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ABSTRACT: We systematically evaluate the slow conformational reorientations of polypropylene (PP) and
polyethylene-co-1-butene (PEB) chains at temperatures near 7, before and after formation of a miscible blend
with chain specific experiments. Solid-state '*C CODEX and static 'Xe NMR experiments reveal that aPP and
PEB66 (PEB copolymer with 66 wt % 1-butene) are intimately mixed at the chain level. The two pure polymers,
differing in 7, by ca. 50 K, exhibit large differences in the central correlation time constant 7. for slow chain
segmental motion (1-1000 ms) at any temperature but have equal correlation time distributions at/near 7. In the
miscible blend, slow chain dynamics are characterized by essentially equal central correlation time constants 7.
(ca. 15 ms) at a common temperature corresponding to the maximum exchange intensity for segmental
rearrangement in the CODEX experiment, but the widths of the correlation time distributions diverge dramatically
at any temperature, including at/near T,. On the basis of comparisons of quantitative Arrhenius vs WLF models,
and using an Adams—Gibbs treatment of the data, we determine that the overall configurational entropy S, in the
aPP/PEB66 blend exceeds that of the unmixed components by 15%, in agreement with previous work
(Macromolecules 2007, 40, 5433). On the basis of the experimental data, general conclusions regarding driving
forces for polyolefin miscibility and slow chain dynamics in miscible blends are discussed in the context of
recent proposals in the literature, recognizing that polyolefins represent a limiting case of macromolecular
thermodynamics due to their nonpolar structure. Importantly, all data are measured on individual signals from

each polymer component in the solid blend.
Introduction

Several key questions relevant to the design, synthesis, and
application of heterogeneous polymer materials can be addressed
experimentally using binary blends of polyolefins. Although
polyolefins are the most chemically “simple” polymers, the
complexities of phase behavior over an almost endless array of
economically important blend, copolymer, and nanocomposite
applications is reflected in the lack of understanding about
miscibility in simple binary mixtures of polyolefins.' Stated
simply, one cannot predict a priori whether two synthetic
polyolefins will form a miscible mixture and, therefore from a
mechanical properties perspective, a new material. Recently,
several groups including our own have investigated these
questions using polyolefin blends as a limiting class of
macromolecules in which specific chemical interactions are
minimized due to their completely saturated sp® carbon struc-
ture.®!! Chain organization and dynamics control the observed
mechanical properties, and while many polyolefin blends are
semicrystalline, important limits on phase behavior can be
established by examination of amorphous blends. From a
practical perspective, new materials are often desired with
properties intermediate between the two constituent polymers,
which is often characterized by the difference in their glass
transition temperatures 7. There has been considerable attention
in the literature regarding mechanically relevant chain dynamics
in amorphous polymers and their blends (with component
polymers exhibiting large T, differences), although, in many
cases, at temperatures well above T,. Specifically, the relative
contributions of self-concentration (i.e., intrachain) and con-
centration fluctuation effects to segmental dynamics in pure and
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mixed polymers, as well as their effects on the cooperative
rearrangements near T, have been discussed."° Key differ-
ences in these models lie in the details regarding temperature
dependence of characteristic segmental relaxation lengths, length
scales for the glass transition, and intrachain vs interchain
contributions.

