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ABSTRACT: Miscible blends of perdeuteriopoly(ethylene oxide) (d,PEO) and poly(methyl methacrylate)
(PMMA) were studied using deuterium NMR over the concentration range of 0.5—30% d,PEO using 2—4
Larmor frequencies ranging from 31 to 76 MHz. Spin—Ilattice relaxation times and line widths were
measured from 300 to 475 K. Over this range PEO is liquidlike or rubbery in terms of its dynamics even
though many of the measurements are below the blend glass transition temperature. There is no indication
of the DSC glass transition in terms of a jump in either the spin—Ilattice relaxation times or the line
widths. A model suitable for a rubber solid was used to interpret the spin—lattice relaxation times in
terms of segmental motion and backbone libration. Segmental correlation times for d,PEO fall in the
nanosecond range with a very broad distribution of correlation times described by a KWW g of about
0.27. The segmental dynamics of dsPEO are 12 orders of magnitude faster than PMMA segmental
dynamics for a 3% d,PEO blend near the blend T,. Over the temperature range studied, dsPEO segmental
dynamics are nearly independent of composition for blends from 0.5% to 30% d4,PEO. At the lowest
concentration studied, d,PEO is in the dilute solution range; this eliminates intermolecular concentration
fluctuations as an explanation of the rapid dsPEO dynamics. These observations are unusual for miscible
polymer blends and cannot be described by current models.

Introduction

Understanding and being able to accurately predict
dynamics in miscible binary polymer blends is a critical
precursor toward understanding dynamics in more
complex multicomponent systems. Dynamics in miscible
blends are challenging because the polymer chains are
in intimate contact with each other. Each component
is strongly influenced by the presence of the other.
Polymer blends are also technologically important,!
further motivating an increased understanding of their
properties. While significant effort has been made
toward the understanding of component dynamics in
blends,?™2! it is not yet possible to accurately predict
dynamic properties of blends from information using
only pure component data.

Dynamics of some binary miscible blend systems have
been studied in detail, including polyisoprene/poly-
(vinylethylene) (PI/PVE),2~® polystyrene/poly(2,6-di-
methylphenylene oxide) (PS/PXE),%” polystyrene/poly-
(vinyl methyl ether) (PS/PVME), and poly(ethylene
oxide)/poly(methyl methacrylate) (PEO/PMMA).22-24
These studies focus on component dynamics in blends
with intermediate compositions, 20—80%. While several
models attempt to predict blend dynamics, none of these
can accurately account for the dynamics observed in all
four of these miscible blend systems. The variables
affecting blend dynamics are thought to include intrinsic
mobility differences between the chains, coupling be-
tween the chains, self-concentration effects, and com-
position fluctuations of the system.17-2%

PEO/PMMA is a miscible blend system which has
been the focus of several previous studies.?2730 PEO/
PMMA blends display a small negative interaction
parameter y, but the system is complicated by the
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presence of crystallization of PEO as the composition
of PEO is increased above 20—30%.2728 There is a single
DSC glass transition for the amorphous component of
the blend indicating a true blend, but the small value
of x leads to large concentration fluctuations. Amor-
phous heterogeneities in the range 2—50 nm have been
reported on the basis of NMR measurements.2® Positron
annihilation lifetime spectroscopy also indicates a bi-
modal distribution of “free volume” consistent with local
heterogeneity.3® Colby and co-workers?? report that
time—temperature superposition fails for this blend.2526
The large difference in glass transition temperatures
between PEO and PMMA and their WLF parameters
indicate widely differing time scales of motion for the
two polymers before blending.2>26 A 1H NMR study of
Cohen-Addad and co-workers?? investigated the PEO
dynamics in blends down to 20% PEO. These studies
indicate that PEO segmental dynamics may be up to 9
orders of magnitude faster than PMMA segmental
dynamics at the glass transition temperature Ty of the
20% PEO blend. This result indicates a larger segmental
dynamics difference between d4,PEO and PMMA than
has been observed in other miscible blends.

