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ABSTRACT: Chain dynamics in macromolecules that occur with slow characteristic exchange frequencies (1
100 Hz) influence the bulk mechanical properties of polymers. In this contribution, we systematically evaluate
the change in conformational reorientations of individual polymer backbones once they form a miscible binary
blend, using the solid-state CODEX NMR experiment over a 100 K temperature range. The temperature range
encompasses the glass-transition points of each pure polymer. The high molecular weight polyisobutylene (PI1B)/
head-to-head polypropylene (hhPP) polymer blend is known to form an intimate mixture at the 50:50 wt %
composition used in this study. Detailed site-specific measurements and analysis of slow polymer backbone
dynamics in the pure and blend state reveal that the two blended components converge to a common averaged
temperature where slow chain motion is maximized in each chain type with equal correlation times, but unique
exchange intensity distributions and activation barriers are preserved for each polymer. Most interestingly, the
value of this composition-weighted average temperature-ig &g lower than predicted using the Fox equation,
guantitatively confirming our previous assignments of configurational entropy as a miscibility driver in polyolefin
blends. Quantitative estimates of the log-Gaussian correlation time distribution models and their temperature
dependence are discussed with respect to the activation en&gfes slow backbone reorientation in pure
amorphous PIB, pure amorphous hhPP, and each in the miscible blend; emphasis is directed toward changes in
the models induced by formation of the miscible blend relative to the pure components. By direct comparison of
data obtained using identical experimental parameters, chain dynamics are relatively more perturbed for hhPP,
the highTy blend component, than for PIB-B0 K vs +15 K, respectively, for the temperature of maximum

slow exchange density relative to the pure material), in agreement with previously published conclusions. Using
an Adams-Gibbs model as the most reasonable physical model suggested by the data, we calculate an increase
in the configurational entrop$. of the miscible blend relative to the unmixed components ranging from 11 to
17%. Importantly, all data are specifically extracted from individual signals arising from each polymer in the
solid blend, rather than bulk-averaged responses, and without any form of sample modification.

Introduction polyolefin blends,21113which is supported by recent theoretical
¢ papers®>17 Several groups have demonstrated that blends of

Defining struct d dynamics i | ¢
o omoleoules & B s aeal o mern POlyisobutylene (PIB) and head-to-head polypropylene (hhPP)

amorphous macromolecules is a common goal for moder h miscib| 8141 thi - .
research in materials science. Many questions are as equallyom One such miscible systefit:*In this contribution, direct

relevant to understanding end-use properties in polymer blendscain-level CODEX NMR experiments on slow backbone
and composites as they are for predicting the organization of conformational dynamics in the PIB/hhPP blend allow simul-

proteins in a tertiary structufe® How do macromolecules of ~ faneous, yet specific, examination of each polymer component
varying polarity and functional group density organize them- OVer & wide temperature range. The CODEX solid-state NMR
selves at the local chain level? How does this organization €XPeriment, recently developed by Schmidt-Rohr and co-
change with the introduction of a mixed system? Recently, Workers;® is a versatile and powerful experimental probe of

several groups including our own have investigated these slow chain motions in macromolecul¥s2! Quantitative analy-