In a recent paper, we have shown by direct chain measure-
ment solid-state NMR experiments that the polyolefin blend PIB/
hhPP (polyisobutylene/head-to-head polypropylene) is intimately
mixed at the chain level, that the mixing is driven by increased
configurational entropy in the blend, and that individual slow
segmental chain dynamics (1 ms < 7. < 1000 ms) near T,
respond in a nonlinear fashion upon mixing and are character-
ized by unique changes in correlation time distributions.?! In
this contribution, we have examined more commercially relevant
blend systems involving atactic polypropylene (aPP) and
polyethylene—1-butene copolymers (PEB) containing differing
amounts of butene comonomer. Our model-free experimental
observations based on a similar direct/selective chain-measure-
ment strategy are that aPP is intimately mixed with PEB
containing 66 wt % 1-butene comonomer, and at or near Ty,
slow segmental dynamics become even more heterogeneous in
the miscible blend than in the pure polymers, particularly for
the high-T, aPP component. The experiments spanned the full
range of temperatures for each pure component glass transition
and that of the blend. Through comparative application of
Arrhenius/log-Gaussian vs WLF/KWW models for analysis of
the temperature-dependent CODEX**** exchange intensities,
we determine that in the miscible aPP/PEB-66 blend the central
correlation time constants 7. converge to essentially identical
values at a common intermediate temperature relative to the
unmixed components, but that the correlation time distributions
widths diverge from one another in the blend and from their
pure component values. This is particularly evident for the high-
T, aPP component, which exhibits a ca. 3 decade increase in
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Figure 1. CODEX experiment pulse sequence applied under conditions
of MAS. The value of the exchange mixing time #, = 50 ms for all
aPP, PEB, and blend data reported in this paper. The total CSA
evolution time corresponding to the sum of the first and second
recoupling period 2(3t,) = 1.5 ms.
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Figure 2. '®Xe static NMR results for xenon gas absorbed in (a) a
series of pure PEB-xx copolymers, with xx indicating the weight percent
of 1-butene content, and (b) the blend of aPP with the same PEB
copolymers. Pure isotactic poly-1-butene is denoted i-P1B. Details of
the Xe NMR experimental conditions may be found in ref 31.

its correlation time distribution in the blend relative to its pure
state, far exceeding the ca. 1 decade increase for the low-T
PEB66 component in the blend. The pure polymers themselves
are characterized by 1-2 decade wide correlation time distribu-
tions near Ty, decreasing as temperature is increased. Quantita-
tive analysis of all of the temperature-dependent correlation time
data in the unmixed and blended polymers reveals that the total
configurational entropy increases by 15% in the blend relative
to the pure polymer components.

Experimental Section

Samples and Data Collection. Atactic polypropylene (aPP) was
a commercial sample acquired from Eastman, characterized by a
DSC T, = —11 °C and M,, = 29 600. The PEB-66 (M,, = 114 000,
T, = —54 °C) is the same polymer previously referenced as HPB66
by Graessley and co-workers and is a monodisperse ethylene—butene
copolymer obtained by anionic polymerization of butadiene,
followed by hydrogenation.** The degree to which the diene
polymerizes 1,2 vs 1,4 addition determines the butene and ethylene
concentrations, respectively, as has been extensively discussed in
previous papers.>*?> The PEB-23 sample is a commerical
ethylene—butene copolymer made via metallocene polymerization
(My, =79 000) and sold as Exact 4041 by ExxonMobil. Other PEB
copolymers mentioned in Figure 2 are a combination of commercial
or anionically polymerized materials and are denoted numerically
by their percent weight butene comonomer content. The 50:50 wt
% blends were prepared from dissolution in toluene for 24—48 h,
followed by solvent evaporation, and then vacuum-drying to 102
Torr for 4 days or longer. The DSC T, for the blend was —36 °C
(5 K/min scan).

All 3C and 'H measurements were collected on a Bruker DSX-
300 with field strength equal to 7.05 T. Solid-state CODEX NMR
experiments were performed on a 4 mm double-resonance magic-
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angle spinning probe using the pulse sequence in Figure 1,
previously described in detail by Schmidt-Rohr.>*** The probe
temperature was calibrated using PbNO; to within =1 K. All
CODEX exchange data were acquired with an actively controlled
4 kHz MAS speed, a 1 ms cross-polarization contact time, and rotor
synchronization, and as a precaution, measurements were altered
between the CODEX and reference signal every 256 scans to
eliminate spectrometer drift. All CODEX slow exchange data were
acquired using a 50 ms exchange time, unless otherwise noted. Total
experiment times typically ranged between 8 and 12 h for a single
measurement, depending on the temperature.

