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ABSTRACT The segmental motion of each species in polyisoprene/poly(vinylethylene) (PI/PVE) miscible 
blends is studied at three different compositions using two-dimensional deuteron exchange NMR (2D 2H 
NMR). The individual species exhibit widely different mean mobilities and broad mobility distributions 
near the glass transition of each blend. As the PVE content increases, both the difference in mean mobilities 
between the two species and the width of the mobility distribution for both components increase. The change 
in these two types of dynamic heterogeneity with PVE content appears to produce the anomalous broadening 
of the glass transition. The mean reorientational correlation times of each component can differ by 2 orders 
of magnitude under identical conditions. This difference can be described in terms of distinct effective glass 
transition temperatures, T,*, for the two species. The separation between the two effective glass transition 
temperatures increases almost monotonically with PVE content, consistent with the more pronounced 
thermorheological complexity of blends rich in PVE. The individual T,*'s also exhibit a different compositional 
dependence from that of the calorimetric T, of the blend observed by differential scanning calorimetry (DSC). 
This behavior can give rise to the complex compositional dependence of individual mobilities, apparent when 
the mobilities are compared at the same T - T, with respect to the DSC T,  of the blend. 

1. Introduction 

Miscible polymer blends are of great practical interest 
because a range of useful materials can be produced by 
blending existing polymers. One important goal is to tailor 
the blend properties based on the known properties of 
their constituent polymers. The glass transition tem- 
perature and the width of the glass transition are important 
properties that control the applicable temperature ranges 
of miscible blends. Material processing can be facilitated 
by the modification of flow properties through blending. 
The diffusivities of the individual species, which affect 
the kinetics of mixing and phase separation, can also be 
controlled once the effect of blending on their mobilities 
is understood. In addition, the study of miscible blends 
provides valuable information on the role of intrinsic 
dynamic properties and intermolecular interactions in 
determining the dynamics of polymers in general. Specif- 
ically, by varying the composition of miscible blends, we 
can study the modification of chain dynamics due to 
changes in interchain dynamic constraints, while holding 
intramolecular structure fixed. 

Indeed, blending significantly alters the dynamics of 
both components, often to the extent that the distinction 
between individual species can hardly be observed.' 
Recent studies, however, show that individual species can 
retain their distinct motional characteristics, even though 
their dynamics in blends are very different than in their 
pure  state^.^^^ Similar changes of solvent dynamics in a 
dilute polymer solution have also been ob~erved .~  In a 
number of miscible blends, changes in component dy- 
namics are manifested by an anomalously broad glass 
transition"' and a complex temperature and composition 
dependence of viscoelastic properties.@-1° We have recently 
shown that two types of dynamic heterogeneities in 
blends simultaneously contribute to these macroscopic 
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phenomena: intrinsic differences in component mobilities 
and broadening of the mobility distribution for both species 
due to local compositional ~ a r i a t i o n . ~  Although these 
observations clearly demonstrate the effect of neighboring 
chains on the component dynamics, little information is 
available regarding the compositional dependence of the 
component dynamics and its relationship to the macro- 
scopic properties of blends. 

Phenomenological models that predict the composi- 
tional dependence of the glass transition temperature, Tg, 
of miscible blends usually require a number of fitting 
parameters.l1-l3 Moreover, these theories are not com- 
patible with the distinct responses of constituent polymers, 
which suggests the possibility of two distinct effective glass 
transition temperatures. Likewise, theoretical predictions 
of the composition dependence of tracer diffusivities and 
ultimately monomeric friction coefficients of each species 
do not agree with the experimental o b s e r v a t i ~ n s . ~ ~ J ~  It  
has been pointed out that this disagreement probably 
comes from the experimental difficulty of handling the 
composition-dependent glass transition temperature, 
7',(4).15 Perhaps these discrepancies are related to more 
fundamental questions regarding the compositional de- 
pendence of segmental dynamics and the nature of 
cooperative dynamics underlying the glass transition. 

Our objective in this paper is to provide experimental 
measurements of the segmental dynamics in miscible 
blends as a function of composition. To quantitatively 
characterize the dynamics of each species in blends, both 
selective deuterium labeling and 2D 2H NMR are used. 
The dynamics of individual species are clearly resolved by 
selective deuterium labeling, while the mean and distribu- 
tion width of segmental mobility are quantitatively 
determined using 2D 2H NMR. The segmental reorienta- 
tion motion of interest is known to be correlated with the 
glass transition.16 Therefore, the results pertain directly 
to understanding the compositional dependence of the 
dynamics underlying the broad glass transition of miscible 
blends. Longer length scale dynamics manifested in the 
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deuterio PI'S have essentially the same Tg, while the Tg 
of dPVE is about 2 K lower than the normal PVE, probably 
due to a small difference between their microstructures.23 
The blends containing deuterium-labeled species also show 
nearly identical DSC traces as the unlabeled counterparts. 
Due to mixed microstructure, the polymers are known not 
to crystallize. 

For 2H NMR measurements, we use deuterio ho- 
mopolymers and matched pairs of dPI/PVE and PI/dPVE 
blends with PI  weight fractions of 25,50, and 75 % . The 
blends are prepared by mixing 3 wt 9% toluene solutions 
of each component and slowly casting on a Teflon surface. 
The cast samples are dried at room temperature first under 
a hood and further under vacuum for more than a week. 
The blend samples are clear and free of bubbles, suggesting 
that the film is homogeneous and completely dried. No 
antioxidant is added to avoid possible effects on the local 
dynamics and Tg. The blend samples are subsequently 
sealed off under air in NMR sample tubes and kept in a 
freezer to retard oxidation. 

2.2. Two-Dimensional Deuteron Exchange NMR. 
The segmental reorientation dynamics of polymers are 
studied near the glass transition using 2D 2H exchange 
NMR.24#25 The essence of this method is that the type 
and rate of segmental reorientation can be determined by 
analyzing the correlation of the deuteron resonance 
frequency before and after a controlled time period, tm, 
called the mixing time.24*25 The direct relationship 
between the segmental reorientation dynamics and the 
change in the deuteron magnetic resonance frequency 
arises from the fact that the resonance frequency, w ,  
depends directly on the orientation angle, 6, of the C-2H 
bond with respect to the main magnetic field of the 
spectrometer. For the C-2H bonds in dPI and dPVE, the 
electric field gradient a t  the deuterium nucleus is es- 
sentially uniaxial about the axis of the C-2H bond. 
Therefore, the orientation dependence of the resonance 
frequency is approximately given by 
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Figure 1. DSC traces for the homopolymers (PVE, dPVE, and 
dPI) and three PI/PVE blends (75/25 PI/PVE, 50/50 PIIPVE, 
and 25/75 PIIPVE). 