In this contribution, 2H NMR was used to study a
blend of deuterated poly(ethylene oxide) with poly-
(methyl methacrylate) for concentrations ranging from
0.5% to 30% d4PEO. For each composition we performed
2H NMR T; measurements from 300 to 475 K at 2—4
different magnetic fields. To obtain a quantitative
description of segmental motion, correlation times were
extracted using a modified Kohlrausch—Williams—
Watts (mMKWW) correlation function coupled with a
Vogel—-Tamman—Fulcher (VTF) temperature depen-
dence. Since 2H NMR data have a more direct inter-

© 2003 American Chemical Society

Published on Web 02/04/2003



Macromolecules, Vol. 36, No. 5, 2003

pretation than that of 'H NMR, an improved description
of segmental motion is anticipated. In addition, this
study of d4,PEO dynamics extends into the “infinite”
dilution regime. This infinite dilution approach is not
only different from the previous studies of PEO/PMMA
but has also not been taken for any other polymer blend
system. In the limit of infinite dilution, intermolecular
composition fluctuations are unimportant. By removing
these composition fluctuations, the problem is simpli-
fied, allowing for the investigation of intrinsic mobility
difference and self-concentration effects on polymer
dynamics.

There are two major findings in this study of d,PEO/
PMMA blend dynamics. First, at the blend Ty, d4PEO
segmental dynamics are found to be 12 orders of
magnitude faster than PMMA segmental dynamics for
a 3% d4,PEO blend. Second, over the temperature range
studied, d4,PEO segmental dynamics are nearly inde-
pendent of composition for blends containing 0.5—30%
d4PEO. These characteristics are unusual for miscible
polymer blends and cannot be predicted by current
models. We present a physical picture that would
account for the extreme behavior of this system. We
propose that because d4PEO lacks side groups, segmen-
tal motion remains extremely fast, allowing the d,PEO
chain to locally relax in a “solid” matrix formed by glassy
PMMA.

Experimental Section

Materials. Deuterated poly(ethylene oxide-d,) terminated
at one end by —OH and at the other end by —OCHj; was
purchased from Polymer Source (#P2362-dEO). The d,PEO has
My = 1.25 x 10° g/mol with a polydispersity index of 1.07.
Poly(methyl methacrylate), My, = 1.06 x 10° g/mol, Pl = 1.16,
was also purchased from Polymer Source (#P1398-MMA). The
PMMA was greater than 79% syndiotactic. Additionally, a 20%
blend sample was kindly provided by Professor Ralph Colby;
it was prepared using d,PEO with M,, = 1.22 x 10° g/mol and
PMMA with My, = 5.49 x 10° g/mol.

Blend Preparation. Four d;,PEO/PMMA blends of 0.5, 3,
6, and 20% d4,PEO were prepared via freeze-drying with HPLC
grade benzene for 2H NMR measurements taken at 46 and 76
MHz. The 10, 20, and 30% d4PEO blends were prepared by
solvent-casting from benzene solution for NMR measurements
at 32 and 64 MHz. One 20% d4sPEO sample was cast from
acetone. All compositions specified in this paper are mass
percent.

For freeze-drying, up to 1 g of mixed polymers was dissolved
in ~25 mL of benzene. The sample was filtered using a 0.2
um filter and introduced dropwise to a round-bottom flask
which was precooled in liquid nitrogen. The sample was then
monitored closely to ensure a heating rate under vacuum of
approximately 5 K/h from 243 to 273 K. The sample was
heated for 2 h at 350 K to ensure complete removal of solvent.
The blend was then transferred to NMR tubes, sealed under
vacuum, and stored at 273 K until NMR measurements were
performed.

The cast samples were prepared by mixing dilute solutions
of the component polymers and then stripping the solvent at
room temperature using a vacuum. Vacuum drying was
continued either for days at room temperature or for hours at
400 K to ensure removal of all solvent.