Calculations and Theory. The data analysis methods we use
here are the same as those we recently described for a different
polyolefin blend system®' and are described in detail in the
Supporting Information. Chain conformational exchange data from
variable temperature CODEX experiments were analyzed to extract
correlation time constants, activation energies for chain reorienta-
tion, and quantitative correlation time distributions. An isotropic
rotational diffusion model (employing 20 discrete conformer
populations as an approximation to the heterogeneous backbone
conformer distribution) was used to simulate the experimental data
and solve the overall equilibrium exchange matrix as a function of
the exchange mixing time in the CODEX experiment and the
correlation time constant for the specific polymer at each temper-
ature. A discrete log-Gaussian correlation time distribution function
was analyzed with respect to temperature using an Arrhenius model,
which was also compared to results from a WLF/KWW model
analysis of the experimental data. Powder averaged values of the
chemical shift anisotropy, reflecting the distribution of tensor
orientations in the amorphous polymers, were included in all
calculated fits of the data. The Mathematica program (version 5.2)
was used for all calculations. The theory regarding exchange
intensities has been previously developed for static samples, and
the incorporation of the additional terms arising from the time
dependence of the frequency introduced by MAS has also been
described.?®*” Complete details for all calculations as implemented
for the pure polymers and their blends are described in ref 21 and
in the Supporting Information. For convenience, the equation
describing the quantitative evolution of the normalized exchange
intensity £ as a function of exchange time and temperature for a
distribution of correlation times g(7) is reproduced here in eq 1:%°

Sy—S
SO

Et,, 7., T)=

- S (RelG_(z,, 7. T)] — RelG_(t,,,. D]} g(x) dr

J “RelG_(., 7, D]g(r) dr

(e))

All additional terms are defined and described in the Supporting
Information, but the reader can quickly note the time dependencies
for the specific delays in the Figure 1 pulse sequence from this
equation.

Results and Discussion

Candidates for a Miscible aPP/PEB System. In order to
determine whether PP and PE copolymers can form miscible,
intimately mixed chain-level blends and, more importantly,
understand why they do or do not exhibit such behavior, one
must first narrow the field of all possible choices reported in
the recent literature.®>***=° In this investigation, we limit our
investigations to amorphous systems, since phase separation in
amorphous binary blends typically implies phase separation in
their crystalline counterparts. '>Xe NMR diffusion/equilibration
experiments can indicate which blends are intimately mixed,
albeit with a minimum length scale much longer than constituent
radii of gyration, as we previously demonstrated for PIB/PEB
blends.*' In other words, it is a quick and reliable test for
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Figure 3. Example '3C CODEX spectra for (a) pure PEB66 at 225 K, (b) aPP/PEB66 50/50 wt % blend at 250 K, and (c) pure aPP at 274 K. Solid
line is the reference spectrum Sy, whereas the dashed line corresponds to the spectrum obtained with mixing time = 50 ms (S).

microphase separation for blends, since the observation of
distinct peaks for Xe in each polymer component in the blend
indicates regions of single-component density whose dimensions
exceed that of the Xe diffusion coefficient length scale (ca. =35

m).*>'*? While this is a relatively coarse-grained experimental
probe compared to molecular/chain dimensions, it does provide
valuable limiting information. Figure 2 shows a series of static
129Xe NMR spectra for several pure PEB copolymers (a) and
for blends of aPP with the same PEB copolymers (b).

Figure 2a is a control experiment to verify that the xenon
shielding environment is insensitive to comonomer concentration
in the PEB copolymer series ranging from 23 to 97 wt % butene
comonomer. As shown in Figure 2a, all PEB copolymers, as
well as pure isotactic poly-1-butene, exhibit a similar '*Xe
chemical shift of 197-198 ppm. In contrast, Figure 2b indicates
that the shift for xenon gas in pure aPP is 215 ppm, an expected
result given the well-known sensitivity of xenon gas to different
polymer densities. Most importantly, the spectra in Figure 2b
for blends of aPP with the different PEB copolymers clearly
indicate that the only blend where Xe is sampling a homoge-
neous polymer environment on the time scale defined by its
diffusion coefficient (ca. 2 x 1077 cm? s™!) is the blend of aPP
with PEB-66; the other three blends show two well-defined
peaks consistent with the same peaks observed in the pure
polymer components. The center of mass for the aPP/PEB-66
peak is 205 ppm; the expected composition-weighted average
for the 50:50 wt % blend is 206 ppm. Of the various PEB
copolymers in Figure 2, most of which have been previously
discussed as candidates for miscible blends with aPP, Figure
2b indicates that only PEB-66 is a viable possibility. For this
reason, detailed investigations of individual chain mixing and
dynamics using more advanced and time-consuming CODEX
methods will be limited to the aPP/PEB-66 blend in the
remainder of this contribution.

