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ABSTRACT: Chain-level details about the behavior of pure PI (polyisoprene) and pure PVE (polyvinyl-
ethylene), versus their behavior in the miscible blend with one another, are investigated using chain-specific solid-
state NMR experiments over a wide temperature range. The PI/PVE blend is a well-known miscible blend, and we
compare previous results to those obtained from the experimental strategy we have recently developed (for
evaluating miscibility and configurational entropy in saturated polyolefin blends, e.g., Macromolecules 2008, 41,
2832 and Macromolecules 2007, 40, 5433), which employs variable-temperature solid-state magic-angle spinning
CODEX NMR experiments to provide chain-specific information for either component in the blend. Even though
the PI/PVE blend is miscible, we experimentally verify that the effective glass transitions for each chain type are
inequivalent in the blend, and slow segmental dynamics for each polymer in the blend are characterized by unique
central correlation times and correlation time distributions. Quantitative analysis of the raw data from the variable-
temperature solid-state CODEX NMR methodology indicates that good agreement exists between effective 7’s,
central correlation time constants, correlation time distributions, and friction coefficients extracted from this
approach versus those obtained by other methods. That such quantitative information may be obtained for either
polymer component in an amorphous mixture, without isotopic labeling, electric dipole moment constraints, or
introduction of probe molecules, is a unique advantage of this experimental strategy and illustrates applicability to
a wide range of mixed macromolecular systems beyond miscible blends, including polymer nanocomposites,

organic/inorganic hybrids, biological macromolecules, and block copolymers.

Introduction

Miscible polymer blends present significant challenges to our
fundamental understanding of the connections between molecular
and macroscopic properties in macromolecular mixtures. While
many commercial polymer blend applications exist, their discovery
and optimization have essentially followed empirical methods.
Recently, the polymer blend literature has addressed deficiencies in
the predictive understanding of binary miscible blends by focusing
on the temperature and composition dependence of chain dy-
namics in their mixed and unmixed states, as well as the failure
of empirical time—temperature superposition relationships, via a
variety of experimental and computational approaches. Key
aspects of recent discussions surrounding miscible blends include
dynamic heterogeneity,? different effective glass transitions for
the polymer constituents in the blend, particularly for blends
whose components have large differences in the Tg’s,3 “ the charac-
teristic minimum length scale for cooperative chain rearrange-
ments,>® local composition variations and the role they play in
differential chain behavior, or as stated in the recent language
found in the literature, the relative contributions of “self-concen-
tration” and “concentration fluctuations” and the failure of time-
—temperature superposition.”” > A recent review has summarized
some of the progress toward addressing many of these key outstan-
ding questions."

Our own recent experimental work, which has relied heavily on
advanced solid-state NMR methods, revealed new information
regarding the formation of miscible polyolefin blends and their
individual segmental dynamics at or near the glass transition
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temperature.'* 7 Specifically, chain-level experiments on this
class of athermal polymer mixtures indicated that (1) configura-
tional entropy can drive mixing in miscible polyolefin blends, (2)
the effective T,,’s of each polymer component in the miscible blend
may or may not be identical and must be evaluated on a case-by-
case basis, and (3) dynamic heterogeneity exists and upon forma-
tion of a miscible polyolefin blend, the dynamic heterogeneity
significantly increases for the high-T7,, blend component while the
low-T,, blend component experiences much smaller perturbations
in chain dynamic heterogeneity. Our previous experiments focused
on slow chain dynamics near the glass transition, i.e., segmental
dynamics, and did not address terminal dynamics accessed at
much higher temperatures. In the course of pursuing direct
experimental evidence for why polyolefin blends exhibit such
unique mixing behavior, we recognized that the experimental
approach utilizing temperature dependent CODEX NMR'®!°
was equally well-suited for addressing many of the larger, general
questions surrounding miscible polymer blends as described in the
preceding paragraph. Indeed, the experimental approach offers
some important advantages that allow general application to any
polymer blend or composite system. These advantages include the
following: (1) no isotopic labeling is required; (2) no physical
modification of the material is required, e.g., solvent or small
molecule addition; (3) the individual blend components do not
have to have an electric dipole moment, as is required for dielectric
spectroscopy (which becomes complicated if both species are
dielectrically active); (4) chain-specific resolution takes place even
in the blend, unlike typical calorimetric methods; (5) raw data is
amenable to treatment using models familiar to the broader
polymer science community, including those which capture
spatially and temporally heterogeneous chain behavior; (6) the
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ability exists to interrogate chain behavior below, at, or above the
glass transition temperature. These advantages have recently
been discussed in previous publications for binary blends con-
taining various combinations of polyethylene, atactic polypro-
pylene, polyisobutylene, polyethylene-co-butene, and head-to-
head polypropylene.'*”'7 Here, we discuss recent experimental
results and their implications in the context of the larger questions
surrounding polymer blend science for the PI (polyisoprene) and
PVE (polyvinylethylene or poly-1,2-butadiene) blend, a classic
ideal miscible blend whose pure polymers have > 50 K difference
in their individual 7}’s, and which are known to be intimately
mixed when the PVE 1,2-diene content exceeds ca. 85%. We
have chosen the PI/PVE blend system (50/50 mol %) as it has
been studied extensively by many researchers using a variety of
methods and theory,?’*? including several key “H labeling wide-
line NMR experiments by Kornfield and co-workers that helped
generate significant interest in the blend.** ¢ On the basis of this
wealth of published data, the PI/PVE blend will serve as an
excellent baseline for validating the experimental approach as
generally applicable to any mixed polymer or composite system
without the aforementioned limitations often encountered with
other experimental strategies.