Temperature ('C) 

viscoelastic and diffusion behavior a t  temperatures much 
above T,  are also related to these segmental motions. The 
exact nature of the latter relations, however, requires 
further knowledge of the way in which the heterogeneity 
in local segmental motion in the blend propagates out to 
the larger molecular scale represented by a Rouse segment. 

In this work, blends of 1,Cpolyisoprene (PI) and poly- 
(vinylethylene) (PVE) (also known as 1,2-polybutadiene) 
are used as a model system. This pair is ideal for our 
study since it has been shown to be miscible in all 
proportions, yet has very weak interactions. Recent SANS 
experiments have shown that PI/PVE blends can be 
described by an interaction parameter, x, which is small 
but negative at  all accessible temperatures.17 This is 
consistent with numerous previous studies,18-2Q which 
indicate that the blend is completely miscible without 
specific interaction. Furthermore, the identical DSC traces 
of PI/PvE blends and block copolymers of the same overall 
composition suggest that the broad glass transition in this 
blend is not due to concentration fluctuations associated 
with incipient phase separation, since such fluctuations 
would be much smaller in the block copolymer.21 There- 
fore, this system can be modeled assuming random 
segmental mixing. 

In the next section, our experimental approach is 
described. We then present the correlation time of 
segmental motion as a function of temperature and 
composition. The compositional dependence of segmental 
dynamics is discussed in terms of the effective glass 
transition, Tg,i*, for each species i. The effect of blending 
on the thermorheological complexity is also examined by 
comparing the mean correlation times with the monomeric 
friction coefficient, l~,i, obtained from the same set of 
blends. We then interpret our observations using a simple 
physical picture of the cooperative local segmental dy- 
namics. We conclude with a brief summary of ourfindings. 

2. Experimental Section 

2.1. Materials. Four polymers are used in these experi- 
ments: hydrogenous and deuterio 1,6polyisoprene (PI, 
dPI) and hydrogenous and deuterio poly(vinylethy1ene) 
(PVE, dPVE). All polymers are prepared by anionic 
synthesis and have narrow molecular weight distributions. 
Sample characterization has been reported previ~usly.~ 
The glass transitions of the blends and pure components 
are characterized by differential scanning calorimetry 
(DSC) (Figure 1).22 The DSC traces were recorded for 25 
mg samples a t  a heating rate of 10 "C/min, using a Perkin- 
Elmer System DSC-7. The pair of hydrogenous and 

where Aw is the resonance frequency shift from the 
deuteron Larmor frequency 00; 6 specifies the strength of 
the electric quadrupole coupling.26 For the backbone C2H 
bond of rigid polymers, 6 is about 125 kHz, while 6 is 
reduced for the C-2H bonds in a methyl rotor due to their 
fast motion about the threefold symmetry axis. Since 2H 
is a spin I = 1 nucleus, two resonance frequency lines at 
w*(6) = 00 f Aw(6) are associated with the 2H on each 
C-2H bond. 

To quantify the correlation in resonance frequencies, 
w1 and w2, before and after the mixing time, we use a five- 
pulse 2D 2H exchange NMR e ~ p e r i m e n t . ~ ~  The details of 
this experiment can be found e l s e ~ h e r e . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  The five- 
pulse 2D exchange NMR sequence is built from three sets 
of pulses, constituting the evolution period, mixing period, 
and detection period. After the evolution period of time 
t l ,  the amplitude of the nuclear spin magnetization is 
sinusoidally modulated with frequency w1 as dictated by 
the initial orientation of the C-2H bond, 61. Reorientation 
may take place during the mixing time, t,. For each value 
of tl ,  the time-domain signal is recorded during the 
detection period as a function of time, t2. As a function 
of t 2 ,  this signal oscillates with w2t2 as dictated by the final 
orientation, 02. The initial amplitude of this signal 
oscillates with wltl, as dictated by the initial angle 81. 

When the range of times tl and tz (-2 X lo4 s) is short 
compared to the correlation time, 7,, for reorientation of 
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Figure 2. 2D 2H exchange NMR spectra of two homopolymers, dPI and dPVE, obtained close to T.. at 213.1 K (T, + 2.7 K) and 
271.8 K (T + 1.2 K), respectively. (a) Experimental and simulated spectra of dPI obtained with mixing times of 10,50, and 200 ms. 
From the fit, we obtain a mean correlation time T*,= 0.5 s and a width of the distribution n = 1.25 decades. (h) Experimental and 
simulated spectra of dPVE obtained with mixing times of 10, 40, and 250 ms (7- = 1 s and o = 1.0 decade). 

C2H bonds, we can neglect reorientation during tl  and 
t ~ . % ~  This is typically the case in amorphous polymers 
near Tg (rc 2 103 s). However, when the reorientation is 
characterized by a very broad distribution of motional 
rates (3-5 decades), the above assumption may not be 
strictly ~ a l i d . * ~ . ~ ~  In that case, while the mean motional 
rates lie in the slow motion regime, the fastest motions 
may lie in the intermediate dynamic range (1 ps 5 rC 5 
1 ms). Signals from the C-2H bonds that have motional 
rates in this range are known to be significantly reduced 
due to incomplete refocusing of magnetization during the 
evolution and detection The reduction of 
spectral intensity as a function of temperature, R ( T ) ,  can 
be characterized using the solid echo e ~ p e r i m e n t . ~ ~  Using 
the observed reduction, we develop an approximatescheme 
for correcting the apparent correlation time distribution 
determined from the 2D spectra for the correlation time 
dependent reduction. Since the loss of spectral intensity 
is maximized for rE = 2/6,32 we can also obtain supple- 
mentary information about the temperature dependence 
of the mean correlation times. 

