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ABSTRACT: The dynamics of individual components in 1,4-polyisoprene/poly(vinylethylene) miscible blends 
are studied using two-dimensional deuteron exchange NMR. The rate of the backbone reorientation process 
near the glass transition is quantitatively determined for each species in a miscible blend as a function of 
temperature. We demonstrate that the broad glass transition arises both from a wide distribution of segmental 
motional rates for each species and from intrinsic differences in the motional rate between the two species. 
In addition, the temperature dependence of their motional rates in the blend DSC glass transition region 
suggests that the two components undergo distinct effective glass transitions, which is consistent with previously 
observed thermorheologically complex behavior. The origins of dynamic heterogeneity are examined further 
by comparing the experimental results with a simple model calculation that takes into account the effect of 
composition variations in an ideal miscible blend. This comparison suggests that the observed dynamic 
heterogeneities can be explained only by including two distinct contributions: local composition variations 
in the blend and intrinsic differences in chain mobilities. 

1, Introduction 
Polymer blends are of great practical interest because 

a range of useful materials can be produced by blending 
existing polymers. Given that most blends are only par- 
tially miscible, the challenge of predicting the properties 
of polymer blends raises scientific questions regarding the 
development of their phase-separated morphology, control 
of interfacial properties, and dependence of the properties 
of each phase on composition and temperature.l In this 
study, we focus on the effect of temperature and com- 
position on the chain dynamics that control the viscoelastic 
and transport properties of each phase. We use a miscible 
blend as a model system.2 In addition to the practical 
value of clarifying the contribution of each phase to blend 
properties, the study of miscible blends addresses per- 
sistent fundamental questions regarding chain dynamics 
in homopolymers as well: For given neighboring chains, 
how do the dynamics of a polymer depend on its particular 
structure? For a given chemical structure, how do chain 
dynamics depend on the composition of neighboring 
chains? 

Indeed miscible blends exhibit viscoelastic behaviors 
that suggest that the individual species retain distinct 
motional characteristics and that their mobilities are 
sensitive to the composition of neighboring chains. The 
most pronounced examples are an anomalously broad glass 
transition3-' and failure of time-temperature superposi- 
tion.lss Related to the molecular origins of these phe- 
nomena, dynamic heterogeneities in miscible blends have 
been observed recently both at a segmentalgJO and a 
macromolecular l e ~ e l . ~ ~ - ' ~  For example, infrared dichro- 
ism measurements have shown that when a miscible blend 
is deformed, each component in it can exhibit different 
degrees of orientation and relaxation dynamics.' 1~13 Fur- 
ther, 136 NMR line-width and relaxation time measure- 
ments have indicated distinct mobilities of each component 
at a segmental level.gJo Though these observations clearly 
demonstrate the existence of dynamic heterogeneity in 
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miscible blends, little quantitative information is available 
regarding the dynamics of each component and their 
relationship to the macroscopic properties of blends. 

For example, in explaining the broad glass transition, 
some authors emphasize the role of broadening of the 
dynamics of both components by heterogeneity in local 
c o m p ~ s i t i o n , ~ $ ~ J ~  while others emphasize the intrinsic 
differences in mobility of the two components.@ Similarly, 
the failure of time-temperature superposition is attributed 
by some to the effect of local composition variations* and 
by others to the distinct temperature dependence of the 
dynamics of each  specie^.^ Few authors have considered 
both effects simultaneously,15J6 and indeed no previous 
experimental studies have examined the effect of blending 
both on the distribution of motional rates of both species 
and on their mean motional rates. 

Here we provide quantitative experimental measure- 
ments of the dynamics of each component in a blend. We 
use these results to assess the roles of local composition 
variations and intrinsic differences in mobility in producing 
heterogeneous dynamics in polymer blends. We focus on 
local segmental motions that have been associated with 
the glass transition. Therefore, the results pertain directly 
to understanding the origins of the broad glass transition 
of miscible blends. Knowledge of the local segmental 
motion of each component also represents a first step 
toward understanding the failure of time-temperature 
superposition, which requires further knowledge of the 
way that heterogeneity in local segmental motion prop- 
agates out to the larger molecular scale represented by a 
Rouse segment. 