The specific chain-level NMR experiments discussed below for
PI/PVE quantitatively reveal (1) the length scales of mixing in the
polymer mixture, (2) distinct effective 7,,’s for each component,
(3) central correlation times characteristic of slow segmental
dynamics over a wide temperature range (beginning at or below
T,) for each polymer before and after blending, (4) the breadth of
the correlation time distribution before and after formation of
the miscible blend, and (5) friction coefficients for each blend
component before and after blend formation. Agreement exists
between our results and previously published results on this blend
system. We find that the individual blend components do not
exhibit the same effective 7, in the miscible blend, and the high-7,
blend component (PVE) experiences a significantly larger change
in its temperature-dependent central correlation time and
correlation time distribution (characteristic of slow segmental
dynamics) versus the low-T, PI. These chain-level experiments
reinforce the emerging picture of inequivalent individual chain
dynamics in miscible polymer blends. Our results will be dis-
cussed in detail relative to the extensive literature on this blend
system, the comparison of which demonstrates the overall
validity of our experimental design as a general strategy for
essentially any polymer blend or polymer composite/nanocom-
posite system from which one can obtain an NMR signal.

Experimental Section

Samples and Data Collection. A commercial polyisoprene (PI)
sample was obtained from Aldrich, with MW ~800 000 and micro-
structure corresponding to 97% cis-1,4 enchainment (catalog no.
182141). Polyvinylethylene (PVE) was purchased from Polymer
Source, Inc. (catalog no. P390-Bd). The molecular weight and
polydispersity index (PDI) was obtained by size exclusion chro-
matography (SEC) in THF. SEC analysis was performed on a
Varian gel-permeation chromatograph equipped with refractive
and UV light scattering detectors. The PVE sample has M, /M,
ratio of 1.04 (M, = 11450) and 88% 1,2-polybutadiene enchain-
ment. The percent 1,4 enchainment in PVE was calculated using
integration of the olefinic region of the '*C single-pulse experiment,
yielding 12% 1,4 isomer. Equimolar PI/PVE blends were made via
toluene dissolution for 24 h and then mixed for 72 h to form the
blend.

Thermal analysis of the samples was completed using a TA
Q2000 differential scanning calorimeter (DSC), with a 10 K/min
heating rate. The endotherm midpoint from the second heating
scan was assigned as the calorimetric glass transition (7)
temperature. Solid-state NMR T, measurements confirmed
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Table 1. DSC T, Values for the Polymers and Blends Acquired Using
a 10 K/min Rate, and T;,;; Measurements Obtained at 230 K. The
Pure Polymers have Essentially Identical T,y Values at 198 K

PI PVE PI PI PVE PVE
pure pure blend  mixed  blend mixed

DSCT, 208K 263K 214K 208K 224K 263 K
Tipn 1.9 ms 13.8ms  5.1ms 1.5ms 6.5ms 13.1ms

intimate mixing for the blended components, and experimental
results were compared to simple mixtures of the same polymers.
The exlgerimental DSC and T,y data are reported in Table 1.