questions using polyolefin blends as a limiting class of Sis of dynamic events (for each polymer chain) in the mechani-
macromolecules in which specific chemical interactions are cally relevant 100 Hz time scale, using CODEX NMR data
minimized due to their completely saturated? sparbon and detailed physical models of chain motion, reveal that chain
structuret~14 In addition to the inherent fundamental under- dynamics in the highty hhPP component are relatively more
standing to macromolecular thermodynamics afforded by the perturbed than PIB upon miscible blend formation. While slow
unique chemical structure of polyolefin blends, mixtures of backbone conformational exchange intensity converges to a
polyolefins comprise one of the most economically important common temperature for both the PIB and hhPP component in
polymer systems. Chain organization and dynamics control the the blend, this common temperature is below that predicted by
observed mechanical properties, and while many polyolefin the Fox equation. The quantitative data and supporting conclu-
blends are semicrystalline, important limits on phase behavior sions from all data analyses, including characteristic exchange
can be established by examination of amorphous blends. Totime constants for the slow motions, confirm that increased
this end, we have reported experiments that identify configu- configurational entropy is an important thermodynamic param-
rational entropy as a key thermodynamic parameter in miscible eter for polyolefin miscibility. Moreover, we demonstrate that
differential dynamics in miscible polymer mixtures for specific
*To whom all correspondence should be addressed. E-mail; POlymer chains is quantitatively accessible using the CODEX
jeff.white@okstate.edu. experimental approach, a powerful alternative compared to
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Figure 1. CODEX experiment pulse sequence, showing only the pulses All additional terms are defined and described in the Supporting
for the carbon channel. Radio-frequency pulses for the proton channelInformation, but the reader can quickly note the time dependencies
have been omitted for clarity. The value of the exchange mixing time for the specific delays in the Figure 1 pulse sequence.

tm = 100 ms for all PIB, hhPP, and blend data reported in this paper.

The total time corresponding to the sum of the first and second Results and Discussion

recoupling period 2(®) = 1 ms. . .
Ping p @ Control Experiments and Experimental Strategy. Al-

though several groups, including our own, have recently used
the CODEX approach to investigate polymers, the following
example is informative for those not familiar with the experi-
mental details. Simply stated, the experiment is a one-
dimensional constant-time version of classic two-dimensional
exchange experiments that exploits the anisotropy of the
Samples and Data CollectionPolyisobutyleneNl,, = 1 000 000) chemical shift interaction to detect movement (in real time) of
was purchased from ExxonMobil Chemical, and hhPP was preparedpolymer chain segments. Figure 2 shows the discrete steps in
by hydrogenation of poly(2,3-dimethylbutadiene) obtaininiyla obtaining CODEX exchange data for a semicrystalline polypro-
= 50 000. The 50:50 wt % PIB/hhPP (43:57 mol %) blend was pylene sample. This PP sample (Polysciences) was nominally
prepared by dissolution in toluene over 2 days followed by atactic, but soluton NMR revealed significant isotacticity
evaporation and vacuum drying for 4 days. DSC measurementsyresent, in agreement with DSC results. We observe that the
|nd|cat::‘_d ?'aSAS”t[?gs't'%nﬁ_'for PIB and hhtPP’Cﬁs ancill—zto ;C’ pure CODEX resulfAS) at 260 K (bottom spectrum in Figure
e bt o e o o b * ) Generales & specum contanng peaks arisng predominany
rom the conformationally heterogeneous amorphous PP chains.

NMR experiments were performech@ 4 mmdouble-resonance th ds. th CODEX ; il onl tai
magic-angle spinning probe using the previously described sequence'! Oth€r wWoras, the pure spectrum will only contain
signal intensity for chain segments that have reoriented during

from Schmidt-Roht8 The probe temperature was calibrated using S i ; ) A
the allowed exchange/mixing time, resulting in a different

PbNG; to within £1 K. All CODEX exchange data were acquired ! ] ! ! HILTIE
with an actively controlled 4 kHz MAS spee@d 1 mscross- chemical shift anisotropy magnltude which is not refocused