To quantitatively characterize the dynamics of each 
species in a blend, we use both selective isotopic labeling 
and appropriate spectroscopic techniques. Local seg- 
mental dynamics are measured using two-dimensional 
deuteron exchange NMR (2D 2H NMR). To determine 
the relationship between local chain motions and the larger 
length scale relaxations that control melt rheology, we 
coordinate this study with a rheooptical investigation of 
the contribution of each species to blend visc~elasticity.~~ 

0 1994 American Chemical Society 



Macromolecules, Vol. 27, No. 4 ,  1994 Component Dynamics in Miscible Polymer Blends: 2D 2H NMR 

This experimental approach gives several distinct advan- 
tages over previous studies:l-ll (1) the dynamics of each 
component are clearly resolved by both 2D 2H NMR and 
dynamic IR dichroism, (2) the rate of segmental reori- 
entation of the backbone is quantitatively determined 
using 2D 2H NMR, (3) the width of the distribution of 
segmental mobilities is estimated using 2D 2H NMR, and 
(4) the overall chain conformational relaxation dynamics 
of each component are quantitatively characterized using 
simultaneous mechanical and optical measurements. 

In this work, blends of poly(vinylethy1ene) (PVE) (a.k.a. 
1,2-polybutadiene) and 1,4-polyisoprene (PI) are used as 
model systems. This pair is ideal for our study since i t  has 
been shown to be miscible in all proportions, yet has very 
weak interaction.la20 Although, on the basis of inspection 
of their chemical structure, one would expect these 
polymers to experience unfavorable dispersion interac- 
tions, recent SANS experiments have shown that PVE/PI 
blends can be described by an interaction parameter, x, 
that is small but negative at  all accessible temperatures.ls 
This indication that the blend is completely miscible 
without specific interaction is consistent with numerous 
previous s t u d i e ~ . l ~ - ~ ~  Furthermore, although the DSC 
glass transition of this blend is broad, the DSC traces of 
both blends and block copolymers of a given overall 
composition are the same?~7~22~25 The identical DSC traces 
of blends and block copolymers suggest that dynamic 
heterogeneity in this system is not due to concentration 
fluctuations associated with incipient phase separation, 
since these would be suppressed in block copolymers 
relative to blends. The absence of such an effect is in 
accord with x < 0.l8 Instead, dynamic heterogeneity could 
trace back to local variations in compositions that are 
purely statistical. Here, the PI/PVE blend provides a 
model system (x N 0) in which these statistics can be 
treated by assuming random segmental mixing. 

In the next section, we describe our experimental 
approach. We then present the correlation time of 
segmental motion as a function of temperature for the 
two pure components and each species in a 50/50 blend. 
The results are then discussed in light of the questions 
raised above and compared with other studies and with 
a simple model of the local segmental dynamics. We 
conclude with a brief summary of our findings. 

2. Experimental Section 

2.1. Materials. Four polymers are used in these experi- 
ments: hydrogenous and deutero l,4-polyisoprene (PI and dPI) 
and hydrogenous and deutero poly(vinylethy1ene) (PVE and 
dPVE). All polymers are prepared by anionic synthesis and have 
narrow molecular weight distributions. The glass transition 
temperature of each species and their miscibility are known to 
depend strongly on the microstructure of PI and PVE.9823~26 The 
microstructures of PI and PVE are determined by l3C NMR. 
Room-temperature 13C NMR spectra are obtained from 15% 
(w/v) CDC13 solutions of PI and PVE using a GE QE-300 
spectrometer. Molecular weight distributions of normal and 
deutero PI and PVE are determined with respect to polyisoprene 
standards by gel-permeation chromatography (Waters ALC- 
GPC), operated at 60 O C  with reagent-grade toluene. The 13C 
NMR results indicate that microstructures of the matching pair 
of polymers are thesame within experimentaluncertainties (Table 
1). The molecular weights of all polymers are large enough that 
the glass transition behavior and the local segmental dynamics 
studied here should not be sensitive to the small difference in 
molecular weight between normal and labeled chains. 

Results are presented for a pair of 50150 PI/PVE blends, one 
dPVE/PI and the other PVEIdPI. The blends are prepared by 
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Figure 1. DSC traces for the four homopolymers (PVE, dPVE, 
PI, and dPI) and three 50150 PVE/PI blends (PVE/dPI, dPVE/ 
PI, and PVE/PI). 

Table 1. PI and PVE Characterization Results 
microstructure ( % )  MnX Mw/ 

sample 103 Mn cis-l,4 trans-l,4 3,4 T. (K) 
PI 108 1.07 78.5 f 0.5 16.0f 1.0 6 1 1.0 215 
dPI 110 1.45 7 8 f  1.5 15f 1.5 7 1  2 215 

microstructure (%) 
M n X  Mwl 

192 1.4 T g  (K) sample 103 M,, 
PVE 83 1.06 94f 2 6 f 2  276 
dPVE 69 1.36 9 3 f 2  7 f 2  274 

mixing 3 w t  % toluene solutions of each component and slowly 
casting on a teflon film, and then drying at room temperature 
first under a hood and further under vacuum for more than a 
week. The blend films are clear and free of bubbles, suggesting 
that the film is homogeneous and completely dried. No anti- 
oxidant is added to the blends to avoid possible effects on the 
local dynamics and TB' The blend samples are subsequently 
sealed off under air in NMR sample tubes and kept in the freezer 
to retard oxidation. 