All *C and '"H measurements were collected on a Bruker
DSX-300 with field strength equal to 7.05T. Solid-state CODEX
NMR experiments were performed on a 4 mm double-resonance
magic-angle spinning probe using the pulse sequence in Figure 1,
previously described in detail by deAzevedo and Schmidt-
Rohr."®" The probe temperature was calibrated using PbNO,
to within =1 K. All CODEX exchange data was acquired with
an actively controlled 4.5 kHz MAS speed, a 1 ms cross-pola-
rization contact time, rotor synchronization, and acquisitions
were alternated between the exchange and reference signal every
256 scans to eliminate spectrometer drift. All slow exchange data
were acquired using a 200 ms exchange time. Total experiment
times typically ranged between 8 and 20 h for a single measure-
ment, depending on the temperature.

Experimental Verification of Blend Miscibility. Table 1 shows
results from DSC and 'H T, » NMR measurements. As expected,
the DSC measurements agree with multiple reports in the pre-
vious literature; a broad, featureless endotherm was observed
for the blend, whereas the mixed sample exhibited distinct indi-
vidual pure component transitions. Using known spin-diffusion
length scale equations, the essentially equivalent 'H T} o, time
constants for the blend (7 = 230 K, where spin-diffusion is effi-
cient) indicate miscibility at a length scale of mixing equal to
1.8—2.2 nm, which is significantly smaller than chain dimen-
sions for either polymer component, and indeed on the order of
accepted Kuhn lengths for these polymers.*’

Calculations and Theory. Data analysis methods used for this
miscible blend system are the same as applied to the previously
published aPP/PEB66 and hhPP/PIB polyolefin systems.'>"
Complete details are described in the Supporting Information.
Chain conformational exchange data from variable tempera-
ture CODEX experiments were analyzed to extract correlation
time constants, activation energies for chain reorientation, and
quantitative correlation time distributions. An isotropic rota-
tional diffusion model (employing 20 discrete conformer popu-
lations 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 temperature. 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, re-
flecting the distribution of tensor orientations in the amorphous
polymers, were included in all calculated fits of the data. The
Mathematica program (version 6.0) was used for all calcula-
tions.

Results and Discussion

Exchange Data for Pure PI and PVE. Figure 2 shows
representative '°C CODEX NMR spectra for pure PI and
PVE, and their blend. The details of the CODEX experiment
itself, and the variable temperature strategy used for polymer
blends has been discussed extensively in previous con-
tributions.">™!” In summary, spectra are obtained over the
entire temperature range spanning each pure polymer, and
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Figure 1. CODEX experiment pulse sequence applied under conditions of MAS. The value of the exchange mixing time #,, = 0.2 s for all data reported
in this paper, unless specifically noted. The total CSA evolution time corresponding to the sum of the first and second recoupling period was 2Nt =

(2)(4)(0.22 ms) = 1.76 ms.
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Figure 2. Example '*C CODEX spectra showing only the aliphatic region, from which backbone dynamics were interrogated, for (a) pure Pl at 214 K,
(b) PI/PVE 50/50 mol % blend at 236 K, and (c) pure PVE at 263 K. The solid line represents the reference spectrum with z. = 1 ms (S,) and the dashed

line is the CODEX spectrum obtained with #,, = 200 ms (SS).