All 2D spectra are recorded using a Bruker MSL 200 
spectrometer equipped with a VTlOOO temperature con- 
troller unit. Aslightly modified Bruker hroad-bandwide- 
lineprobewitha7.5mmcoilisused. The9Oo pulselength 
is 3.1 ps and a digitization rate of 3.2 psis used to capture 
the complete range of the spectra along the t l  and t~ 
dimensions. The repetition time is varied from 300 ms to 
1 s toobtain sufficientlyrelaxed spectra. Reasonablesignal 
tonoise isachievedwith -128scansatthesmallestmixing 
time and up to 1920 scans a t  the largest mixing time. The 
typical data size is 256 complex points along t~ and 60 
points along t l .  At each temperature, spectra are taken 
at three or more mixing times to probe the evolution of 

the reorientation distribution withtime. The mixingtime 
is varied from 0.5 to 400 ms, spanning almost 3 decades 
in time. The temperature is controlled to within *0.5 K 
for each set of mixing times. The procedure we use t o  
analyze the experimental spectra has been reported 
previously.3 

3. Results 

For both homopolymers, 2D spectra obtained very close 
to the DSC glass transition temperatures (Tg + 2.7 K for 
dPI and T, + 1.2 K for dPVE) show similar degrees of 
reorientation a t  similar mixing times (Figure 2). The 
simulated spectra are obtained from the rotational dif- 
fusion model with a log-Gaussian distribution of correlation 
times. The log-mean correlation times determined by the 
fits shown in Figure 2 are 0.5 and 1 s for dPI (at T, + 2.7 
K) and dPVE (at Tg + 1.2 K), respectively. Some 
differences between the experimental and the simulated 
spectra are observed, particularly near the two diagonal 
peaks and their off-diagonal cross region. Suchdifferences 
in the shape of 2D spectra between the experimental and 
the simulated spectra can arise from many origins not 
directly related to the reorientation dynamics, such as an 
anisotropic relaxation of magnetization during the mixing 
time, a small deviation from axial symmetry of the electric 
field gradient around the C-2H bonds, and experimental 
imperfections. Since the degree of exchange sensitively 
affects how signal along the off-diagonal ridges changes 
relative to the diagonal intensity, the difference in 
appearance near the diagonal peaks and their off-diagonal 
cross region does not affect the accuracy of the fit 
parameters. 
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Figure 3. Experimental and simulated 2D *H exchange NMR spectra of the two components in 75/25 PI/PVE blends obtained at 
similar ternperntures: la) 75/25 dPI PVE at 226.8 K (rm = 12.5 ms and o = 1.35 decades): (b)  75/25 Pl/dPVE at 228.0 K ( 7 -  = 0.5 
s and D = 1 decade,. 

In PI/PVE blends, the individual components have 
significantly different mobilities at all experimental 
temperatures, which is evidenced in the spectra obtained 
at nearly identical conditions (Figure 3). For the same 
blend composition and temperature, PI exhibits much 
faster reorientation than PVE. Direct inmeetion of the 

25/75 Pl/dPVE do not show significant exchange intensi- 
ties (e.g., 250 K). In fact, the dPI spectra obtained at a 
temperature 5 K higher than in Figure 4a exhibit not only 
a strongly smeared off-diagonal intensity but also asym- 
metrically distorted spectra with an isotropic peak at the 
center. These features have oreviouslv been observed in 

spectra in Figure 3 enables one to estimate the relative 
rates of PI and PVE motion and observe that they differ 
by morethan a decade for both blend ratios. For example, 
in the 75/25 PI/PVE blends, the degree of exchange is 
more pronounced a t  a mixing time of 20 ms for dPI than 
for dPVE at a mixing time of 200 ms (Figure 3a,b). 

To confirm that this stark difference in mobility is not 
an artifact of isotopic labeling, we have compared 2D *H 
exchange NMR spectra obtained from blends of the same 
overall composition but different fractions of labeled 
species. If deuterium labeling altered the phase behavior 
of these blends, changing the fraction of labeled chains 
would cause significant changes in the mobility of both 
species because the segmental mobility depends sensitively 
on the composition of neighboringchains. Instead, nearly 
identical exchange patterns are observed from 50/50 PI/ 
PVE blends containing two different fractions of deuter- 
ated species (i.e., dPI spectra for 2525/50 dPIPI/PVE 
and 50/50dPI/PIand dPVE spectra for 50/2525 PI/dPVE: 
PVE and 50/50 PI/dPVE). This result suggests that 
deuteration does not observably affect the phase behavior 
of the blend, at least close to the glass transition as studied 
here.% 

For the 25/75 PI/PVE blends, the dPI spectra exhibit 
a smeared out appearance, which indicates a significant 
fraction of segments have motional rates that fall in the 
intermediate dynamic regime (Figure 4a). The evidence 
of highly mobile PI units is observed even at temperatures 
where the motion of PVE is so slow that 2D spectra for 

spectraobtained inthe middle'of the intermediate dynamic 
regime.30 

The log-mean correlation time, rQ, and the width of the 
correlation time distribution, u, are determined by fitting 
the series of experimental spectra at each temperature 
with calculated spectra. In contrast to polystyrene (PS) 
and poly(2,6-dimethylphenylene oxide) (PXE) in PS/PXE 
blends: whose 2D spectra have been interpreted in terms 
of a bimodal distribution of correlation times for each 
species, our experimental spectra of PI/PVE blends are 
consistentwith a unimodal distribution ofcorrelation times 
a t  all compositions. This is discussed in more detail in 
the Appendix. 

The mean correlation times obtained using a single log- 
Gaussian distribution are shown in Figure 5 for the two 
homopolymers and each component in three blends. The 
temperatures a t  which T* N 2/6 are estimated from the 
minimum in solid echo intensity as a function of tem- 
perature. The mean correlation time at the minimum in 
solid echo intensity is denoted by rc,,,,jn. For dPVE, rFmi,, 
= 16 ps, and for dPI, rC,,in N 26 ps; this difference is due 
to the fact that for dPI ~ ~ . ~ i ~  represents the log-weighted 
average of methyl and backbone deuterons, with 3 methyl 
deuterons having 2/8 N 54 ps and 5 backbone deuterons 
having216 Y 16ps. Thesedataarealsoincludedasdistinct 
symbols in Figure 5 (+) and appear to be consistent with 
the 2D NMR data for the two homopolymers. Blends 
rich in PVE, however, exhibit mean correlation times 
estimated from 2D spectra that are substantially larger 
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Figure 4. Experimental and simulated 2D 
dPI/PVE at 249.7 K ( T ~  = 33 ms and u = 1.85 decades); (b) 25/75 PIIdPVE at 253.3 K (r9 = 1.33 sand u = 1.75 decades). 

exchange NMR spectra of the two components in 25/75 PIIPVE blends: (a) 25/75 

than those obtained from the minimum in solid echo 
intensity. The deviation is particularly noticeable in 50/ 
50 and 25/75 PI/PVE blends. This increase in the 
deviation appears to  be related to the broad correlation 
time distribution and can be ascribed to the inhomoge- 
neous reduction of signal in the intermediate dynamic 
regime (see Appendix). 