Ty and Miscibility. Differential scanning calorimetry ther-
mograms were obtained using a Seiko SSC 220C DSC cali-
brated to a heating rate of 10 K/min using melting points of
indium and gallium. Samples were hermetically sealed in 15
uL Seiko aluminum DSC pans. Previous studies indicate
miscibility for blends of less than 20—30% PEO.?® DSC
thermograms of our samples indicate blend miscibility by the
presence of a single T,. In addition, there was no evidence in
our NMR measurements indicating blend immiscibility. The
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Figure 1. 2H NMR relaxation time measurements for deu-
terated poly(ethylene oxide) at 46 and 76 MHz for d,PEO/
PMMA blends containing 0.5, 3, 6, and 20% d4PEOQ as well as
pure d4PEO.

Table 1. Blend Characterization

wt % d4sPEO DSC Ty (K)
0 405
3 391
6 383
20 356

line width of the 20% d,PEO blend is greater than 10 times
that of the line width of pure d,PEO at 325 K. If PEO-rich
regions were present in the blend, we would expect to see a
peak with line width comparable to that of pure d,PEO
superimposed on a broader base. This was not observed and,
while not a rigorous test of blend miscibility, does corroborate
the DSC results. Table 1 provides a summary of the DSC
characterization of the d;PEO/PMMA blends.

NMR Measurements. Spin—lattice relaxation measure-
ments T, were performed using ?H NMR and the standard
inversion recovery (7—t—n/2) pulse sequence. T measure-
ments induce inversion of the macroscopic magnetization and
then measure the time for the magnetization to return to its
equilibrium state.

2H NMR measurements were performed at four frequencies
using four different NMR spectrometers: Varian Inova-500
NMR spectrometer (76.7 MHz),Varian Inova Wide Bore-400
NMR (62 MHz), Bruker DMX-300 NMR (46.1 MHz), and
Varian Mercury-200 NMR (31 MHz). Temperature was con-
trolled to +£0.5 K and calibrated to an uncertainty of +2 K
using an ethylene glycol thermometer, melting point stan-
dards, or both. Data were processed with line broadening equal
to one-tenth the line width of the spectra, and the magnetiza-
tion relaxation was fit with three parameters to obtain T;.
Peak intensity and peak area were both employed and yielded
T, values that agreed to within the experimental error of our
measurements (5%). For the more dilute samples, a minimum
of four trials were averaged to obtain T;. At higher concentra-
tions of d4,PEO, only one or two determinations of T, were
made.

Results

Figures 1 and 2 show measured 2H T; values for dg4-
PEO in the various d4PEO/PMMA blends. Figure 1
shows the ?H T, values for 0.5, 3, 6, and 20% d4PEO as
well as pure d,PEO taken at the 2H Larmor frequencies
46 and 76 MHz. Figure 2 contains ?H T, values for 10,
20, and 30% d4PEO taken at 32 and 64 MHz 2H Larmor
frequencies. The data in Figure 2 are for films cast from
benzene; the 20% sample cast from acetone provided by
Professor Ralph Colby gave the same results within
experimental error. There is no indication that the
method of sample preparation had any influence on the
measured T1 values.
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Figure 2. 2H NMR relaxation time measurements for deu-
terated poly(ethylene oxide) at 31 and 62 MHz for d,PEO/
PMMA blends containing 10, 20, and 30% d4PEO.