polarization contact time, and rotor synchronization, and as a during the second recoupling period, consequently generating
precaution, CODEX measurements were altered between thea signal in the pure CODEX difference spectrum. Conversely,
CODEX and reference signal every 256 scans to eliminate control experiments on a crystalline organic solid, methylma-
spectrometer drift. All CODEX slow exchange data were acquired |onic acid, yield zero intensity in the pure CODEX spectrum,
using a 100 ms exchange time, unless otherwise noted. Totalas expected for a rigid crystalline material (not sho#ns
experiment times typically ranged between 8 and 12 h for a single e have previously published, detailed control experiments on
measurement. For reference, the pulse sequence is shown in Figur%rystalline bisphenol A, in which CODEX and 2D NMR
1 along with the exact values used for mixing and recoupling times. exchange data are compared, indicate that the CODEX data are
Calculations and Theory.Chain conformational exchange data quantitative and free from any artifacts that may affect signal
from the CODEX experiments were analyzed to extract correlation jntensity in the pure exchange analysig?
time constants, activation energies for chain reorientation, and Similarly, CODEX data for a fixed 100 ms mixing time were

gi‘;f?jnstiig’r‘]ti‘rfogglrreelﬁ;[ic’lg tiirTez%isgiit:;gtoen;r'?fgrﬁcgrroﬂcJgt?;iggzls collected for pure PIB, pure hhPP, and their 50:50 wt % blend
(employing pop at temperatures ranging from 205 to 308 K. On average, 15

an approximation to the heterogeneous backbone Conformerdifferent temperature points were run for each of the three

distribution) was used to simulate the experimental data and solve | dsi f d h b
the overall equilibrium exchange matrix as a function of the S&@MPIes, and since a reference and exchange spectrum must be

exchange mixing time in the CODEX experiment and the correlation Measured at each temperaturel00 individual CODEX

time constant for the specific polymer at each temperdie2s measurements were completed. Three representative spectra,
A discrete log-Gaussian correlation time distribution function was taken at different temperatures, are shown in Figure 3 for each
analyzed with respect to temperature using both Arrhenius and WLF of the pure polymers and the blend.

models. Powder averaged values of the chemical shift anisotropy, Only the signals that were used in deconvoluted area
reflecting the distribution of tensor orientations in the amorphous calculations are labeled in each spectrum; the signals correspond
polymers, were included in all calculated fits of the data. The tg the methyl carbons from hhPP @05 ppm region) and the

previous studies on miscible blend dynarfic®® and one which
until this time has been limited to studies of single polymer
systems.

Experimental Section

Mathematicaprogram (version 5.2) was used for all calculations.

quaternary backbone carbon from PIB (39 ppm). These par-

The theory regarding exchange intensities has been previouslyticylar signals were selected due to their relatively high

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 describ&dwith the current detailed and
extensive application to a polyolefin blend system of interest, we
have demonstrated an appealing capability for the CODEX experi-

resolution and the fact that their individual dynamic behavior
directly tracks that of the polymer backbone. Figure 4 quanti-
tatively demonstrates the latter point, using several different
mixing times (at the same temperatures as used for the spectra

ment in polymer blend science. Complete details for all calculations I Figure 3) to determine the exchange correlation time constant.
are included in the Supporting Information. For convenience, the FOr example, Figure 4a shows the growth of the CODEX
equation describing the quantitative evolution of the normalized €xchange signal vs exchange mixing time for pure hhPP.
exchange intensiti as a function of exchange time and temperature Irrespective of whether the side-chain methyl or backbone
for a distribution of correlation times g is reproduced heré&: methylene/methine carbons are used to follow the exchange, a
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CH maximum exchange intensity signal is obtained for intermediate
correlation time constants for both polymers.

The final type of experimental data required to establish

CH, | CHs baseline behavior for a pure, unmixed polymer is the temper-
So t, = Ims ature-dependent normalized exchange intensity for backbone
t, =200ms conformational dynamics. As an example, Figure 5a shows the

normalized CODEX exchange intensity vs temperature for pure
hhPP over an 80 K range and including the DR@emperature.
Indeed, the onset of detectable exchange intensiEES
tn = 200ms corresponds almost exactly with the DSy of 253 K,
S t,= lms demonstrating that the CODEX experiment probes a time scale
familiar to many polymer scientists.
In Figure 5a, the solid lines through the data points are fits
to the experimental CODEX data using a full powder-averaged
simulation for a sample undergoing 4 kHz MAS. As previously