Slow Chain Dynamics near T, in aPP, PEB-66, and
aPP/PEB-66 Blend by CODEX NMR. The CODEX experi-
ment is a one-dimensional constant-time version of classic two-
dimensional exchange experiments that exploits the anisotropy
of the chemical shift interaction to detect movement (in real
time) of polymer chain segments.?”> The experiment is run in
duplicate to generate two data sets, which differ in that the #y
and ¢, periods are interchanged, generating what is known as
the exchange spectrum S (¢, and ¢, positioned as shown in Figure
1) versus the reference spectrum Sy (no mixing; #, and ¢,
switched from that shown in Figure 1). The pure exchange
spectrum is the difference between these two results, denoted
as AS = Sp — S. From eq 1, the amplitude of this signal is
related to the normalized exchange intensity as E(ty,7.,7) =
AS/S. Systematic comparisons of E as a function of temperature
for pure polymers versus the same polymers in the binary blend
can reveal quantitative changes in slow chain dynamics and their
distributions (1-1000 ms correlation time constants) upon blend
formation. Figures 5S and 6S in the Supporting Information
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Figure 4. Normalized exchange intensities E(7) for methyl and
methylene signals of pure PEB66 and pure aPP. The solid lines are
Arrhenius model fits (see below) to methyl data points, whereas the
dash-dot lines are drawn through the methylene experimental points
only to guide the eye. For reference, the 7, ranges via DSC are shown
at the top of the figure.

provide additional details on mixing time and recoupling time
dependencies for these polymers.

Figure 3 shows representative results for pure PEB-66, pure
aPP, and their blend at temperatures near the maximum
exchange intensity for each sample. As discussed previously,
when the temperature is low compared to the polymer Ty, no
chain motion occurs, and the exchange intensity is zero. The
CODEX experiment detects chain dynamics as the polymer
proceeds through T, with a characteristic exchange frequency
window of 1-1000 Hz. At high temperatures, chain reorientation
occurs with a correlation exchange frequency greater than that
of the chemical shift anisotropy mechanism by which the
CODEX sequence detects motion through echo attenuation. If
the polymers become too mobile at high temperatures, then the
ability to detect chain motion is precluded and the exchange
intensity vanishes. For the amorphous polyolefins used here,
the magnitude of the chemical shift anisotropy was estimated
from static line shape experiments to be equal to 1.5-2 kHz.
From the pure polymer results in Figure 3a,c, one can extract
exchange intensities E(7) vs temperature for chain specific
locations, i.e., backbone CH, vs side-group CHj. This is an
important control experiment, since it eliminates any uncertainty
associated with additional side-group dynamics that might
influence the interpretation of the CODEX results in the blend.
Figure 4 shows systematic comparisons of CODEX exchange
intensities measured from backbone CH, vs side-group CHj in
the two pure polymers over the entire temperature range for
which a measurable exchange signal is detected. The onset of
detectable exchange intensity for either functional group, as well
as the temperature of the maximum E(7) value, is identical
within each polymer. The absolute value of the maximum E(7)
is markedly different for the CH, vs CH3 signals in the PEB-
66 polymer, indicative of additional ethyl branch motions which
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Figure 5. Normalized exchange intensities E(7) for pure PEB66 (O),
PEB66 in the blend (@), pure aPP (O), and aPP in the blend (). The
smooth lines are fits to the data using an Arrhenius model as described
in the text. Note shifts of equal but opposite magnitude for each
component upon blend formation, but a lack of complete convergence
to a common temperature for the exchange intensity maximum of each
polymer in the blend. The 5 K/min scan DSC 7} range for each polymer
and the blend is plotted for reference on the top of the figure, with the
box length representing the beginning and end of the endotherm.