specifically for the PI/PVE system, from 193 to 280 K. The
experiment is actually run in duplicate to generate two data sets
at each temperature, which differ in that the ., and ¢, periods
are interchanged, generating what is known as the exchange
spectrum S (¢, and #, positioned as shown in Figure 1) versus
the reference spectrum S, (Lno mixing; ¢, and z, switched from
that shown in Figure 1).'®!” The pure exchange spectrum is the
difference between these two results, denoted as AS = S, — S.
The amplitude of this signal is related to the normalized ex-
change intensity E (1, 7o, T) = AS/S, as previously discussed,*®
and in addition to the temperature dependence, the amplitude
depends on the mixing time 7, and the correlation time 7.
characteristic of segmental dynamics. The mixing time is a real
time parameter that can be varied (in practice from a few
microseconds to almost one second; in theory up to several
seconds if polarization can be preserved). Most importantly for
this contribution, systematic comparisons of £ 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 upon blend formation. As a
result, exchange intensity curves as a function of temperature,
beginning at or below the known 7, for each component,
provide the raw experimental data from which we can extract
correlation times and correlation time distributions characteris-
tic of slow segmental chain reorientation for each component
in the miscible blend. As stated previously, this is achieved
without any isotopic labeling or tracer/probe molecule intro-
duction.

Exchange intensity curves E(7) for 0.2 s mixing times are
shown in Figure 3 for the two pure polymers PI and PVE.
Qualitatively, the curves provide the expected shape for
variable-temperature CODEX experiments, as no exchange
intensity is observed at very low temperatures, exchange
intensity increases as the temperature increases and polymer
segments begin to reorient, and finally at high temperatures,
no exchange intensity remains as chain motion becomes fast
enough to isotropically average the chemical shift anisotropy

Tg Tg
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o Pl aliphatic region
® Pl methyl
0.8- Arrhenius model fit
< PVE aliphatic region
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L
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Figure 3. Normalized 200 ms exchange intensity E(T) curves for the
total aliphatic region integrated intensity versus only the CHj; intensity
for pure PI, and total aliphatic intensity versus backbone-CH only for
PVE. The DSC value for the T, range of the pure polymers is shown as a
shaded region. The solid lines are fits to the data using an Arrhenius/
log—Gaussian model described in the text.

interaction. Using a 0.2 s mixing time, the onset of detectable
slow chain dynamics occurs at temperatures lower than the
10 K/min DSC T, (indicated by the shaded vertical stripe) for
each component. However, the same effective glass transi-
tion difference (50 K) is observed from the initial tempera-
ture at which exchange intensity exists. Since multiple signals
arise from each polymer component, one chooses that
signal from each polymer that provides the best resolution
in the blend spectrum. Often, this can be a methyl group,
so it is important to verify that the temperature-dependent
CODEX response is the same for a pendant methyl as it is for
the main chain carbons. Control experiments verify this is
the case for PI, as shown by the open and closed symbols in
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Figure 3. Specific methyl group dynamics are much too fast
to influence the magnitude of the exchange intensity signal,
since the CODEX experiment probes the much slower
1—1000 Hz frequency regime, and while we expected the
agreement shown in Figure 3 based on previous polymer
systems, it is important to run the control for each polymer.
Therefore, we can confidently use the resolved methyl signal
in the blend spectra as an accurate measure of slow PI main-
chain segmental dynamics.

Close examination of the first two to three points in
the low temperature region of the PVE exchange curve
(245—255 K) reveals additional sub-7, dynamic modes that
we have not observed in our previous studies of completely
aliphatic polyolefins, and which do not follow expected
behavior for residual spin-diffusion contributions to ex-
change intensity.'”** Note that these points do not follow
a simple monotonic intensity rise relative to the rest of the
E(T) curve. There is excellent agreement between the inten-
sity extracted from the entire aliphatic backbone signal
region versus that extracted from only the backbone methine
for these three points (Figure 3). We assign this apparent
premature exchange intensity gain to a neighboring group
effect, since the olefinic PVE side group has a large chemical
shift anisotropy and in addition, as a side chain is expected to
exhibit sub-T, dynamics prior to the onset of main-chain
dynamics. Time-dependent modulation of the shielding en-
vironment (due to susceptibility anisotropy) for the directly
bonded backbone methine carbon will occur even if there is
no backbone chain motion during the mixing time, manifest-
ing itself as a premature onset of detectable exchange in-
tensity. This is confirmed by data analysis on the integrated
exchange intensity for the olefinic =CH, signal over the
245—255 K temperature range, which mirrors that of the
aliphatic backbone CH at the first three temperature points
in the PVE E(T) curve (data not shown). Unfortunately, a
complete exchange curve could not be constructed for the
specific signals from the PVE olefinic side group, as initially
anticipated, since the olefinic side-chain dynamics increase
quickly and interfere with the coherent averaging from 'H
decoupling resulting in comg)lete loss of side-chain signal
intensity beginning at 260 K.*’