Data Interpretation

NMR Relaxation Equations. Relaxation of the ?H
nuclear spin is dominated by electric quadrupole cou-
pling of deuterium nuclei. As shown below, the relax-
ation of the deuterium nuclei is related to the reorien-
tation of the C—D bond.3132 The spin—Ilattice relaxation
time of deuterium can be written as

2 2
Til - 1107,2(%) [J(wp) + 4IQwp)] 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 —90
°C) for d4PEO deuterons. In eq 1, J(w) is the spectral
density function, and is the Fourier transform of the
orientation autocorrelation function G(t), for the C—D
bond:

I(w) = % [ (e dt )

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

G(t) = glﬂosz o(t) [~ % 3)

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

Correlation Function and Correlation Time.
We assume a modified Kohlrausch—Williams—Watts
(mKWW) functional form for the orientation autocor-
relation function. This functional form has been previ-
ously employed and found to give excellent agreement
with experimental data.53334

G(t) = aye "™ + (1 — alib)ei(thseg)ﬁ 4)

This function indicates that C—D vector reorientation
occurs via two mechanisms: librational and segmental
motions. In this equation ay, and 7, are the amplitude
and relaxation time for librational motion; 7, is set to
1 ps in our fitting analysis as the fit is insensitive to
this value. The remaining two parameters in this
equation, tseg and f, describe a characteristic segmental
relaxation time as well as the distribution of times
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Figure 3. Simultaneous fit to 20% d,PEO measurements at

31, 46, 62, and 76 MHz. Equations 1—6 were employed to

obtain this fit. B was constrained to 354 K and aji, to 0.1. 3,

To, and 7. in eqgs 4 and 5 were then freely adjusted to obtain

the best fit to the experimental data. Best fit parameters are
presented in Table 2.

associated with it. We assume that 75y has a Vogel—
Tamman—Fulcher (VTF) temperature dependence:

Tseg| __B
qu(r )_T—TO )

[+

where 7., B, and To are constants for a given component
in a particular blend. The correlation time for segmental
dynamics 7segc IS the time integral of the segmental
portion of the correlation function:

Trege = T} ©

Fitting to mKWW and VTF Functions. Fitting of
the deuterium T; data was performed for each blend
using eqs 1—6. Blends for each composition were fit
simultaneously for all fields in which they were studied.
In this fitting procedure there are five unknown pa-
rameters: aiin, 7, 5, B, and To. Because of the relatively
small range of correlation times sampled in these
measurements, B and Tg are highly correlated with each
other. Based on preliminary fits, B was constrained to
be 354 K for all blends studied. In addition, the
amplitude of libration was assumed to be unchanged
by the environment of the d4PEO chains, and conse-
quently aji, was constrained to a value of 0.1 for each
blend. Figure 3 shows data for the 20% d4,PEO blend at
four fields together with the fit obtained from the data
set. The fit is excellent.

Parameters for all fits are given in Table 2. The small
B values indicate a very broad distribution of relaxation
times for d4PEO. The values of § for d4PEO is these
blends are much smaller than observed for components
in other miscible blend systems. At present, the reason
for these differences are not apparent. To decreases
monotonically with increasing dsPEO concentration
except for that of the 10% blend. This minor irregularity
is not a surprise since an error of 2—3 K is reasonable
for T in these fits given that the data cover a narrow
frequency range and do not reach the T; minimum. Pure
d4PEO was fit in the same manner as the blend data.
An array of fitting parameters provided comparable fits.
Consequently, while the correlation times calculated for
pure d4PEO are considered accurate, the parameter
values for pure d4PEO in Table 2 should be considered
with caution.
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Table 2. Fit Parameters for d4PEO Dynamics in Blends?

Blends of d,PEO and PMMA 1727

3% d4PEO 6% d;PEO 10% d;PEO 20% d4PEO 30% d4PEO pure d;PEO
B 0.27 0.27 0.27 0.28 0.28 0.33
7w (S) 0.12 0.11 0.11 0.12 0.10 0.10
To (K) 212 211 212 207 202 166
fields fit (MHz) 46, 76 46, 76 32, 64 32, 46, 64, 76 32, 64 46, 76

a Fits to egs 4 and 5; for all fits aj, = 0.1 and B = 354 K.
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Figure 4. Segmental correlation times for both components
in d,PEO/PMMA blends at various compositions. Solid lines
for d,PEO are the result of fits of experimental data to the
mKWW function with a VTF temperature dependence. Pure
PMMA (labeled 0% meaning 0% d4PEO is present) dynamics
are the VTF fit from dielectric relaxation measurements of
Bergman et al. PMMA dynamics in blends containing 3, 6, and
20% d4,PEO were predicted assuming PMMA dynamics are
reflective of the blend T4 and that PMMA maintains a VTF
temperature dependence in the blends. A 12 order of magni-
tude segmental dynamic difference exists between PEO and
PMMA segmental dynamics at the blend Ty for a 3% blend.
PEO has a very weak composition dependence over the
temperature regime studied.

