be considered in modeling this
behavior.

Distinct Segmental Dynamics in PEO/PVAc Blends.
Figure 7 summarizes the component segmental dynamics for
2% and 50% PEO/PVAc blends as well as the segmental
dynamics of pure d4PEO and PVAc. The PEO dynamics are
reproduced from Figure 3. The pure PVAc dynamics are from
Urakawa’s dielectric measurements.'> The symbols are their
experimental data after a small temperature shift to account for
the 3 K 7, difference between the PVAc used in their study
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Figure 7. Segmental dynamics of pure PEO, pure PVAc, and their
component in blends. PEO component dynamics are calculated from
fit parameters in Table 1. PVAc component dynamics are extracted
from information in ref 15 as described in the text.

and ours. For the pure PVAc, the high-temperature part of the
curve is obtained from the master curve presented by Urakawa.'”
From measurements on PVAc in blends with PEO (PVAc
concentrations of 60—100%), Urakawa determined that a self-
concentration value of 0.08 within the LM model reasonably
reproduced data for the PVAc component. We have used this
value to calculate the curves for 98% and 50% PV Ac.

Figure 7 clearly shows that the PEO/PVAc miscible blend
system exhibits distinct component dynamics. The ratio of PEO
and PVAc segmental relaxation times becomes more pro-
nounced upon the dilution of PEO. For the 2% PEO/PVAc
blend, near the blend 7}, the segmental dynamics of dilute PEO
is more than 9 orders of magnitude faster than the host PVAc.
This is a remarkable difference, and the only system that has
been reported to have a larger dynamic contrast is dilute PEO
blended with PMMA. '

LM Model Description of PEO Segmental Dynamics in
PVAc. The LM model’ assumes that the chemical composition
of the region within one cubic Kuhn length (Ik) of a given
polymer segment determines the mobility of that segment. This
local concentration (¢efr) is calculated by considering the bulk
concentration (¢seir):

et = Ger T (1 — Pyei)@ @)
LM estimate the self-concentration ¢ as

C.M,
self — KpNAVV (8)
Here C., is the characteristic ratio, M, is the repeat unit molar
mass, « is the number of backbone bonds per repeat unit, p is
the density, N,y is Avogadro’s number, and V = /.

In this model, polymer segments of a given type have an
effective glass transition temperature that is different from the
macroscopic blend 7T, because ¢ differs from ¢. In our
implementation of the LM model, we have used the Fox
equation to calculate this effective T,

1 . Des n L= ¢

Tg(¢eff) B Tg,A Tg,B (9)

We predict segmental dynamics in the blend by correlating
changes in Tyt with changes in Tp
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Toi(@) = To; + [T,(¢) — Tyl (10)

Thus, component dynamics in the blend can be predicted by
applying a temperature shift to the segmental correlation times
of the pure homopolymer.

Figure 8 shows the segmental relaxation times for PEO as a
pure homopolymer and in the blend with PV Ac, with the dotted
lines showing the best fits to the LM model, obtained by treating
¢serr as a fitting parameter. The best fit is obtained when @i is
0.30. The fits are reasonable given the error bars, indicating
that the composition and temperature dependence of PEO
segmental dynamics in PVAc blends can be described by the
LM model. Although the ¢ value obtained from fitting is
larger than the value predicted by eq 8 (0.15), it is similar to
the range of ¢ values obtained by fitting data for many other
miscible polymer blends.'

For these fits, the VTF curve describing the pure PEO
dynamics is needed as an input. Because of the crystallization
of PEO below 330 K, PEO dynamics cannot be measured at
lower temperature, limiting the range of data available for fitting.
The VTF parameters for PEO dynamics were determined by
fitting the data along with the constraint 7y .. = 100 s at the
PEO Ts.

Comparison to Neutron Scattering Results. As mentioned
above, Tyagi et al. studied the dynamics of 20% PEO in a PVAc
blend on a similar time scale (1073—107!! s) as our work using
quasi-elastic neutron scattering.** On the basis of our NMR
results, the segmental correlation times for PEO in this blend
can be predicted by the LM model using our pure PEO dynamics
and the extracted ¢ value of 0.30. We compared the
temperature dependence of the dynamics predicted from this
method to the neutron scattering data. Depending upon the
choice of wavevector, the temperature dependence of dynamics
of the PEO component measured by neutron scattering experi-
ment is weaker than or comparable to that of the predicted
dynamics. For the PEO component in this 20% blend, the
segmental dynamics measured by neutron scattering have a
weaker temperature dependence than the terminal dynamics
reported for this composition by Urakawa et al.'>(see Figure
S1 of the Supporting Information for a detailed comparison.)
Thus, the neutron scattering data are broadly consistent with
the principal conclusions of this paper.