Exchange Data for Polymers in the Miscible Blend: Model-
Independent Conclusions. Advanced polymeric mixtures, in-
cluding those with inorganic components, and particularly
those composed of structurally disordered phases, require
that the experimentalist understand the specific behavior of
the components in that mixture in order to tailor properties
and define applications for the total material. As stated in the
introduction, many recent experiments in polymer blend
science indicate that one can only assume limited informa-
tion from the pure-component behaviors. Figure 4 illustrates
the power of the experimental NMR approach described
here to separately and quantitatively identify constituent
chain behavior in mixed polymer systems, and is particularly
advantageous for mixtures of amorphous polymers. The
exchange intensities versus temperature for pure and blended
components as measured directly from the CODEX experi-
ment are shown, as well as fits to the raw data using
Arrhenius and WLF models.

Figure 4 represents the outcome of three independent
variable-temperature 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 important points may be
discerned via simple inspection of the raw data in Figure 4,
and comparing the response of the NMR signals in the CODEX
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Figure 4. Normalized 200 ms exchange intensity E(7) curves for the
pure components and the same components measured independently in
the blend. The solid lines are fits to the data using an Arrhenius model
with a variable-width log—Gaussian correlation time distribution. The
dashed lines are fits to the data using the WLF/KWW model. The thick
gray lines at the top of the figure indicate the 10 K/min DSC T, range for
the two pure polymers and the miscible blend.

experiment for each pure polymer to the response of that same
polymer in the blend. First, the onset of detectable exchange
intensity occurs at temperatures at or below the calorimetric 7,
indicating that the 200 ms mixing time CODEX experiment is
probing the slow segmental chain dynamics (i.e., conforma-
tional reorientations) operative during the glass transition.
Second, the PI exchange intensity curve shifts to higher tem-
perature in the blend relative to pure chains. Similarly, the
exchange intensity curve shifts to lower temperature for the
PVE in the blend compared to its pure response. For PI, the
E(T) maximum shifts from 214 to 230 K upon blend formation,
while the PVE E(T) maximum decreases from the pure value of
265 K to 240—243 K in the blend. The temperature shifts for the
E(T) curves of each component in the blend are not equivalent,
nor do the curves converge to the same temperature range in
Figure 4. The polymer components exhibit distinctly different
glass transitions in the miscible blend. Third, the expected
temperature to observe the maximum in each E(T) curve in
the miscible blend, using Gordon—Taylor/Fox equations for
composition weighted averaging, is 237 K. Neither blend com-
ponent exhibits a maximum at this temperature; the PI maxi-
mum is 7—8 deg lower and the PVE maximum is 3—5 deg
higher. Finally, the breadth of each E(7) curve increases for
either component in the blend relative to the pure polymer,
clearly indicative of increased dynamic heterogeneity for
blended versus pure polymers, in agreement with the observa-
tion that the absolute value of E(T) at each temperature point
across the detectable range decreases in the blend relative to the
unmixed result for both polymer components (holding constant
all other experimental parameters which could effect signal
intensity). Interpretations of these direct inspection obser-
vations using quantitative physical models are presented the
following sections.

Quantitative Segmental Dynamics for PI and PVE in the
Miscible Blend. The fits to experimental data shown in
Figures 3 and 4 were obtained using two different physical
models. The E(7T) temperature dependence was analyzed
by comparing an Arrhenius model using a discrete log—
Gaussian correlation time distribution function to a WLF/
KWW  (Williams—Landel—Ferry/Kohlrausch—Williams—
Watts) model. As we have previously discussed, an isotropic
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Figure 5. Temperature dependence of correlation times obtained using
Arrhenius (points) and WLF (smooth line) models. The WLF para-
meters for pure PI were as follows: C; = 18.2, C; = 32 K, ©(T,) =
100005, and T, = 200 K, whereas for Plinblend C; = 41 and T, = 212
K was used. For pure PVE, C, = 19.2, C; = 42K, ©(T,) = 10000 s,
T, = 248 K, and the best fit for PVE in the blend was obtained with
C, = 48K and T, = 220 K. Note the close agreement for each model in
the lower temperature regions consistent with segmental dynamics, but
as expected, the Arrhenius fits diverge at high temperatures. In the
WLF/KWW fits, the KWW f parameters for pure PI, blend PI, pure
PVE, and blend PVE were 0.33, 0.33, 0.65, and 0.46, respectively.