To assess the effect of signal loss in the intermediate 
dynamic regime, solid echo intensities and the transverse 
NMR relaxation time (Tz) have been measured as a 
function of temperature (Figure 6). Since the detection 
of the signal in the five-pulse 2D exchange NMR experi- 
ment is done by solid echo, the loss of solid echo intensity 
gives rise to a similar loss of signal in the 2D exchange 
NMR experiment. The intensities in Figure 6a are 
normalized by the Boltzmann factor determining the 
temperaturedependence of the spin population and scaled 
with the intensity obtained well below the glass transition. 
The decrease in solid echo intensity with temperature can 
be explained by two mechanisms: the change in TZ 
relaxation times (Figure 6b), and incomplete echo forma- 
tion due to changes in resonance frequency during the 
solid echo s e q ~ e n c e . ~ ~ , ~  Both mechanisms give rise to  a 
correlation-time dependent reduction of spectral intensity, 
which is strongest a t  r, 2/6.32.37 Therefore, the 2D 2H 
NMRspectraobtainednear theglass transitionofsystems 
with a broad distribution of motional rates tend to 
underrepresentthe most mobile segments whose mobilities 
lie in the intermediate dynamic regime. This leads to an 
overestimation of the mean correlation times and an 
underestimation of the width of the correlation time 
distribution. The effect of the loss of spectral intensity 
on the apparent correlation time distribution is discussed 
in more detail in the Appendix. 

By taking this loss of signal into account in a semi- 
quantitative way, the values of the corrected mean and 
width of the correlation time distribution, re* and (I*, 

consistent with the observed 2D spectra and solid echo 
intensity can be estimated. The resulting values of rC* 
are shown as filled symbols (Figure 5). The temperature 
dependence of the correlation times for each pure com- 
ponent appears to  be consistent with its established 
Williams-Landel-Ferry (WLF) behavior, 

where log rg is the mean correlation time at Tg, CIS and 
C+ are conventional WLF parameters, and Tg is the glass 
transition temperature (dashed curvesFigure 5). For the 
literature values of WLF parameters CIS and C+ and the 
DSC Tg, reasonable WLF curves are obtained with log[r, 
(s)] u 0. The mean correlation times of PI and PVE in 
all three blendsarealsocomparedwitha WLFtemperature 
dependence as shown by the dashed curves, where the 
WLF parameters for each species are assumed to be 
independent of composition. The agreement is reasonable 
when the effect of intensity loss is approximately taken 
into account (filled symbols). The restricted WLF fit of 
the correlation times with fixed values of Clg and Cfl 
renders different Tg(@) for each species. 

The different T,(@)'s for each species i obtained from 
the restricted WLF fit describe the significant differences 
in their average mobilities. The difference in the mean 
correlation times between the two components close to 
themacroscopicT,increasesfrom1.5tomorethan2orders 
of magnitude as the PVE content increases. Alternatively, 
when we compare the T,,i(@) obtained from the fit, Tgpm 
- Tg,p~ increases from about 8 K for 75/25 PI/PVE to 15 
K for 25/75 PI/PVE. This increased difference in mobili- 
ties between the two species with increasing PVE content 
is in accord with the more pronounced thermorheological 
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Figure 5.  Apparent log-mean correlation times (horizontal 
dashes) as a function of temperature obtained from 2D spectra 
of (a) dPI and (b) dPVE and corrected log-mean correlation times 
(filled symbols) after taking into account the effect of the 
correlation time dependent reduction in spectral intensity. The 
+ symbols are the mean correlation times estimated from the 
intensity and Tz minima. The dashed lines are WLF curves for 
a rough qualitative comparison, obtained by using the WLF 
parameters CIS and Czg in the literature.9 For dPI homopolymers, 
Clg= 11.7,Czg=52.9K,andTg=210.4K. FordPVE,Clg=11.4, 
Czg = 56 K, and Tg = 270.6 K. The WLF parameters C l g  and Czg 
are assumed to be independent of composition. The Tg(4)'s 
obtained from the fit are nearly the same as the effective Tg 
shown in Table i. 

complexity observed in blends rich in PVE.38 This 
observation suggests that thermorheological complexity 
is directly related to differences in segmental mobilities 
of individual species near the glass transition. 

Another quantity of interest is the width of the log- 
Gaussian distribution, a, which is related to the distribution 
of mobilities and can be obtained from the fit of 2D NMR 
spectra. In previous literature, 2a is often used as the full 
width of the correlation time di~tribution.'6~~0 The full 
widths of the correlation time distributions (2a) are shown 
in the Appendix (Figures 12and 13), represented as vertical 
bars to =tu  from the mean correlation times. The widths 
(a*)  that are obtained by taking the intensity loss into 
account are also presented similarly. As previously 
observed in the 50/50 PIIPVE blends and other ho- 
mopolymer~,3J~*~~ D increases with decreasing temperature 
near T,. The magnitude of a a t  comparable values of T~~ 

exhibits a strong compositional dependence. Specifically, 
75/25 PI/PVE blends show a's that are comparable to those 
of homopolymers, whereas blends richer in PVE exhibit 
significantly increased a's. Therefore, the broad glass 
transition of 75/25 PI/PVE is dominated by the difference 
in the mean mobilities between the two species, while the 
anomalously broad glass transitions for the 50150 and 251 
7 5  PIiPVE blends arise from both the separation in the 

. j  , 
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3 

C F  
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Temperature ("C) 

2C 
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Figure 6. (a) Normalized solid echo intensity of dPIas a function 
of temperature and the estimated decay of the signal intensity 
due to the change in TZ relaxation time. (b) The apparent Tz 
relaxation time appears to exhibit a minimum where intensity 
becomes minimum. 

mean mobilities and the broad distribution of mobilities 
for each species. 