The glass transitions of the blends and pure components are 
characterized by differential scanning calorimetry (DSC) (Figure 
1). The DSC traces were recorded for the specimens (ca. 25 mg) 
between 190 and 290 K at a heating rate of 10 K/min using a 
Perkin-Elmer system DSC-7. The pair of PI'S have essentially 
the same Tg, while TB of dPVE is about 2 K lower than the normal 
PVE, probably due to a small difference in their microstruc- 
ture.26v2' This also affects the glass transition behavior of the 
PI/dPVE blends, with the inception of its increase in heat capacity 
being slightly steeper than that of the other two 50/50 blends. 
Concerning possible crystallization of PI, the present polymers 
are atactic and do not crystallize.28 

2.2. Two-Dimensional Deuteron Exchange NMR. The 
segmental reorientation dynamics of polymers are studied near 
the glass transition using 2D 2H exchange NMR.29.90 The essence 
of this method is that it reveals the type and rate of segmental 
reorientation by correlating the deuteron resonance frequency 
before and after a controlled time period, t,, called the mixing 
time.29." The direct relationship between the segmental reori- 
entation 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 (8 )  of the 
CSH bond with respect to the main magnetic field of the 
spectrometer. For the C-2H bonds in dPI and dPVE, the electric 
field gradient at the deterium nucleus is essentially uniaxial about 
the axis of the C2H bond. Therefore, the orientation dependence 
of the resonance frequency is approximately given by 

where Aw is the shift of the resonance frequency from the deuteron 
Larmor frequency wo and 6 specifies the strength of the electric 
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In amorphous or unaligned crystalline polymers, the overall 
orientation distribution is isotropic, leading to a Pake pattern 
along the diagonal. The profile of the off-diagonal intensity shows 
both the type and the extent of reorientation during a particular 
mixing time.29 With increasing mixing time, the spectra capture 
the reorientation of progressively slower-moving populations in 
the overall distribution of 7,, which may have appeared rigid 
(diagonal intensity) at  smaller t,. Therefore, the evolution of 
the two-dimensional spectrum over a range of t ,  reveals the 
distribution of rates of reorientation. 

All 2D spectra are recorded using a Bruker MSL 200 
spectrometer, equipped with a VTl00O temperature controller 
unit. A slightly modified Bruker broad-band wide-line probe 
with a 7.5-mm coil is used. The 90° pulse length is 3.0 ps, and 
a digitization rate of 2.8-3.2 ~s is used to capture the complete 
range of the spectra along both the w1 and w2 dimensions. The 
repetition time is varied from 300 to 700 ms to obtain sufficiently 
relaxed spectra. Reasonable signal to noise is achieved with - 128 
scans at  the smallest mixing time and up to 960 scans at  the 
largest mixing time. The typical data size is 256 complex points 
along t 2  and 60 points along tl. At each temperature, spectra are 
taken at  three or more mixing times, from 0.5 to 400 ms, to probe 
the evolution of the reorientation distribution over almost 3 
decades in time. The temperature is controlled so that it remains 
within i0 .5  K of the set point for a set of mixing t ime~ .3~  

The shapes of the present spectra indicate that the C-2H bond 
reorientation dynamics can be modeled as isotropic rotational 
diffusion of CJH bonds, as has been observed in other amorphous 
polymers."Vw8 Therefore, we fit the experimental spectra by 
calculating the 2D spectra arising from isotropic rotational 
diffusion. The mean correlation time for this process is inversely 
related to the effective rotational diffusivity D by 7c = 1/6D.39 
To arrive at  a good fit, we first seek the value of 7c that yields 
the best fit of the spectra over the range of mixing times. The 
qualitative shape of the evolution of the 2D spectra with t ,  can 
be described by a single correlation time. The quantitative 
agreement, however, improves significantly by introducing a 
distribution of correlation times. The simple log Gaussian 
distribution of correlation times is found to fit the experimental 
spectra successfully: 

t l  

*-  0, i- a 
4' 1 

Figure 2. Scheme of the five-pulse 2D 2H exchange NMR 
sequence. First, three radio-frequency pulses before the mixing 
time prepare the magnetization, the amplitude of which is 
sinusoidally modulated with a frequency that corresponds to the 
initialorientation, Le., wi*tl. The last two pulses after the mixing 
time prepare a signal that has an initial amplitude sinusoidally 
modulated with wi*tl and that oscillates with a frequency that 
corresponds to the final orientation, Le., w&. The spectrum is 
obtained by taking the two-dimensional Fourier transform. 
Deuterons on bonds whose initial and final orientation angles 
are the same (Le., 8i = Of) contribute to the intensity along the 
diagonal of the spectrum (for example, the large black and dashed 
peaks correspond to deuterons on bonds oriented at  Oa and Ob, 
respectively, both a t  the beginning and end of the mixing time). 
The off-diagonal peaks in the spectrum result from orientational 
exchange occurring in the mixing time t m  (8, = 8a -+ 8f = 8b 
corresponds to the small black peaks, and 8, = 8b - Of = 8, 
corresponds to the small dashed peaks). See text for further 
discussion. 