rotational diffusion model (employing 20 discrete conformer
populations as an approximation to the heterogeneous back-
bone conformer distribution, and the small angle jumps be-
tween them) 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 specific polymers at each tem-
perature.'>~!7 Figure 4 shows the results of each approach,
indicated by solid versus dashed lines, respectively. Complete
details for the calculations, as well as comparisons to other
possible approaches cited in the literature, are provided in the
Supporting Information. Extensive discussions of the data
analysis steps for static (i.e., non-MAS) versions of this experi-
mental approach may be found in refs 38 and 40.

The absolute value of the exchange intensity £(7) at each
temperature, for a fixed recoupling and exchange mixing
time, depends on the correlation time 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
(see Supporting Information). Figure 5 shows calculated
results for the temperature dependence of the central corre-
lation time constant, i.e., the characteristic time constant at
center of distribution, obtained using both the Arrhenius/
log—Gaussian and WLF/KWW models. As expected, the
Arrhenius model breaks down at high temperatures for
macromolecules, but over the majority of the temperature
range relevant for slow segmental dynamics used in this
study, the model is physically reasonable and contains fewer
parameters and assumptions than the WLF/KWW ap-
proach. The sole purpose of the discrete points in Figure 5
are to indicate the temperatures at which raw exchange
intensity data was obtained (Figure 4), and the straight lines
through those points are the results of the Arrhenius fits.
Figure 6 shows example calculated correlation time distribu-
tions obtained in the fitting process to the data in Figures 4
and 5 for the PVE component.

Figure 6 indicates that a large change in the PVE correla-
tion time distribution width occurs once the miscible blend is
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Figure 6. Example results for discrete versions of log-Gaussian correla-
tion time distributions g(7) for PVE, with different widths o following a
linear temperature dependence o(7) = akpT + 0y, at key temperatures
spanning the E(7) curve previously shown in Figure 4. Each distribu-
tion is centered at 7. and consists of 17 points equally spaced over
approximately 6 decades. Key: (a) pure PVE at 246 K, (b) pure PVE at
262 K, (c) pure PVE at 284 K, (d) PVE in blend at 222 K, (¢) PVE in
blend at 238 K, and (f) PVE in blend at 260 K.

—A— PVEps Blend
—A— PVEps pure
—#&— PI Pure
—0O=PI blend

A
\A
(o
246K °262K\028‘4K
T

200 220 240 260 280
T(K)

Figure 7. Temperature dependence of correlation time distribution
widths o for pure PI and pure PVE versus the same polymers in the
blend, obtained using the Arrhenius/log-Gaussian model with linear
temperature dependence for ¢ as explained in the text. Note the
disparate slope for the pure components, but essentially identical slopes
for the blended polymers, and the much larger change in the absolute
values of o for the high-T, PVE blend component.

formed, and also that the temperature dependence of the
distribution is suppressed. Examination of the exchange
intensity equations in the Supporting Information reveals
how the magnitude of the distributions shown in Figure 6 can
influence each point in the E(T) curves. Similar plots to those
shown in Figure 6 could also be constructed for PI. A
complete comparison of the behavior of both PI and PVE
are summarized by Figure 7, in which the ¢ values from the
full g(7) expression are plotted versus temperature.

Figure 7 indicates that pure PI and pure PVE have
much different temperature dependent slopes, and also
shows the large effect blend formation has on the dynamic
heterogeneity characterizing segmental dynamics for each
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Figure 8. Calculated segmental friction coefficients using the central
correlation time constants 7. obtained from the WLF/KWW model fits
to the CODEX exchange intensity data in Figure 4. The relationship
¢ = 1kpT/b> was used for the calculations, where » = 1.1 nm is the
characteristic segment length for reorientation. The temperature range
for the experimental data used to generate the curves is 196—286 K.

component. In particular, the high-7, PVE component
exhibits a significantly larger change in absolute value of o
in the blend relative to its pure component values, but
preserves its slope. Conversely, the PI shows a relatively
small change in the absolute value of ¢ at any temperature
over the temperature range of interest, but a much larger
change in its slope. Systematic comparison of ¢’s in the log-
Gaussian model to KWW [ parameters are discussed in
support of Figure 4S of the Supporting Information.