Comparison of Segmental Dynamics of PEO in PVAc
and in PMMA. Lutz et al.'® reported that the segmental
dynamics of PEO changes very little with a composition change
from 3% to 30% in blends with poly(methyl methacrylate)
(PMMA). For the 3% PEO blend near the blend T, the
segmental dynamics of PEO are 12 orders of magnitude faster
than the PMMA segmental dynamics. They reported that a fit
of this data to the LM model gives a self-concentration value
of 0.57 as compared to the value 0.15 predicted by the LM
model. These unusual observations have drawn considerable
interest.'”-**?%3973% Sudying the dynamics of another system
containing PEO can help us to better understand the unusual
features of PEO/PMMA blends.

The results presented here for PEO in PV Ac are qualitatively
different than those reported for PEO in PMMA by Lutz et al.,
as indicated by the very different ¢yt values reported (0.30 vs
0.57). We reexamined the segmental dynamics data for PEO/
PMMA system published by Lutz et al. For each composition,
nearly half of the segmental dynamics data acquired for the PEO
component were below the effective 7, of PMMA component
in the blend. At such low temperatures, the PMMA component
is moving so slowly that the equilibrium state cannot be reached
in the time frame of the experiment. Since the LM model is an
equilibrium model, it seems inappropriate to include data in this
range in the fit to the LM model; it is well-known for
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Figure 8. Lodge—McLeish fit of segmental dynamics for the PEO
component in blends with PVAc.The solid curve represents pure PEO
dynamics and is used as input to obtain the LM fits (dotted lines).

homopolymers that segmental dynamics in the glass have a
different temperature dependence than dynamics above T,.** In
addition, quasi-elastic neutron scattering measurements’> per-
formed by Genix et al. indicate a significant qualitative change
in the PEO dynamics in PMMA blends below the PMMA
effective T,. They attributed this observation to a “confinement
effect”; i.e., the PEO chains need to move in a frozen PMMA
matrix. With these considerations in mind, we refit the PEO/
PMMA data from ref 16 using the LM model and using data
only above the Ty.r of PMMA in the blend. We obtained a
¢serr value of 0.37. This value is well within the range of s
values that have been reported'? and is close to the ¢g.; value
obtained here for PEO in blends with PVAc (0.3).

Concluding Remarks

We carried out NMR 7} measurements to study the segmental
dynamics of PEO in blends with PVAc with varying composi-
tions. The results were compared with PEO terminal dynamics
in the blends as well as the segmental dynamics of PEO in
blends with PMMA. The above data along with literature results
for PI/PVE, PEO/PMMA, PI/PS, and PB/PVE blends were used
to examine the relationship between the component segmental
and terminal dynamics in miscible polymer blends. There are
four major findings in this work:

(1) The segmental dynamics of PEO in blends with PVAc
are much faster than the segmental dynamics of the PVAc
chains. For 2% PEO in PVAc, the PEO dynamics are about 9
orders of magnitude faster than the PV Ac dynamics at the blend
T,. This behavior is qualitatively similar to that reported for
the PEO/PMMA system.

(2) The segmental dynamics of dilute PEO chains in blends
with PVAc has a considerably weaker temperature dependence
(by a factor of ~1.8) than the terminal dynamics of the same
chains in the same blend.

(3) A comparison of literature data for several miscible blend
systems indicates that, in contrast to the behavior of homopoly-
mer melts, segmental and terminal relaxation times often have
significantly different activation energies. For the low-T,
component, the terminal dynamics usually have a stronger
temperature dependence than the segmental dynamics. This
behavior can be correlated with two blend properties: the T,
difference between components and the difference between the
temperature dependence of the segmental dynamics of the two
components in the blend.

(4) The segmental dynamics of PEO in blends with PVAc
can be well-described by the Lodge—McLeish model with a
@seir of 0.30. If only data above the blend T are used to fit the
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PEO/PMMA system, a value of 0.37 is obtained, similar to that
obtained for PEO/PV Ac. Thus, it appears that these two systems
are qualitatively similar.
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