Correlation Times. After fitting the T, data as
described above, we calculate the segmental correlation
time 7seq,c Of d4PEO in the various blends (eq 6). Figure
4 presents the segmental correlation times of pure dg-
PEO as well as for d4PEO in the blends. An error bar
of +0.25 decades is associated with the segmental
correlation time for d4,PEO at the lowest temperatures;
this diminishes to +0.1 decades at the highest temper-
atures studied for all compositions.

The T1 minimum was not reached in these experi-
ments because the deuterium line widths for d,PEO get
very broad as the temperature decreases. The data
presented are the T; values for which the fwhm line
width is less than 18 000 Hz. A transition from a liquid
view to a solid-state view is required to interpret the
data past this regime where a solidlike quadrupolar
pattern begins to emerge. A different interpretational
approach from eqs 1—6 would be required. A study of
dynamics via quadrupolar echo line shapes is being
made at lower temperatures and will be reported later.

Discussion

PMMA Dynamics in d4PEO/PMMA Blends. In
this study, dynamic information was measured only for
d4PEO in the d4PEO/PMMA blends. To allow a com-
parison between the dynamics of both components, the
segmental dynamics of PMMA measured by Bergman
et al.35> were used to predict the dynamics of PMMA in
the various blends. These predictions are shown in
Figure 4. The prediction for PMMA dynamics in the
blends assumes PMMA dynamics maintain a VTF
temperature dependence in the blend. PMMA dynamics
were predicted using To = Tgplend — 33 K, where Ty piend

is measured by DSC, and holding 7. and B constant.
This assumption is consistent with studies that indicate
that the effective Tg for the slow component in the blend
is nearly the blend T4.375 Any error associated with this
assumption will be negligible in the limit of low PEO
concentration.

d4 PEO Dynamics in d4PEO/PMMA Blends. Fig-
ure 4 shows d4PEO segmental correlation times ob-
tained by fitting T; data to eqs 1—6. Two significant and
unusual features are found in Figure 4. First, d4PEO
segmental correlation times for blends of up to 30% d4-
PEO are nearly identical. Second, in the 3% d,PEO
blend, d4PEO segmental dynamics are 12 orders of
magnitude faster than the PMMA segmental dynamics
at the blend Tgy. This magnitude of decoupling of the
segmental dynamics of the two components in a miscible
polymer blend has not previously been reported.

By investigating d4PEO/PMMA blends in the dilute
regime, the variables affecting dynamic properties have
been simplified. For example, in a 20% or 30% d4PEO/
PMMA blend, the large difference between the segmen-
tal dynamics of the two components might have been
ascribed to the presence of d4PEO-rich domains. How-
ever, in the dilute limit, composition fluctuations are
eliminated, and each d4PEO chain is isolated and
surrounded by PMMA chains. The critical overlap
concentration c* for d4PEO of this molecular weight is
about 1.5%. Measurements on 0.5% d4PEO indicate
identical dynamics to that of 3, 6, and 10% d4PEO; thus,
the 3% results can be interpreted assuming each d4,PEO
chain is completely surrounded by PMMA units. The
only contributions to d4PEO dynamics for this blend are
then the intrinsic mobility difference between the chains
and self-concentration effects. Despite eliminating the
possibility of d4PEO-rich domains which might have
accounted for fast dynamics, d4PEO segmental dynam-
ics remain on the nanosecond time scale when PMMA
segmental dynamics slow to 100 s at the blend T,. This
combined with the weak composition dependence sug-
gests that the segmental motions of a d4PEO chain are
decoupled from the PMMA matrix which surrounds it.