further reduce the magnitude of the chemical shift anisotropy
for that pendant methyl group relative to backbone moieties,
thereby decreasing E(7) values compared to the backbone CH,.
The exchange intensity for this CH3; group did increase in
experiments with longer recoupling times (not shown), as
previously demonstrated on another polyolefin blend system.?’
Since only a single carbon—carbon bond separates the CHj
group from the main chain in aPP, this dramatic difference in
exchange intensity relative to the backbone is not observed. Two
important points from this control experiment are (1) the
temperature of the maximum E(7) value is independent of which
group is measured, which means that the CHj signals can
accurately report conformational exchange in the blend, an
advantage given that they are better resolved than their respec-
tive CH or CH;, backbone counterparts and can be deconvoluted
accurately, and (2) the onset of detectable E(7) signal in the
CODEX experiment agrees with DSC data, in that the first one
or two data points on the low-temperature side of each curve
coincide with the DSC T, (PEB66 = 219 K and aPP = 262 K).

Large changes in the temperature dependence of slow
conformational exchange are observed for each pure polymer
following formation of the blend, as summarized by the pure
CODEX exchange intensity E(7) vs temperature in Figure 5.
Figure 5 represents the outcome of three independent temper-
ature-dependent experiments: one each for the two pure
polymers and a single experiment for the blend from which
polymer specific exchange intensities were extracted at each
temperature. Prior to any consideration of a quantitative model
to fit the results, several key points may be discerned via simple
inspection of the raw data in Figure 5, comparing the response
of the CHj; signal in the CODEX experiment for each pure
polymer to the response of that same polymer in the blend. First,
the PEB66 exchange intensity curve shifts to higher temperature
in the blend relative to pure chains (PEB66 is the lower T,
component). Similarly, the exchange intensity curve shifts to
lower temperature for the aPP in the blend compared to its pure
response. For the PEB66, the E(T) maximum shifts from 227
to 247 K upon blend formation, while the aPP E(7) maximum
changes from the pure value of 273 to 253 K in the blend. So,
while each curve exhibits an identical 20 K change, they do
not converge to an identical common value (5-7 K difference
in E(T) maxima), as we previously observed for the PIB/hhPP
polyolefin blend.>' While omitted from the figure in order to
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Figure 6. Discrete version of log-Gaussian correlation time distribution
for aPP, with different widths o following a linear temperature
dependence o(T) = akgT + 0y, at key temperatures previously shown
in Figure 5. Each distribution is centered at 7. and consists of 17 points
equally spaced over ~6 decades. (a) Pure aPP at 260 K, (b) pure aPP
at 273 K, (c) pure aPP at 286 K, (d) aPP in blend at 230 K, (e) aPP in
blend at 253 K, and (f) aPP in blend at 273 K. The o = 0.2 distribution
(c) was scaled by 0.33 to allow comparison with the other temperatures.

maintain clarity, the E(7T) vs T curve for the backbone CH, peak
of aPP in the blend has a maximum at the same 252-253 K
position as the CH3 peak shown in Figure 5. Second, the breadth
of each E(T) curve increases for either component in the blend
relative to the pure polymer, especially for aPP. Finally, the
absolute value of E(7) at each temperature across the detectable
range decreases in the blend relative to the unmixed result for
both polymer components. Although each temperature-depend-
ent exchange intensity curve decreases in intensity and increases
in breadth for the polymers in the blend compared to the pure
polymers, the overall integrated area under the curve fits (vide
infra) remains constant for each polymer, within the error of
the data analysis. While the intermediate temperature values
for the E(T) curves are reminiscent of DSC results on blends,
the ability to extract these specific details for each polymer in
an amorphous mixture by simultaneous detection of the two
unique E(7) curves is difficult using traditional thermal analysis
methods. We conclude from these points that the overall
dynamic heterogeneity for both polymer chains increases in the
blend, and in addition, it is also known that the CODEX
exchange intensity decreases with increasing number of sites
involved in the exchange process for a fixed recoupling and
mixing time.”® The details specifying exactly how the dynamic
heterogeneity increases for both chains will be discussed in the
following sections.