Friction coefficients for chain segmental dynamics, as refer-
enced to a specific length or chain subunit, may be obtained via
direct diffusion measurements,”® or calculated based on mea-
sured correlation time constants characteristic of that motion.*!
Direct experimental measurement of chain diffusion for high
molecular weight polymers in bulk at temperatures near 7 is
difficult, even via pulsed-field gradient methods, since the self-
diffusion coefficients are too small. Figure 8 shows calculated
friction coefficients § obtained from our experimental 7.
data, using the simple relationship &= t.kg7/b’, where
b = 1 nm. Since the chemical shift anisotropy modulation
giving rise to finite intensity in the E(7) curves originates
from slow segmental dynamics involving chain subunits,
e.g. conformational reorientation, we do not scale the equa-
tion by molecular weight dependent terms as in a typical
Rouse relaxation time model.

There is some uncertainty in the literature on the magnitude
of the characteristic segmental reorientation/diffusion length
for amorphous polymers, with most published reports espous-
ing values between 1 and 3 nm. The CODEX experiment
probes changes in chemical shielding arising from local con-
formational changes of chain subunits, and given that we are
interpreting our data in the context of a rotational isotropic
diffusion model (appropriate for amorphous materials), we
have used a value at the lower end of the range of reported
values, i.e., 1 nm, for the friction coefficient calculation.

Comparison with Previously Published Data. The PI/PVE
blend system, as discussed earlier, is a well-studied system by
a large variety of experimental and theoretical methods.
Recently, Haley and co-workers have summarized experi-
mental results from their own work on PI/PVE blends and
also compared their results to those previously published by
other groups.28 In Table 2, we reference those contributions,
and compare selected values of the central correlation time
constant 7. extracted from a summary figure in ref 28 to our
values obtained in this study, for 50/50 PI/PVE blends.
Inspection of Table 2 reveals close agreement between values
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Table 2. Comparison of Literature Data Previously Summarized
in Reference 28 with Experimental Results in This Contribution for

50/50 PI/PVE Blends
experimental/
polymer temperature (K) literature 7. (s) fit 7. (s)

PI pure 222 20x107* 50%x 1074
PI pure 250 2.0 x 1077 1.0 x 1077
PI pure 286 5.0x 1077 0.8 x 1077
PI blend 222 0.1 1.0

PI blend 250 0.5%x107° 20x107°
PI blend 333 3.0 x 10710 3.0 x 10710
PVE pure 286 0.5x107° 1.0x107°
PVE pure 333 7.0 x 1078 20x107°
PVE blend 235 5.0 2.0

PVE blend 250 40.0 x 1074 6.0 x 107

for each of the pure polymers, as well as their individual values
in the miscible blends. We do not expect exact agreement, as
the WLF/KWW and Arrhenius/log-Gaussian models we use
here differ from the models used in the referenced work %343
For example, Haley and co-workers used VTF models to fit
experimental data, and the WLF fits used by Kornfield and co-
workers employed different fitting parameters, most notably
the value of the correlation time constant at the glass transition
(much smaller than the 77, = 10000 s that we use here), and
the 7, values for the polymers in the blend. Here, we use the
raw CODEX data to assign 7,’s in the blend, and there are no
temperature shifts of the individual data points plotted in
Figure 5 or 8. Given the large number of models pervasive in
the polymer literature and the variation in fitting parameters
often used within the same models, as well as small but random
temperature errors in the collection of raw data by various
methods, Table 2 illustrates that the experimental results
obtained here are within expected agreement with previously
published results on a point by point basis. More importantly,
the experimentally detected changes that occur for pure versus
blended polymer components, as shown in Figures 5 and 8, are
in excellent agreement with these previously published results.