AS=S,-§ mentioned and explained in detail in the Supporting Information,
fits to all CODEX data in this paper are obtained via a 20-site

WN‘/\—V-WV rotational isotropic diffusion model for solving the exchange

80 60 40 20 0 ppm matrix, with a discrete log-Gaussian correlation time distribution

Figure 2. Pure-CODEX spectrum\S) is obtained via subtraction of for backbc_me motion. Intumvely,_ the_ dispersion in s_egmental
the CODEX ) from the references), as illustrated for PP. The spectra  conformational exchange correlation time constants will decrease

were obtained with spinning speed of 4 kHt, = 500 us, mixing as the temperature increases in an amorphous macromotécule,
time = 200 ms, scans 12K, and line broadening- 75 Hz. becoming most homogeneous in the liquidlike regime far above
Tg. Figure 5b shows the calculated temperature-dependent widths
of the log-Gaussian correlation time distributian(@) for pure
" hhPP to exemplify the techniques described in the Supporting
Information. In this model, the width of the correlation time
distributiona(T) varies linearly with temperature, as shown by
the line in Figure 5b. To clarify, Figure 6 demonstrates
graphically how the distribution of exchange correlation time
constants varies at six selected temperatures for blendeg) (a
and pure (e-f) hhPP in our discrete (17 points) log-Gaussian
model. We assume an Arrhenius model for the temperature
dependence of the mean correlation tinge

common correlation time constant of 18:92.3 ms is obtained
using a single correlation time function at 276 K. Therefore
we can use the hhPP GHignal as an accurate reporter of
backbone chain dynamics. Figure 4b shows similar CODEX
exchange data for pure PIB at 227 K. In order to quantitatively
address the difference in exchange intensity with CSA recou-
pling time, the PIB quaternary signaC4) was measured for
two different recoupling times equal to 1 and 2 ms. Using slow
spinning experiments at 227 K, the temperature for the data
shown in Figure 4b, we determine thét.s; > 5 and 10 at 1

and 2 ms recoupling, respectively. While the absolute exchange o . . I
intensity does increase for PIB at the longer recoupling time, The quantitative relat|onsh||c_>s be_twens(ﬁ') ano_l the weighting
factors g(r) for each correlation time used in the exchange

Figure 4b shows that the same exchange correlation timeim nsitv simulations are di dinthe S fting Informa-
constant is obtained in each case 8 ms vs 30+ 7 ms), ensity simulations are discusse € supporting Informa

within the error of the experiment. Indeed, while the absolute tion. On the basis of the data and methods reflected in Figures

exchange intensity does increase at 2 ms recoupling, the actuaj’hari'g d(is\,/i\éve Ica:1 \?VOW lseﬁcr'f'cha”% ?T:ldtiqzantt;]t?tlverllyt;]ntirr?r%atf
signal-to-noise of the measurement goes down due to increase ed h ua S.Ot po.%{ erc ad th otio Si " outg ;. to'b a
spin—spin relaxation during the longer recoupling time, resulting ized exchange intensiti¢XT) and the correlation time distribu-