Data Analysis via Correlation Time Distribution and
Arrhenius vs WLF Models. The fits to the experimental data
shown in Figures 4 and 5 were obtained by combining isotropic
rotational diffusion with a temperature-dependent discrete log-
Gaussian correlation time distribution/Arrhenius model, as
described briefly in the Experimental Section, in ref 21, and in
detail in the Supporting Information. The absolute value of the
exchange intensity E(7) at each temperature, for a fixed
recoupling and mixing time, depends on the correlation time
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Figure 7. Temperature dependence of correlation time distribution
widths for pure vs blended aPP and PEB66.
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Figure 8. Comparison of fits to the aPP exchange data obtained using
two different models: (1) Arrhenius temperature dependence of
correlation times with variable-width log-Gaussian distribution and (2)
WLF temperature dependence combined with KWW distribution. The
WLF/KWW parameters for pure aPP were C; = 15.5, C; = 41 K,
©(Ty) = 100 s, T, = 259 K, and § = 0.8, whereas for aPP in blend 7,
=237 K and 8 = 0.2 were used.

constant characteristic of the motion modulating the chemical
shift anisotropy as well as the distribution of correlation time
constants for all of the segments in the amorphous polymer or
polymer mixture. Figure 6 shows calculated correlation time
distributions from the fits to data in Figures 4 and 5 for the aPP
component, demonstrating how the g(r) function in eq 1 can
influence E(T). We note how much broader the correlation time
distributions become upon formation of the blend and also the
increased distribution width near the T, value (low T) for a pure
polymer.

Figure 7 summarizes the temperature dependence of the
correlation time distributions for both aPP and PEB66, pure and
in the blend, over the entire temperature range for which an
exchange signal is detected. The linear temperature dependence
of o(7T) is apparent from the figure, as is the increase in absolute
value of o(7) for both polymers once they are in the blend.
Figure 7 shows that the width of the correlation time distribu-
tions vs temperature increases much more for aPP, the high-T,
component in the blend, than that for PEB66. We recently
reported a similar result for the miscible binary blend of PIB
(polyisobutylene) and hhPP, where again, the hhPP (head-to-
head PP) was the high 7, component and exhibited the largest
perturbation in ¢ upon blend formation.*!

While our primary goal is not to validate the absolute
accuracy of one model versus another, but rather to understand
why certain polymer chains form intimate mixtures while others
do not, we do recognize that other temperature-dependent
models may be more familiar to the reader. Figure 8 shows a
comparison of the correlation time distribution/log-Gaussian/
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Figure 9. Temperature dependence of correlation times obtained using
Arrhenius and WLF models. The WLF parameters for pure aPP were
C, =155, C, =41 K, ©(Ty) = 100 s, and T, = 259 K, whereas for
aPP in blend 7, = 237 K was used. For pure PEB66 we used C, =
155, C; = 55 K, ©(Ty) = 100 s, and T, = 210 K, and the best fit for
PEBG66 in blend was obtained with C; = 68 K and 7, = 224 K. An
Arrhenius model can be treated as linear approximation to the WLF
curve, since both Arrhenius and WLF models give similar results over
the temperature range for slow motions near 7.

Arrhenius model discussed in Figures 4—6 with a KWW/WLF
analysis for the exchange intensity data from pure aPP and aPP
in the blend; this is the same aPP raw data shown in Figure
5. The KWW/WLF fitting parameters are reported in the
captions to Figures 8 and 9; we observe excellent agreement
between the two models in terms of correlation time values over
the temperature range of our data. Such low 5 values upon blend
formation are consistent with increased dynamic heterogeneity
in aPP, as recently discussed by deAzevedo using similar
experiments on pure aPP,?° and as is also readily apparent from
direct inspection of the E(T) exchange curve intensities in Figure
8. For convenience, comparisons of KWW f values to corre-
sponding values of the correlation time distribution widths g(7)
are provided in the Supporting Information.