In contrast to the significant differences in the mean 
mobility, however, the u's obtained at a common tem- 
perature appear to be quite close for both components at 
all compositions examined. It is inferred from this 
similarity in a, despite the wide differences in 7%: that the 
broadening of dynamics for both components arises from 
some structural heterogeneities that are shared by both 
species. The effect of purely statistical composition 
variation that was examined previously for the 50150 PI/ 
PVE blend is extended in the next section for blends at 
all compositions. 

4. Discussion 
4.1. Composition Dependence of Individual Glass 

Transition Temperatures. In many glass-forming sys- 
tems, the glass transition is accompanied by sharp changes 
in viscosity and relaxation times as well as thermodynamic 
properties (heat capacity, thermal expansion coefficient, 
etc.1.39 A consistent definition of the glass transition 
temperature can be given in terms of certain relaxation 
times. For example, the temperature a t  which the 
macroscopic enthalpy relaxation time reaches N 100 s can 
be defined as the glass transition temperature and is known 
to be correlated with the conventional onset temperature 
observed in a DSC meas~re rnen t .~~  Although this defini- 
tion of Tg seems consistent for many small molecular 
glasses and pure polymers, it becomes ambiguous for 
miscible blends in which the two components can exhibit 
widely different mobilities, even though the blend as a 
whole shows a single glass transition. In a 50/50 PI/PVE 
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Tg and the Tg* of PVE is nearly constant, at least for the 
compositions studied here, while the differences for PI go 
through a weak maximum and decrease almost monotoni- 
cally with increasing PVE content (Figure 7, inset). This 
implies that the dynamics in miscible blends near the glass 
transition cannot be characterized solely in reference to 
the macroscopic Tg of the blend. When the mobility ratio 
of the two components obtained at  various compositions 
is compared at temperatures with fixed T - Tg, the ratio 
varies with composition. For the particular choice of Tg 
based on the conventional calorimetric glass transition 
(Figure 7 ) ,  the ratio of mobilities between PVE and PI 
would exhibit a distinct maximum near the PI weight 
fraction of 25%. Similar behaviors have been observed 
by tracer diffusion,'O chain relaxation,14 and segmental 
motions manifested in TI  NMR relaxation times.41 This 
often complicates the diffusion studies in miscible blends 
because the compositional dependence of tracer diffu- 
sivities due to the change in matrix glass transition cannot 
be compensated by simply shifting the measurement 
temperature with respect to the blend Tg. Significant 
discrepancies between the experimental and theoretical 
studies on the compositional dependence of the monomeric 
friction coefficient of each species seem to be related to 
this complex glass transition behavior.1°J4J5 

When we compared the Tg* with simple empirical 
relations for the compositional dependence of Tg, we notice 
that the Tg* of PVE agrees roughly with the Fox-Flory 
relation, while the Tg* of PI increases close to linearly at 
PI fractions higher than 50%. Further studies are required 
to determine whether or not this behavior is typical in 
miscible blends with weak interactions. 

4.2. Failure of Time-Temperature Superposition. 
The thermorheologically complex behavior observed in a 
number of miscible blends8~9 can be explained in terms of 
a distinct temperature dependence of the monomeric 
friction coefficient, {o,i, where i indexes each component. 
In our previous paper,3 a qualitative analogy between the 
l0,i and ~ ~ , i  was invoked to understand the failure of time- 
temperature superposition. I t  was demonstrated that the 
distinct Tg,i* underlying the broad DSC glass transition 
can describe the different temperature dependence of rQ,i 
and, perhaps, h,i. Here, the ~ ~ , i  are directly compared 
with {o,i obtained from the same set of polymer blends 
using simultaneous mechanical and birefringence mea- 
s u r e m e n t ~ ~ ~  (Figure 9). The two sets of data are compared 
quantitatively by introducing one adjustable constant for 
each pure component, which accounts for the ratio of {o,i/ T 
to 7w The connection is made using the general relation- 
ship between the shortest Rouse relaxation time of species 
i, 7R,i, and its friction coefficient, {~,i: 

00 0 2  0 4  0 6  0.8 1 0  

-40 

I I o NMRT, P V E T  -. -. I -  * NMRT' PI 
M DSCT: Blend 

Fox eaualion 
- - - Quadratic fit 1 1,- BoundofDSCT, I 

I 

0.0 0.2 0.4 0.6 0.8 1 .o 

PI wt. Fraction (%) 

Figure 7. Composition dependence of the individual effective 
glass transition temperatures, T,*. The - symbols show the 
conventional upper and lower bounds of the glass transition 
determined by the tangent method. The + shown for the 75/25 
PI/PVE blend corresponds to the upper bound of the DSC glass 
transition with the weak shoulder of heat capacity change taken 
into account (see Figure 8). The differences between the Tg* 
and the DSC Tg are also displayed (inset). 
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Figure 8. DSC traces for PI-rich blends. As the PVE fraction 
increases, the DSC traces show the development of the weak 
high-temperature shoulder. 

blend, for example, the mean reorientation correlation 
times of the two components can differ by more than an 
order of magnitude. Therefore, it seems reasonable to 
define an effective glass transition temperature, Tg* for 
individual species based on mean correlation times. Here, 
we define Tg* as the iso-correlation-time temperature a t  
which 7% reaches 1 s. I t  can be obtained conveniently 
from the WLF fit of the correlation times by requiring 

The Tg*'s obtained from the corrected mean correlation 
times (filled symbols in Figure 5 )  are plotted against the 
PI weight fraction in Figure 7. The Tg*'s are almost 
identical to the conventional DSC Tg for both pure 
components. In the blends, the Tg*'s for the two com- 
ponents differ by more than 10 K, and the difference 
increases with increasing PVE fraction. However, the two 
individual Tg*'s fall well within the DSC glass transition, 
except that the Tg* of PVE in the 75/25 PI/PVE blend 
appears to falloutside the main glass transition. However, 
close inspection of the DSC traces for blends with high PI 
fraction (Figure 8) reveals that there is indeed a distinct 
but weak shoulder a t  temperatures corresponding to the 
Tg* of PVE. This shoulder is also present in the DSC 
traces of other workers.9~~0 

The component Tg*'s show different compositional 
dependences from each other and from the macroscopic 
DSC Tg. In particular, the difference between the DSC 

log[7, (SI1 = 0. 