in a slightly larger uncertainty relative to the 1 ms data. As tions, upon formation of the miscible hhPP/PIB blend and
Schmidt-Rohr and co-workers have discussed at length in ref compare them to the results for each pure polymer CO”,”F’O”e”t-
21, there are several factors that must be considered in Pure Polymer vs Polymer Blend Exchange Intensities.
determining the absolute maximum value ofg(T) point. One Figure 7 summarizes the total CODEX slow conformatlonal
competing mechanism is molecular motion interference with €xchange data for pure PIB, pure hhPP, and the miscible blend.
coherent proton decoupling over a temperature range. For PIB, Smooth lines through the data points in Figure 7 were
we know from previous work that the quaternary carbon is most calculated as described above, resulting in the temperature-
immune to this complicating factor over this temperature range. dependent correlation time distribution widtbgl) shown in
Additional complications regarding motions in intermediate or Figure 8. The three specific temperature points shown on each
very high-frequency regions can affect individ@&T) values, line in Figure 8 were chosen to illustrate low- and high-
again as discussed in detail in ref 21. However, quantitative temperature limits for CODEX signal detection and also near
comparisons of relative temperature-dependent behavior for purethe exchange intensity maximum. The values(@) we extract
polymers vs the same polymers in a blend are accessible usingrom the E(T) fits are consistent with previous reports, albeit
a fixed set of experimental conditions, as we will show in the for different polymer systen®:” For each polymer, we find
remaining sections. an increased temperature dependence upon blend formation,
These two example temperatures were specifically chosenintuitively consistent with the formation of a more heterogeneous
due to their proximity to the exchange intensity maximum for amorphous morphology. This result, along with the identical
each pure sample (vide infra). Therefore, it is not surprising E(T) maximum temperature in Figure 7, indicates that the blend
that similar correlation time constants (19 vs 26 ms) for is intimately mixed at the chain level.
backbone motion are obtained for each polymer. As explained Although an identicalE(T) maximum temperature for the
in detail in the Supporting Information and in ref 20, the polymer components in the blend is observed in Figure 7, the
correlation time constant window selected in the CODEX relative behavior of the two polymers is unique. First, the shift
experiment is £100 ms, and one should expect that the in the E(T) maximum temperature of the hhPP upon blend
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Figure 3. Example CODEX spectra for \g@ure PIB at 230 K, (pPIB/hhPP blend at 250 K, and)(pure hhPP at 273 K, all obtained with a 100

ms exchange time.
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Figure 4. Normalized exchange intensiti&t,) plotted vs mixing
time for (a) pure hhPP, exhibiting an exchange correlation time constant
= 18.9+ 2.3 ms, and (b) pure PIB, obtained using a total CSA
recoupling time forC, of 1 ms (bottom curve) and 2 ms (top curve).
Note that within experimental error the same exchange correlation time
constant is obtained in (b) for the two different recoupling times. These
example temperatures (indicated) were chosen since they are near th

pure sample. As described in the text, the hhPR; €Fnal and the
PIB C, signal are used to follow chain conformational dynamics in the
pure materials and their respective chains in the blend.

hhPP
0.2+ B CH, pure
a)
E(T) 1
0.14
0.0 +—r—
200 220
2 -
o(T) -
b) 14
J hhPP
o CH, pure
0 v Ll v I v 1 Ll I
200 220 240 260 280 300
T[K]

Figure 5. (8) Normalized exchange intensiti€T) vs temperature
for pure bulk hhPP. (bTemperature dependence of the correlation time
distribution widthso(T).

formation is—30 K, while that for PIB is only+15 K; this
disparity is significantly greater than that expected for linear
mixing rules in a 50:50 wt % blend. Second, while the width

(AT) of the exchange intensity curves in Figure 7 increases
slightly upon blend formation for both PIB and hhPP relative
to each pure state, the curves maintain their absolute exchange
intensity maximum value and overall relative shape. In other
words, the conformational exchange intensity values are not
averaged in the blend, even though the blend constituents are
intimately mixed and the exchange intensity maxima are
observed at the same temperature (2267 K). Compared to

the broad, featureless glass transition observed in a standard
DSC experiment for the PIB/hhPP blend (not shovil;

~ 230 K), theE(ty) curves of Figure 7 provide detailed, chain-
specific information about slow dynamics for each polymer in
the blend. Note that the onset of exchange intensity for each
pure polymer in Figure 7 exactly corresponds to the DRC
values reported in the Experimental Section. As shown in Figure
7, the observed exchange intensity maximum-i§ Sleg lower

than predicted by the Fox equation for this blend composition
(vide infra).