That equivalent correlation times for the center of the
distribution (7.) are obtained using either model is more clearly
evident by the representation of their temperature dependence
for both polymer components in Figure 9. One observes that
the temperature dependence of the slow chain dynamics for
PEB66 and aPP are very different. Figure 9 also shows that
while the magnitude of the change in 7. values upon blend
formation differs between the two polymers significantly at any
temperature (ca. 5 decade decrease in aPP vs ca. 2.5-3 decade
increase in PEB66), the two polymer components in the blend
have identical values of 7. near 250 K. The entire range of
temperatures exhibiting equal correlation times and overlapping
distributions is more evident in Figure 10, in which correlation
time distributions for each polymer in the blend are shown at
selected temperatures spanning the entire temperature range of
interest. At the two intermediate temperatures shown in Figure
10, the two correlation time distributions completely overlap,
and the central correlation time constants are essentially equal
at 253 K. In total, these data indicated (1) that in a miscible
polymer blend, the central correlation time constants 7, converge
to the same or nearly the same value, but (2) the widths of the
correlation time distributions do not. For comparative purposes,
Figure 11 shows overlapping symmetrical correlation time
distributions for the PIB/hhPP blend discussed previously in
ref 21, at the common temperature of the maximum value of
E(T) for each component in the miscible blend.

Conclusions

The data from Figures 5—10 indicate that (1) in a miscible
polymer blend, the central correlation time constants 7. converge
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Figure 10. Correlation time distributions for aPP and PEB66 in the
blend at selected temperatures spanning the range of detectable CODEX
exchange intensity.
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Figure 11. Correlation time distributions for individual polymer
components in the miscible hhPP/PIB blend of ref 21, at the temperature
of maximum exchange intensity E(7)ma, showing the same central
correlation time value 7. but largely different correlation time distribu-
tion widths o.

to the same value, but (2) the relative widths of the correlation
time distributions actually diverge dramatically (even though
both do increase) compared to the pure polymer results. In
addition, and in agreement with our previously published work
on miscible PIB/hhPP blends (see Figure 11 and Figures 6—9
in ref 21), it is the high-T, component that exhibits the largest
change in absolute value of central correlation time constants
and in the width correlation time distributions. Figures 5 and 8
show that the E(T) vs T curve is the most asymmetric for the
high-7, aPP component in the blend, even though its pure
component curve is symmetric about the E(T)max temperature
value. Also, and in agreement with that previous study, the
limiting values of the correlation time distribution width o at
T, for any of the four pure amorphous polymers studied to date
by this experimental approach (PIB, hhPP, aPP, and PEB66)
are between 1.1 and 1.4 (see Figure 7). This value corresponds
to ~1 decade of dynamic heterogeneity in slow segmental
dynamics (correlation time constants 1 ms < 7. < 1000 ms) of
the pure amorphous polymers.