(3) 

where Ai = a?/37r2, ai is the length of a Rouse chain segment, 
and kBTis the thermal energy. For comparison purposes, 
the value of Ai is adjusted so that the pure component 
data for both TR,~ and ~ % , i  can be best described by a 
common WLF fit. The same values of Ai are used for 
species i in the blends as well. The dotted lines shown in 
Figure 9 are the common WLF fits, and the parameters 
are listed in Table 1, where log[Tg (s)I is fixed to be 0, 
consistent with the definition of Tg*. For the WLF curves 
shown in Figure 9, Clg is also fixed for each species, since 
we expect the extrapolated mobility a t  infinite temperature 
to be controlled by intrachain dynamic constraints, 
independent of composition. Furthermore, both Clg and 
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common WLF fit does. A WLF fit to the rheological data 
alone would lie above the mean correlation times, 7%, but 
within the distribution of correlation times observed by 
NMR (see Figures 12 and 13). The NMR measurement 
probes segmental motions that correlate well with the 
monomeric friction coefficient in homopolymers. How- 
ever, the rheological measurements probe {o, which 
represents an average of segmental mobilities out to the 
scale of the entanglement molecular weight. Therefore, 
the systematic discrepancies between the temperature 
dependence of 7R,r and 7%, evidenced most strongly in 
blends with particularly broad distributions of T ~ ,  suggest 
that the species’ {O measured rheologically may be a biased 
average of locally heterogeneous friction coefficients. This 
behavior is perhaps related to the way that the hetero- 
geneity in segmental dynamics is propagated to the chain 
dynamics a t  a Rouse or reptation level. 

4.3. Effect of Statistical Composition Variation. 
In this section the effect of statistical variation in 
composition previously discussed for a 50150 blend3 is 
extended to examine the compositional dependence of 
segmental dynamics. The effect of compositionalvariation 
on the mean and width of the correlation time distribution 
is calculated based on a simplistic model and is compared 
with experimental results. 

In a real system, the dynamics of a test segment would 
depend on its intramolecular dynamic constraints and on 
the coupling of its dynamics with its neighbors. It is 
expected that the dynamics of a test segment would be 
strongly coupled to its neighbors, both because of con- 
nectivity along its backbone and because its neighbors are 
densely packed around it. Near the glass transition 
temperature, in particular, it has been speculated that the 
dynamic coupling extends much beyond the nearest 
neighbors.42 This qualitative feature can be captured by 
treating the dynamics of a test segment as coupled to all 
the neighboring segments lying within a critical radius r,. 
In this simple model, we represent this dynamic coupling 
by a local glass transition within a critical radius rc. In the 
presence of local composition variations, this simple 
physical picture predicts a distribution of local glass 
transitions and hence a distribution of motional rates. The 
difference in average motional rates between the two 
components in a blend can also arise, since the test segment 
biases the composition of a local volume around it toward 
that of the test chain. This simple model is useful in 
showing how much of the observed broadening and 
difference in mobility between the two species can be 
ascribed to random variations in the local composition. 
The effects of intr insic  differences in the dynamics 
between the two species are not included in the model 
(Le. ,  differences in dynamic coupling or intramolecular 
barriers to conformational rearrangement). When these 
are neglected, it turns out that this simple model cannot 
explain both the observed mean mobility difference and 
the width of the species’ mobility distributions simulta- 
neously. 

In a blend of “A” and “B” with very weak interactions 
(x N 0), one can assume that the neighbors of a particular 
chain are chosen randomly. The composition of its 
neighbors within the radius rc has some distribution about 
the macroscopic composition. Thus, the composition of 
a subvolume is biased toward that of the test chain, since 
the test chain occupies a certain fraction of the subvolume 
due to connectivity and the rest of the subvolume is filled 
by either A or B randomly. The compositional distribution 
of the neighbors is approximated to be Gaussian, with 
mean equal to the macroscopic fraction of A, 4, and 
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10001T (K-’ ) 
Figure 9. Comparison of 7% and [o for each component in the 
same blend. The solid symbols are the same mean correlation 
times as shown in Figure 5, and the open symbols are the shortest 
Rouse-like relaxation time TR evaluated from the monomeric 
friction, [o. The (-) symbols correspond to the mean correlation 
times from 2D spectra. The dotted lines are the best fit WLF 
curves that pass through both the rQ and TR, and the parameters 
are listed in Table 1. 

Czg cannot be determined unambiguously, within the 
experimental uncertainties. The proportionality factor 
Ai’s determined empirically from Tq,ikBT/ to,; are much 
smaller than Ai directly calculated from the literature 
values of the statistical segment lengths. This is consistent 
with the fact that the segmental motion observed by 2H 
NMR is more local than the Rouse chain dynamics. 

The common WLF curves can describe both sets of data 
reasonably well over 8 decades of dynamic range for both 
homopolymers. For a given species i in a blend, T R , ~  and 
7 %  can roughly be described by a common WLF fit. As 
suggested p r e v i o ~ s l y , ~ ~ ~  the failure of time-temperature 
superposition can be described in terms of the different 
temperature dependences of the component dynamics. 
Though the dominant feature still seems to be the distinct 
individual Tg*, the other two parameters ( C l g  and C@) 
also appear to have a weak compositional dependence, in 
spite of the similarity between these parameters for each 
pure component. Although experimental uncertainties 
limit our ability to quantitatively determine C l g  and C#, 
it is impossible to achieve a reasonable fit if they are both 
held fixed, independent of composition. 