Comparison of Correlation Time Constants Obtained from
CODEX Data Analysis to Discrete Variable Mixing Time
Experiments. To further validate that data obtained from the
analysis of the CODEX data as a function of temperature are
accurate, we compare segmental correlation time constants
obtained from the temperature-dependent analysis of CO-
DEX exchange intensity curves, like those shown in Figure 4,
with the time constant for the exchange intensity as a
function of mixing time, at the same temperature, obtained
in separate variable mixing time experiments. Figure 9
shows the exchange intensity as a function of mixing time for
four different pure polymers including PVE, atactic poly-
propylene (PP), head-to-head polypropylene (hhPP), and
polyisobutylene (PIB) at the indicated temperatures. The
correlation time constants, extracted from an exponential fit
to the rising intensity curve, are indicated on each of the parts
(a—d) in Figure 9. (In figures where there are multiple data
points, either multiple carbon positions in the polymer chain
were probed or, as in Figure 9d, two different recoupling
times in the CODEX experiment were compared.) The
results in Figure 9 indicate that the correlation time con-
stants obtained by full analysis of the raw data in Figure 4 are
accurate, with the largest difference for the polymers shown
equal to 12% for PVE, and less in the other three cases. While
the time required to generate the experimental data in
Figure 4 is not trivial, such an approach is significantly
shorter (by a factor of 5 to 10) than the time required to
obtain full variable mixing time exchange curves, like those
shown in Figure 9, over the entire temperature range used in
Figure 4.



Article Macromolecules, Vol. 43, No. 8, 2010 3909
0.5
04 © hhPP276 K:7.=19 ms
| u CH; only
R 0.3 4
= E 1 A
~ 0.2 PVE 267 K 0.2
= T.=16 ms M E o backbone only
0.1 0.1 A overall integral
0.0 T T T 0.0 Fr—r—r—r——r—r—r—r——r—r—r—r——r—r—r—r—
0 50 100 150 200 0 50 100 150 200
t [ms] t [ms]
0.6 1, 0.5 o
0.5 19 5
: 0.4 4
0.4 ] PIB 227 K
—~ —~ 0.34 ~
fo3 aPP 274K | B | o T30S
R c - N2 0.2 ® T.=26+3ms
g 02 e CH,T.=20+4ms g v
o CH; T.=22+5ms
0'1 0.1-
11— 0.0 Pr———rr———r————r———r—ry
0 50 100 150 200 0 50 100 150 200
tm [ms] t . [ms]

Figure 9. Exchange time constants extracted from an exponential fit to the rising exchange intensity curves are indicated on each part of Figure 9a—d
for PVE, atactic PP (PP), head-to-head PP (hhPP), and polyisobutylene (PIB), respectively. For each of these same four polymers, at the same
temperature as indicated on each plot, the respective central correlation time constants obtained from full analysis of the variable temperature exchange
intensity curves of the type represented by the data in Figures 4 and 5, are (a) 7. = 14 ms, (b) 7. = 24 ms, (¢) 7. = 20 ms, and (d) 7. = 25 ms. The
temperatures indicated in parts a—d are equal or very nearly equal to the exchange intensity maximum temperature for each polymer, resulting in

similar values of 7.

Conclusions

A chain-specific experimental approach based on variable-
temperature solid-state CODEX NMR experiments reveals that
the effective glass transitions for each chain type in PI/PVE
blends are inequivalent, and slow segmental dynamics for each
polymer in the blend are characterized by unique central correla-
tion times and unique correlation time distributions. Quantitative
analyses of the raw data indicate that good agreement exists
between effective T,’s, central correlation time constants, corre-
lation time distributions, and friction coefficients extracted from
this approach versus those obtained by other well-documented
methods. Results from an isotropic rotation diffusion model with
Arrhenius/log—Gaussian or WLF/KWW treatments of tempera-
ture dependence show clear sensitivity to changes that occur upon
blend formation relative to the unmixed components. That such
quantitative information may be obtained for either polymer
component in an amorphous mixture, without isotopic labeling,
electric dipole moment constraints, or introduction of probe
molecules, is a unique advantage of this experimental strategy
and illustrates applicability to a wide range of mixed macro-
molecular systems beyond miscible blends, including polymer
nanocomposites, organic/inorganic hybrids, biological macro-
molecules, and block copolymers.
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