Each of the points raised in the preceding paragraph address
key questions recently raised in the literature about the dynamics
of miscible polymer blends and also reveal by experiment the
details of slow segmental dynamics of both pure and mixed
polymers near the glass transition temperature.'?2%* While
previous two-dimensional site-specific exchange experiments
indicate that conformational trans—gauche isomerizations take
place in polyolefin chains over the temperature ranges where
we detect a CODEX exchange signal,'®'" such motions cannot
simply occur for two adjacent monomers, as a trans diad is
longer than a gauche, for example. Since all monomers are
connected in the chain, the rest of the chain and its immediate
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environment through space must accommodate the resulting
change in length for even a single trans—gauche jump. At
temperatures below Ty, such events occur with very long time
constants; Figure 5 indicates that the onset of detectable numbers
of these events for aPP, PEB66, and their blend occurs at
essentially identical temperatures in the CODEX NMR experi-
ment and DSC (for the specific experimental parameters used
here). Although the experimental data reported here do not
reveal the exact size of the rearranging regions, the quantitative
values of their central correlation time constants 7. and the
temperature dependence of the correlation time distributions are
in every way consistent with recent models invoking charac-
teristic lengths of dynamic heterogeneities or cooperatively
rearranging regions which increase as the temperature increases
above Ty.'>'** Without question, the fact that individual
trans—gauche conformational exchange does occur for amor-
phous polyolefins indicates a minimum length scale from a
purely intrachain perspective of 2—-3 monomer units but does
not reveal the maximum length of concerted conformational
events within or among several nearby chain segments. The
current view in the literature is that the characteristic length of
the cooperatively rearranging regions near 7, range from 1 to
5 nm, inclusive of the Kuhn length which would be polymer-
specific.'>° That such dynamics could be selectively inter-
rogated via the chemical shift anisotropy for mechanically
relevant polymer dynamics was described many years ago, albeit
in a different experimental strategy than used here.’

The direct observation chain-specific CODEX experiments
clearly show that, irrespective of the characteristic lengths of
the cooperatively rearranging regions near T, for either of the
four polyolefins studied to date, the heterogeneity in the
dynamics associated with this latent “structure” increases upon
miscible blend formation. The convergence in central correlation
time constants 7. but large divergence in the correlation time
distribution widths for the miscible blends is unequivocal. The
degree to which recently discussed ideas regarding “self-
concentration” and “concentration fluctuation” contribute to this
increased heterogeneity is unclear, however; our experiments
certainly are consistent with an increased “concentration fluctua-
tion” contribution in the miscible blends.*®

Our conclusions regarding the larger questions of why only
a few polyolefin pairs form a miscible binary blend, based on
these results for the aPP/PEB66 system, remain unchanged from
our previous publications in which PIB was always one blend
component.'*'"?! As we have previously discussed, the in-
creased width in the correlation time distributions in the blend,
particularly for the high-T, component, are consistent with an
increased configurational entropy model and concomitant in-
creased size of the characteristic dynamic heterogeneity near
T, relative to either of the unmixed components. Quantitatively,
the change can be evaluated using the Adams—Gibbs equation®”

To = Ty €Xp(c/TS,)

where we equate 7ex to 7., the value of the correlation time at
the center of the distribution at the temperature of maximum
CODEX exchange intensity in the blend (7em)blend- Using Figures
5 and 9, and assuming 7, ranging from 107! to 1071 s and ¢
as constant for each polymer in pure vs mixed state at the
temperature (Tem)biena = 248-253 K, we determine that the
change in configurational entropy for PEB66 chains ranges from
—0.81 to —0.85 upon blend formation, while the corresponding
range for aPP is +1.35 to +1.28. In total for both PEB66 and
aPP, (Sc)blend ranges from 1-16(Sc)unmixed to 1~13(Sc)unmixed’
meaning that there is approximately a 15% increase in the total
configurational entropy of the miscible blend compared to the
two unmixed components. We consider this a lower limit, since
as applied to only the central correlation time constant, it does
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not capture the large increases in correlation time distributions
for both polymer components, and particularly aPP, upon
formation of the miscible blend. Although their work focused
on isotactic PP/PEE blends in the melt, our conclusions
regarding miscibility for aPP/PEB66 qualitatively agree with
those of Bates and co-workers, in which conformational
asymmetry leads to excess entropies of mixing in the blend if
appropriate branch concentrations exist in the PEB copolymer.°
While our previous conclusions on entropic contributions to
polyolefin miscibility were derived from experiments on poly-
olefin blends in which PIB was always one of the components
(PIB/PEB66 and PIB/hhPP), and given that PIB has been
considered an anomalous blend component, the conclusions
from this study on aPP/PEB66 suggest a more widespread
phenomenon for polyolefin blends specifically and for weakly
interacting amorphous macromolecules in general.
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