Although a common WLF curve approximately de- 
scribes both rheological and NMR data for a given species 
in a blend, some deviations are evident, particularly in 
blends that have very broad correlation time distributions 
(i.e.,  in 50150 and 25/75 PI/PVE blends as evident in 
Figures 12 and 13). For the 50150 and 25/75 PI/PVE 
blends, the rheological results for 7R,i  (open symbols) rise 
more strongly with decreasing temperature than the 
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Figure 10. Mean and width of the correlation time distribution 
from the experiment (circles) and from the model calculation 
(squares) for a subvolume size of N = 10 (a) for 25/75 PI/PVE 
and (b) for 75/25 PIIPVE. 

variance, u2, estimated from the statistics of Bernoulli 
trials.3 

The size of the region that influences the dynamics 
naturally affects the distribution of local composition; as 
rc decreases, the number of neighboring units within the 
critical radius decreases and the variance of local com- 
position increases. To connect this distribution of com- 
position with the distribution of motional rates, one must 
adopt some method of mapping composition to mobility. 
Here, the approach suggested by Fischer and co-workers 
is taken.43 The local compositional distribution is mapped 
into the local T, distribution, using the compositional 
dependence of the macroscopic Tg(4). The WLF tem- 
perature dependence of motional rates is used to calculate 
the distribution of motional rates of a test species. The 
details of their model and the procedures used to compute 
the distribution of motional rates have been discussed 
previously.3 

The calculation and the experimental results are 
compared in Figure 10. For uniformity and ease of 
comparison, we designate A to be the high-T, component 
(PVE) and B the low-T, component (PI). In the calcula- 
tion, the width of the correlation time distribution is 
governed by the mapping of variations in composition onto 
mobility distributions through the compositional depen- 
dence of the local Tg(@). The size of the normalized critical 
radius N = 2rJb  (where b is the characteristic monomer/ 
statistical segment size) is chosen to capture the observed 
broadening of T, and the correlation time distribution for 
the 50/50 blend. The model does not account for the width 
of the correlation time distribution in the homopolymers; 
not surprisingly, in the 75/25 PI/PVE blend, in which the 
distribution width is comparable to that of the homopoly- 
mers, the model underpredicts the distribution width. 
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Figure 11. Average reduction of solid echo intensity as a function 
of mean correlation time for each homopolymer (a) dPI and (b) 
dPVE. The Gaussian fit through the data is used as the 
correlation time dependent reduction & ( T ~ )  for each species i. 

Table 1. WLF Parameters That Best Fit both the 7% and ~g 
in Figure 9 

species composition (PI/PVE) Clg 
PI 100/0 12.85 

15/25 12.85 
501 50 12.85 
25/75 12.85 

PVE 15/25 12.3 
50150 12.3 
25/15 12.3 
0/100 12.3 

~~ 

C28(K) T g * W  
49.6 210.9 
49.7 216.8 
46.9 226.3 
44.8 236.5 
68.0 225.3 
65:4 234.4 
51.5 252.1 
48.6 211.2 

For the value of N that best reproduces the width of the 
correlation time distribution, the separation between the 
mean motional rates of A and B is much smaller than the 
experimental difference at  all compositions. The separa- 
tion between the mean motional rates would increase if 
the bias in the composition of each subvolume is increased. 
This could be achieved by reducing the subvolume size so 
the test chain occupies a larger fraction of it. However, 
increasing the bias in composition toward the test chain 
makes the u's of the two species differ significantly, since 
u for a high-T, species becomes substantially larger as a 
result of the increasing sensitivity of mobility as the 
fraction of high-T,component, 4, increases. This behavior 
implies that the observed segmental dynamics cannot be 
completely explained by local compositional variation 
alone. The remaining differences in the mean correlation 
times between the two species are likely due to the intrinsic 
dynamic differences between the two species. 

5. Conclusion 
We have measured, using 2D 2H NMR, the dramatic 

change in segmental mobilities of two species in miscible 
blends as a function of composition. As the content of the 
high-T, component (PVE) increases, the difference be- 
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Figure 12. Effect of reduction on the determination of the mean and width of the correlation time distribution of PI: (a and c) 
apparent mean (symbol) and width o (vertical ban, corresponding to *a) without accounting for intensity reduction R (percent 
reductions observed from solid echo measurement are indicated); (h and d) modified mean re* and width of the correlation time 
distribution cr* in accord with the observed r,, c, and R. The shaded area corresponds to the range of correlation times that undergo 
more than 80% reduction. Open symbol corresponds to the mean correlation times obtained from the intensitylT2 mininum. Parts 
a and h are for pure dPI and 50/50 dPI/PVE blend; parts c and d are for 25/75 and 75/25 dPI/PVE blends. 

tween the mean motional rates of the two species increases. 
These differences can be described in terms of separate 
effective g l a s  transition temperature, 2" j, for each species 
i, whose difference increases with PVE content. The 
growing difference between the individual TK*'s may 
explain the more pronounced thermorheological complex- 
ity observed for high PVE fraction in these blends. The 
individual T,*'s also show different compositional de- 
pendencesfrom eachother and from the macroscopicDSC 
TB. As the relative difference between T K , p ~ *  - TK and 
TK - TK,pl* changes, the mobilities observed a t  a given T 
- TK vary significantly. Thus, viewing the dynamics with 
respect to the macroscopic TK can give rise to  a complex 
nonmonotonic dependence on composition. 

Similarly, the width of the mobility distribution in- 
creases for both species as the content of high-TK com- 
ponent (PVE) increases. This behavior can originate from 
random composition variations. Based on a simplistic 
model, local composition variations can give rise to  the 
observed broadening of the mobility distribution. The 
broadening is pronounced when the glass transition 
temperature changes rapidly with composition, which is 
often the case in blends rich in the high-TK species. 
Although this model can explain the observed u and its 
composition dependence, the observed differences in the 
mean mobilities cannot he explained simultaneously. This 
may be due to the intrinsic dynamic differences between 
the twospecies, whichare neglected in thesimplisticmodel. 
Both the broadening of the correlation time distribution 
and the significant differences in mean motional rates give 
rise to the changes in the width of the glass transition in 
miscible blends. 
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6. Appendix 
6.1. Reduction of NMR Spectral Intensity. When 

the solid echo intensity is measured as a function of 
temperature, it exhibits a broad minimum at about 30 K 
above the glass transition. This behavior has been 
observed in many systems and has also been used to 
determine the nature of segmental dynamics in a number 
of polymer s y s t e m ~ . ~ ~ , ~ ~ J ~ , "  This reduction of signal is 
often described in terms of a minimum in the effective T2 
relaxation time and/or the incomplete refocusing of the 
magnetization (Figure 6). Both effects appear to have a 
strong dependence on correlation time, with the reduction 
becoming strongest at rC u 2/6. Although this reduction 
of signal is most intense in the intermediate dynamic 
regime (1 fis 5 T. 2 1 ms), some reduction is observed over 
a very wide range of correlation times. The reduction is 
significant, even in the temperature range where 2D NMR 
spectra are obtained. Thus, it is possible that the 
correlation time distribution determined from 2D spectra 
is biased toward slower motions, since the correlation- 
time dependent reduction is stronger for C"H bonds lying 
in the fast tail of the actual correlation time distribution. 
We suggest an approximate procedure, based on solid echo 
intensity measurements, to correct for the effect of 
correlation time dependent reduction of spectral intensity. 
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Figure 13. Apparent correlation time distribution (7-d  obtained from the experimental 2D spectra of dPVE (a and e) and the 
modified distribution obtained by accounting for the effect of correlation time dependent reduction (b and d). (See Figure 
12 for symbol code.) 