Our 20% d4PEO results are in qualitative agreement
with the 'H NMR results of Cohen-Addad et al.?? At the
highest temperatures studied our correlation times are
1 decade slower than those reported by Cohen-Addad,
and at the lowest temperatures this difference becomes
less than half a decade. The 2H NMR measurements
reported here provide information about carbon—
deuterium vector reorientation. In 1H NMR, the relax-
ation of magnetization not only is due to H—H reorien-
tation of hydrogens attached to the same carbon but also
is a result of interactions with other nearby protons.
These additional protons may be attached to other parts
of the repeat unit or on other repeat units either on the
same chain or neighboring chains. Presumably these
additional interactions are responsible for the different
segmental correlation times reported here and those
reported from IH NMR.22
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Figure 5. Lodge—McLeish fit of d4PEO segmental correlation
times for d4PEO/PMMA blends of 10, 20, and 30% d4PEO. One
parameter, ¢sir, Was varied in the fitting; the best fit was
obtained with ¢t = 0.57. The blend T, was predicted using
the Fox equation.

A number of models have been introduced to predict
dynamics of polymers in blends.1’21 Figure 5 shows our
attempt to fit the d4PEO data with the model of Lodge
and McLeish.?! The model assumes a cooperative vol-
ume centered on a monomer of the polymer of interest.
Within this cooperative volume the concentration of the
polymer is enhanced over the bulk concentration due
to chain connectivity. The relevant length scale is
assumed to be the Kuhn length of the polymer in this
model. We used the model of Lodge and McLeish not to
predict segmental dynamics but to fit our data. The best
fit was obtained by varying the self-concentration ¢se
utilizing the VTF parameters for pure d;PEO and
assuming a Fox relationship for the blend Ty. The fitted
value of ¢geir for d4PEO/PMMA is 0.57. While the Lodge
and McLeish approach provides a reasonable fit to the
data, the value of ¢ predicted by their approach is
0.15. We are not aware of any model that can predict
the data.

Potential Artifacts. There are two potential arti-
facts that need to be addressed in the determination of
the d4,PEO segmental dynamics.

As the distribution of relaxation times is very broad,
could we have made a significant error in the correlation
times as a result? The stretched exponential parameter
f of the mKWW function is a measure of the distribution
of relaxation times. In this study, a g of around 0.27
was found for each composition, signifying a very broad
distribution (full width at half-maximum of 4-5 de-
cades) of relaxation times for d4PEO dynamics. With
such a broad distribution present, it is useful to have
an additional check on the extracted correlation times.
This can be done for the NMR measurements taken here
utilizing the fact that T, < T,, where T is the spin—
spin relaxation time. An upper bound for segmental
dynamics of d4PEO in d4,PEO/PMMA blends can be
calculated using T, which can be estimated from the
observed line width. This upper bound is parallel to, but
3 orders of magnitude slower than, the segmental
correlation times reported here. This upper bound does
not necessarily indicate an error in the segmental
correlation times. Rather, because T, relaxation con-
tains low-frequency contributions (terminal relaxation)
which are not present in Tj, this upper bound is
expected to be considerably larger than the segmental
correlation time. A large and significant dynamic dif-
ference between d,PEO and PMMA of over 8 orders of
magnitude would still exist at Ty in a 3% d4PEO blend
even if d4PEO segmental correlation times were taken
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Figure 6. Comparison of segmental and terminal relaxation
times for PEO in purePEO and in a 20% PEO blend. The right
axis corresponds to terminal dynamics (lines with circles).
Segmental correlation times resulting from fitting are plotted
on the left axis (lines with no symbols). The ratio of Tierm/Tseg
for the melt is constant while for a 20% PEO blend this ratio
has a temperature dependence.