Activation Energies and Correlation Time Distributions.
Figure 9 summarizes the results of the calculated fits to the
experimental CODEX data of Figure 7 for the pure polymers
and the polymers in the miscible blend. Within the error limits
of the CODEX data from which the fitting parameters were
extractedE, values are unchanged for each polymer upon blend

X . . . formation. In agreement with the raw data in Figure 7, Figure
temperature corresponding to the maximum exchange intensity for each,

9a shows that the large decreases in chain correlation time
constant for hhPP in the blend-8 decades at any) are not
offset by comparable increasesdnfor PIB in the blend {1
decade at anyl, Figure 9b). The vertical bars in Figure 9a,b
indicate the width of the correlation time distribution at each
temperature point. The PIB activation energy value is higher
than the 60 kJ/mol value recently reported by deAzevedo et
al2! However, we note that the data used to extract this lower
value was for a static version of the exchange experiment
(PUREX), which only provided one-half of the total normalized
exchange intensity curve due to sensitivity limitations, and that
the WLF function was used to extract the Arrhenius activation
energy with reasonable values of the preexponential factor. We
recognize that extrapolation of the Arrhenius fits in Figure 9 to
infinite temperature will not give reasonable preexponential
valuesty and that thekE, values in Figure 9 are most likely
slightly higher than the actual value for each amorphous polymer
(although they are well within ranges reported for amorphous
and semicrystalline polymers). Our primary objective is to
demonstrate the change in slow chain motions that occurs upon
formation of the miscible blend, and we feel that the consistent
application of a log-Gaussian correlation time distribution model
(thereby requiring an Arrhenius temperature analysis) is the most
physically intuitive and accurate approach. To be complete,
however, a WLF/KWW analysis of the raw CODEX data for
the pure hhPP is shown in Figure 10. The WLF fitting
parameters are given in the caption for Figure 10a and result in
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Figure 6. Discrete version of log-Gaussian distribution characterized by different widtsix specific temperatures for hhPP. The 17 points are
centered at., and are equally spaced over 6 decades. The solid line is the continuous function. The valsgiven at the right of each trace.
(a) hhPP in blend at 213 K, JthhPP in blend at 247 K, JdhPP in blend at 270 K, Jdoure hhPP at 243 K, Jgure hhPP at 275 K, and)(pure
hhPP at 297 K.

observed maximum , . . . 2
maximum predicted via T (0] O PIB blend
N Fox Equation (}'(T)l ] m PIB pure
- 247K
a 0.2 4
) [ ] C‘l pure a) 4 205K Ok
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i (¢}
0.0200 . .0 v ID ; Lz“ v zé ; 3150 4 - o hhPP blend
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- @ hhPP pure
. Ti[K] P
~ToCH, blend 3
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A’ 275K
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0/ o 297K
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T [K] Figure 8. Correlation time distribution widths(T) for (a) pure PIB

Figure 7. Normalized exchange intensiti&ty) for (a) pure PIB @) and PIB in blend and (bpure hhPP and hhPP in blend.

and PIB in the blend®) and (b pure hhPPH) and hhPP in the blend ) )
(d). Note the common exchange maximum temperalure 246 K used here. As expected, at higher temperatures the Arrhenius

for each polymer in the blend (left arrow) and the Fox equation function diverges from the WLF function, leading to unrealistic
prediction (right arrow). The smooth lines are fits to the data as 5j,es ofro.

described in the text.

Validity of Model Extracted from Intermediate Otcsa
correlation time values that coincide with those obtained from Experimental Parameters.In generating the data for PIB used
the correlation time distribution/Arrhenius model over the in the fits for Figure 7, the shorter recoupling time 1 ms
temperature range of our experimental data (Figure8)7An from Figure 4b was used. To be complete, we must consider
Arrhenius function withE; = 124 kJ/mol is justified as an  any effect this might have on our interpretations, both in terms
approximation to the WLF function in the temperature range of the temperature at which ai{T)maxis observed and in terms
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Figure 11. Temperature-dependeB(T) curves for PIB obtained with

(®) 1 ms and¥) 2 ms CSA recoupling times. Quantitative fits extracted
from the 1 ms data (solid line) were used to predict the 2 ms data fit
34 E,: 87 kJ/mole (dashed line) prior to actually obtaining the 2 ms data points.