The reduction of spectral intensity at a single correlation 
time, R(TJ, can, in principal, be obtained from a detailed 
calculation of the solid echo spectrum as a function of a 
single correlation time ~ ~ 3 ~ . 3 ~  Alternatively, this relation- 
ship between the reduction and the correlation time can 
be approximately obtained by measuring the average 
reduction as a function of temperature, q(T), for each 
species i. For two homopolymers, the inherent correlation 
time distribution is relatively narrow, and it is expected 
that the measured average reduction over the distribution 
of correlation times, &(o,:%;T) is similar to the reduction 
at the mean correlation time Ri(r,;T). The temperature 
dependence of the mean correlation times, T,&"), is used 
to obtain Ri(r.) from the measured reduction for 
each species i .  The continuous representation of the 
correlation time dependent reduction is obtained by 
amroximatine the measured reduction as a Gaussian 
finction (Figure 11). 

Once we have R ~ T , ) .  we can calculate the effect of the .. _.  
correlation-time dependent reduction on the apparent 
correlation time distribution determined from the 2D 
NMR spectra. Suppose the actual underlying correlation 
time distribution is Pi*(~&@,7'); then the apparent cor- 
relation time distribution P ( T , ; @ , ~  can be evaluated via 

(4) P(r,;kT) = (1 -R(TJ)  P'(T&,T) 

and the average reduction Ri(@,T) is given by 

~[P(T,;@,? -P(T&T)I dT, 
R(@,T)  = (5) 

~P(T,;@,T) dr, 

Now, we want to estimate the mean and width of the actual 
correlation time distribution based on the experimentally 

measured quantities, which are the apparent mean and 
widthof thecorrelation time distribution determined from 
the 2D NMR spectra and the average reduction measured 
by solid echo intensity measurement. As a first ap- 
proximation, we assume that the actual correlation time 
distribution can be represented as a log-Gaussian distri- 
bution, 

exp[-(log T ~ -  log T , * ) ~ / ~ U * ~ ]  
P(7J = (6) 

(2ru*2)"2 

where rC* = lo('* 'c) is the log-mean correlation time and 
(I* is the width of the correlation time distribution. P- 
(TJ is then subjected to reduction via eq 5. The set of 
values (T,*,u*) are taken as the modified mean and the 
widthofthecorrelation timedistribution, when the average 
reduction, the apparent mean, and the variance of the 
correlation time distribution after the reduction are 
consistent with the observed R, T,, and u. The R, T%, and 
u obtained experimentally are compared with the T ~ * , U *  

determined by the correction procedure outlined above 
(Figures 12 and 13). The modified mean correlation time 
is also included in Figures 5 and 9. The range of correlation 
times that undergo more than 80% reductionis also shaded 
to facilitate comparison. The difference between (T,,u) 
and (r,*,o*) is most pronounced for the PVE-rich blend, 
where the correlation time distributions are very broad. 

When the width of the correlation time distribution is 
sufficiently broad, this reduction of intensities can also 
give rise to an apparent bimodality, as previously observed 
by other workers.M This apparent bimodality is mani- 
fested most dramatically by the presence of a central peak, 
while the rest of the 2D spectrum still exhibits a solid line 
shape (Figure 14a). The bimodality in the correlation time 
distribution, however, disappears a t  lower temperatures, 
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Figure 14. A series of 2D *H exchange NMR spectra for 75/25 PI/dPVE. Simulated spectra are obtained from a unimodal log- 
Gaussian correlation time distribution. (a) Spectra obtained a t  272.6 K. The presence of the isotropic peak a t  the center of the spectra 
isduetothecomponentawithr,S lWs. Thisseeminglybimodalcharactercan heexplained bythelossofsignaloccurringpredominantly 
a t  the intermediate dynamic regime. Simulated spectra are calculated with T, = 6.7 ms and n = 0.625 decade. The narrow isotropic 
peak is neglected in the fit, but it would account for about 2% of the observed intensity. This is in accord with the estimate based 
on the apparent correlation time distribution arising from a single unimcdal correlation time distribution due to the reduction in 
intensity (see Figure 15 and text). (b) Spectra obtained a t  262.5 K. Simulated spectra are calculated with r, = 1M) ms and s = 1.15 
decades. Also see Figure 4b for corresponding spectra a t  253.3 K. The spectra taken a t  253 K, 262 K, and intermediate temperatures 
do not show the existence of a distinctly fast component. 
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Figure 15. Apparent bimodal distribution resulting from the 
loss of spectral intensity at the intermediate dynamic regime. 
The dotted line is the actual underlying correlation time 
distribution that isconsistentwith themeasured T*,c. andaverage 
reductionofsignalh?. The peak heightofthedottedlineisahout 
0.295 and is truncated toemphasize the himodal character of the 
solid curve. The apparent himcdal correlation time distribution 
emerges as a consequence of the correlation time dependent 
reduction of the NMR spectral intensity. 

as can be seen from the absence of the fast segments that 
give rise to a significant exchange even at small  mixing 
times (Figure 14). This qualitative change in the shape 
of the correlation time distribution can be demonstrated 
by using the above scheme of correcting for the effect of 
reduction atthe intermediate dynamicregime (Figure 15). 
The apparent bimodality can arise from a single log- 
Gaussian distribution of correlation t imes (dotted line), 

d u e  to the reduction of exchange intensity at the center 
of the actual correlation time distribution (solid line). The 
narrow central peak arises from the small tail at high 
correlation time (7% 5 10-6). 
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