as the upper bound. This indicates that the dynamics
of d4PEO found by NMR are unequivocally many orders
of magnitude faster than the PMMA dynamics at the
blend T,

Have we really measured the segmental relaxation
times (i.e., the a relaxation) for d4PEO in the blends or
are we reporting some faster motion? A comparison
between the activation energy for pure d4,PEO extracted
from NMR data to that of viscosity experiments shows
that the dynamics reported here are consistent with an
o relaxation. A viscosity study of PEO found the
activation energy to be 6.4 kcal/mol.36 The activation
energy from our work is in good agreement at 6.5 kcal/
mol. Also in good agreement with our NMR results is
an apparent activation energy extracted from a 13C
NMR study?®” of 6.7 kcal/mol. This consistency argues
strongly that what we report here is an a relaxation
corresponding to segmental motion of PEO.

Comparison with Terminal Relaxation Dynam-
ics. Figure 6 compares the temperature dependence of
the terminal relaxation time of PEO as found by
Colby?>26 to its segmental dynamics both in the pure
state and for a 20% PEO blend. While the temperature
dependence of segmental and terminal dynamics are the
same for pure d4PEO, the temperature dependence of
terminal dynamics in the 20% blend is much stronger
than that of segmental dynamics. This means that the
ratio of tierm/Tseg IS NOt constant in the blend as is
sometimes assumed in models of blend dynamics.?! A
changing ratio of term/Tseg is also consistent with the
physical model for dynamics in d4PEO/PMMA blends
which we present below.

Comparison with Other Blends. None of the
previously studied miscible blends display the extreme
characteristics observed for the blend of d4PEO/PMMA.
Here we make a comparison with three miscible blend
systems: polyisoprene/poly(vinyl ethylene) (PI/PVE),
polystyrene/poly(2,6-dimethylphenylene oxide) (PS/
PXE), and polystyrene/poly(vinyl methyl ether) (PS/
PVME). PI/PVE studies?™® find an intrinsic mobility
difference between the two polymer chains of a factor
of 6 and segmental dynamics which differ by 2—5 orders
of magnitude near the blend Tgy. PS/PXE studies®’ find
nearly identical segmental dynamics for each component
at Ty, whereas in PS/PVME, segmental dynamic differ-
ences of 3—4 orders of magnitude are observed at the
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Figure 7. Decoupling of fast component segmental dynamics
from the glass transition in three miscible polymer blend
systems. The ordinate is the shift in temperature associated
with ns segmental dynamics (T minimum) for the fast
component in the blend relative to its T; minimum in the
homopolymer melt. The abscissa is the shift in the measured
blend T relative to the homopolymer Ty for the fast compo-
nent. A slope of 1 means that the segmental dynamics of the
fast component are completely coupled with the blend Tg. This
comparison is made for the fast component in three miscible
polymer blend systems: PI/PVE, PS/IPVME, and PEO/PMMA.
PEO segmental dynamics are significantly decoupled from the
blend T, as evidenced by the slope of 0.4, while Pl segmental
dynamics are intimately coupled to the blend Ty (slope of 1).

Table 3. Comparison of Miscible Polymer Blends

polymer ATy homo- Tseg,slow! Tseg, fast composition

blends polymers (K) at blend Ty range
PS/IPXE 115 1-10! 25% PS
PI/PVE 60 102-10° 25—75% PI
PVME/PS 120 103-104 50—65% PVME
PEO/PMMA 180 1011-10%2 0.5—30% PEO

blend T4.2 Table 3 presents a compilation of results on
these four miscible blends.