2
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4
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-6 v T
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‘I.»"}f the absolute intensity of any specific point in the temperature
distribution. The onset of detectable exchange intensity in each
E(T) curve shown in Figure 7 almost exactly mirrors their
respective DSOg's. For PIB, the DSC value is 205 K; this is
— PB pure exactly where we begin to detect a measurable exchange
----- PIB in blend component in Figure 7. For hhPP, the DSC value is ca. 250 K,
T T T and intensity begins above background at-2250 K for that
35 4.0 45 5.0 pure component in Figure 7. The relationship between the onset
1000/T [K'] of intensity in theE(T) curve, which is shown to be reliable by
Figur(_e 9. Temperature de_pendence_ of correlation time constants and comparison to DSC, and the curve maximum is just temperature.
resulting Arrhenius activation energies fo) PP and (pPIB. The = 4per it demonstrates that we are not probing an anomalous
vertical bars indicate the width of the log-Gaussian correlation time ' ; - .
distribution at each temperature point, centered abgutor clarity, response from some dilute component that is not representative
only every second temperature point used in the calculation is shown. of the bulk behavior. We also note that the both the temperature
at which we detect the onset of exchange intensity for PIB in

log() [s]

a) 4 - Figure 7, and the temperature for the exchange intensity
24 = Arrhenius § . K . .
od o wir g maximum for PIB in Figure .7, agree almost exactly with the

o p‘é static PUREX values for PIB in Figure 11 of ref 21, even though

@ 44 & there are large differences in the absolute valug(@) in the

\:LD 6+ 0° PUREX vs our CODEX results.

S -8 o° An experimental proof of this conclusion for our system is
:g: oo° shown in Figure 11, where the temperature-dependent response
144 ooooo of the CODEXE(T).vaIu.es are pl.otted for PIB for bothll aqd
16— 2 ms CSA recoupling times. Using the same correlation time

0 1 2 3 4 5 distribution model described in the preceding sections, and
1000/ T [K'] which was extracted from the 1 ms recoupling time data, we
accurately predicted the values &(T) for a new 2 ms
b) 03 . recoupling time prior to actually obtaining the experimental data.
| ™ oxperimental Both sets of data, and their respective fits, are shown in Figure
—— Arrhenius fit . T ! -
024~ - WLF fit 11. This result confirms that the CODEX approach is extremely
’ versatile for polymer blend studies, in that although the absolute
E(T) 1 maximum E(T) intensity may not be accessible at each tem-
044 perature due to competing mechanisms which degrade signal
intensity?! quantitative fits with predictive power for compari-
sons of pure and blended polymers can be extracted from the
0.0 +—— — — raw data. Correlation time valuesy at the center of the
200 220 240 260 280 300 distribution, extracted from either curve in Figure 11, are
T [K] identical.

Figure 10. (a) Comparison of temperature-dependent correlation time ~ Negative Deviation from Fox Equation, Configurational
constants for pure hhPP using WLF/KWW vs Arrhenius models Entropy, and Polyolefin Miscibility. Examination of the

15.5,C, = 117,7(Ty) = 4.52 s, andly = 252 K. (b Comparative fits S
to the experimental CODEX exchange intensity data for 12-point common value (246247 K) for both PIB and hhPP chains in

discrete KWW/WLF model (dash) vs correlation time distribution the miscible blend. The most widely used additivity rule for
Arrhenius model (solid)g = 0.66 in the KWW model. glass-transition temperatures in two-component, one-phase

polymer blends is the Fox equati8hA reduced form of the
of the correlation times and distributions extracted from the data. Gordon—Taylor formalism, the Fox equation, produces a lower
We note several things about the temperature-deperk(@t value of Tq than a simple linear mixing rule would predict due
curves for the pure polymers and the blend in Figure 7 that to the increased free volume expected to exist in a mixture of
indicate that the recoupling time cannot influence the temper- dissimilar polymer structures. Applying the Fox equation to our
ature of the maximum observe€(T), even if it does control slow exchange CODEX data from Figure 7, i.e.
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[(To) Moena= Woi/ (Terdoio + Wanpd (Tem)npp Zprg;gggl}e mixture is a key advantage of this experimental

where Ten, equals the observed C_ODI_EX exchange maximum cqnclusions
temperature for each component in Figure 7 (232 and 276 K), . . . o . .
reveals that thexpectedexchange maximum temperature for  Direct, selective, and noninvasive inspection of chain dynam-
the 50:50 wt % miscible PIB/hhPP blend iF§)]piens = 252 ics in polymers comprising a binary miscible blend is quanti-
K. A simple additive GordonTaylor expression would yield ~tatively accessible using the solid-state CODEX NMR experi-
[(Tem)]blena= 254 K. The direct observation of backbone chain Ment. Using a rotational isotropic diffusion model coupled with
dynamics indicates an excess entropy contribution in this @ témperature-dependent correlation time distribution, slow
miscible polyolefin blend, in agreement with our previous Cconformational dynamics in pure PIB and pure hhPP change
experiments. upon formation of their miscible blend in a manner consistent
Recent interest in the spatial heterogeneity of the glass With @ positive configurational entropy of mixing. Detailed site-
transition in amorphous macromolecules is inextricably linked SPECific measurements and quantitative analysis of slow polymer
to entropic argument&-37 From our experimental perspective backbone dynamics in the pure and blend state of each polymer
involving direct and selective polymer chain inspection using éveal that the two blended components converge to a common
solid-state NMR methods, all data are in agreement with an @veraged temperature where slow chain motion is maximized
Adams-Gibbs model for entropy and dynamic heterogengity. N €ach chain type and with equal average correlation times,
The heterogeneous distribution of cooperatively rearranging Put unique exchange intensity distributions and activation
regions near the glass transition, as reflected in the correlationParriers are preserved for each polymer. An Ada@ebs
time distribution model used to accurately fit the low-temper- Model satisfactorily explains the low-temperature deviation in
ature region of each experimental curve in Figure 7, becomesthe slow exchange dynamics relative to that predicted by Fox/
increasingly smaller (in absolute size) as the temperature is Gordon-Taylor equations of mixing. We conclude that misci-
increased. Correspondingly, the correlation time distribution Pility in at least some polyolefin blends must be driven by a
itself narrows with increasing temperature. While such argu- POSitive configurational entropy of mixing, which for the PIB/
ments are usually discussed relative to single-component glasg\nPP blend examined here amounts to a16% increase
formers in the solid and liquid states (glass vs melt), they are rélative to the pure unmixed polymers.
equally applicable to the pure vs blended polymers. Simply . .
stated, the entropy density increases with increasing temperature Acknowledgment. The authors thank the National Science

and decreasing volume of the cooperatively rearranging region. ~oundation for support of this work through Grants DMR-
The fact that PIB and hhPP can form a stable miscible mixture 9137968 and 0611474. Support for research instrumentation was

in the absence of specific molecular interactions is consistent Provided by North Carolina State University and Oklahoma
with larger entropy density increases relative to either of the State University.

pure, unmixed materials per energy uRit. The significant
deviation from the Fox equation prediction clearly indicates that
the entropic penalty paid by the PIB component in forming the
miscible blend with hhPP is more than compensated by the
entropy gain for the hhPP chains in the miscible blend.
Quantitatively, the change can be evaluated using the Adams References and Notes
Gibbs equation
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