Another way of comparing these miscible polymer
blends is to plot how the dynamics of the fast component
shifts with the DSC Tg for the blend. Figure 7 presents
the shift in the temperature of the T; minimum for the
fast component against the shift in the blend Tg; both
of these shifts are relative to the values for the pure
fast component. Segmental dynamics at the T; mini-
mum in NMR data are approximately 1 ns; thus, the
ordinate shows the temperature shift associated with
nanosecond dynamics of the fast component. Figure 7
compares the fast component in three miscible polymer
blends: PI/PVE, PS/IPVME, and PEO/PMMA. Pl dy-
namics in PI/PVE blends changes nearly identically
with the blend Ty, whereas d4PEO dynamics in d4PEO/
PMMA are significantly decoupled from the glass tran-
sition of the blend. The fast components in these
miscible blends have very different relationships with
the glass transition of the blend.

Why Are d4PEO Segmental Dynamics So Fast?
High molecular weight, miscible blends of d4;PEO/
PMMA have surprisingly fast PEO segmental dynamics.
We propose here a physical picture that qualitatively
explains these fast dynamics and their weak composi-
tion dependence.

An average PMMA segment at the glass transition
of these blends is static on the time scale of PEO
segmental motion. While PMMA segments immediately
adjacent to PEO segments might show somewhat faster
dynamics than other PMMA segments, as there is no
experimental evidence for an extremely rapid PMMA
component near the blend Ty, it is reasonable to assume
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that even these adjacent PMMA segments are fixed on
the time scale of PEO motion. How is it possible that
PEO chains can locally relax while directly adjacent
PMMA chains are essentially frozen? We imagine that
the lack of side groups on PEO is a key feature. The
absence of a side group may allow nearly complete
conformational relaxation of PEO without requiring any
conformational rearrangement of nearby PMMA seg-
ments. This would explain both the large difference
between segmental dynamics of the two components and
the weak composition dependence of PEO segmental
dynamics. This would also explain why the terminal
relaxation time of PEO chains in the blends has a
stronger temperature dependence than the segmental
relaxation. Terminal relaxation requires that the end-
to-end vector of the chain can rearrange; local confor-
mational changes inside a rigid cage of PMMA would
not allow global chain relaxation.

This physical model would suggest that another
polymer with a larger side group, but with identical y
and chain length as the d4PEO used here, would have
segmental dynamics similar to what is observed in other
miscible polymer blend systems. If this physical picture
is correct, a larger side group would result in steric
hindrance and the inability for such a polymer to locally
relax at the fast rate observed for d,PEO. This picture
attributes the observations to characteristics of d4PEO
and assumes that the PMMA acts “normal”. There is
no evidence that PMMA acts differently from what
would be expected, however, to completely eliminate
PMMA as the answer; further studies on d4PEO blend
systems are required.

Conclusion

We have investigated the segmental dynamics of ds-
PEO in blends with PMMA utilizing 2H NMR at four
magnetic fields. The studies extended from the dilute
regime up to 30% d4,PEO. The orientation autocorrela-
tion function for C—D vectors in d4PEO is well described
by a modified Kohlrausch—Williams—Watts function.
The mKWW function coupled with a VTF temperature
dependence was employed to extract segmental correla-
tion times. These correlation times in a blend containing
3% d4PEO were found to be 12 orders of magnitude
faster than the PMMA segmental dynamics at the blend
Tg. Furthermore, the segmental dynamics of d4PEO are
nearly composition independent for blends containing
0.5—30% d4PEO. These results for d4PEO/PMMA are
unusual in comparison to other miscible polymer blends.
We have proposed a physical interpretation for the
dynamics observed in this d,PEO/PMMA blend in which
the lack of side groups on the d4,PEO backbone allows
for the observed behavior.

The different dynamic features found in miscible
polymer blends present a problem for current models.
To simplify the problem, we have extended blend studies
into the “infinite” dilution regime. Intermolecular com-
position fluctuations are removed in this limit. Further
studies of other blend systems in the dilute regime will
enable a better understanding of the variables affecting
polymer blend dynamics.
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Note Added after ASAP Posting

This article was released ASAP on 2/4/2003 with an
error in Table 2, column 6, row 2; the correct value is
0.10. The correct version was posted on 2/11/2003.
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