quadrupole couplinga31 Since the deuteron is a spin1 = 1 nucleus, 
two resonance lines at  frequencies, w* = wo i Aw(6), are associated 
with a given C-2H bond orientation. 

In a one-dimensional spectrum, the relationship between w 
and 8 allows one to analyze the orientation distribution of CSH 
bonds. To gain information on molecular motions, it is useful 
to quantify the change in resonance frequency that occurs during 
a controlled interval of time. To achieve this, we use the five- 
pulse 2D 2H exchange NMR experiment illustrated in Figure 2.32 
The spectra are acquired in the time domain, with an intensity 
that oscillates with the time interval tl as dictated by the initial 
orientation of the CJH bonds in the system and oscillates with 
the time t z  as dictated by their final orientation after the mixing 
time t,. The contributions due to just two orientations are shown 
in the schematic diagram. The mixing time t ,  is held fixed for 
each 2D spectrum. If t ,  is short compared to the correlation 
time for segmental motion, 7c, very few C-2H bonds undergo 
reorientation during t,. Therefore, the spectrum will be confined 
to the diagonal; the initial and final resonance frequencies w*(Oi) 
and w*(Of) of each ZH are the same since 8i = Of. If t ,  is on the 
order of 7, or longer, a significant fraction of C-*H bonds undergo 
reorientation during tm33 Deuterons on a C-2H bond that is 
initially oriented at 8i = 8, but has a final orientation Of = 6b 
contribute to the off-diagonal intensity at  positions (w1, w2) = 
(~'(03, W*(h , ) ) ,  as shown inFigure 2. By microscopic reversibility, 
as many bonds reorient from 8b =) 8, as from 0, * ob. Thus, the 
spectrum is symmetric about the diagonal. 

where 7co = exp(1n 7,) is the log mean correlation time and uh 
is the log mean standard deviation.% The width of the correlation 
time distribution in decades is u = udln(l0). Other types of 
correlation time distributions may be equally justifiable. We 
have compared the quality of fit obtained with the log Gaussian 
distribution to the asymmetric log Gaussian that has been used 
by others to mimic the asymmetry of a stretched exponential 
distribution.%pm We find that an asymmetric distribution does 
not improve the fit significantly, as was noticed previously." 
Furthermore, the mean and the full width of the distribution 
obtained using the asymmetric distribution are consistent with 
those determined using the simpler log Gaussian distribution. 

The procedure we use to determine 7% and u begins by finding 
the value of 7% that produces the best fit for all t ,  with u 
constrained to be small, typically 1 decade. If this fit shows 
systematic deviations that indicate the presence of significantly 
faster and slower processes, the width of the distribution is 
increased by a half decade, and 7% is optimized again. This is 
repeated until the fit can no longer be improved by increasing 
u. Since the range of t ,  only spans up to 3 decades, it is not 
possible to accurately determine u when it exceeds 3. The fit is 
quite sensitive to 7%, so uncertainties in this parameter are 
relatively small (less than a factor of 2). 

3. Results 
The 2D *H NMR spectra of the pair of 50/50 blends of 

PI and PVE directly show that the two species have very 
different mobilities (Figure 3). At this blend composition 
and temperature (50/50 and 237 K), there is more 
reorientation of PI in 5 m s  than of PVE in 200 ms. In  
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a) dPI 

T = 237 K 

Experiment Simulation 

50 kHr 

b) dPVE 

Experiment Simulation , 
1 

Figure 3. 2D 2H exchange NMR spectra obtained at 237 K (-36 
"C) for each component in the matching pair of 50/50 blends. (a) 
Experimental and simulated 2D zH exchange NMR spectra 
obtained with mixing times of 1,5, and 25 ms for dPI in a 50/50 
dPI/PVEblend. From the fit, weohtainameancorrelation time 
7% = 0.025 sand a width of the distribution o = 3 decades. (h) 
Experimental and simulated 2D 2H exchange NMR spectra 
ohtained with mixing times of 1, 50, and 200 ms for dPVE in a 
50/50 PIidPVE blend. From the fit, we obtain r, 7 0.5 s and 
o = 3 decades. The width of the correlation time distribution 
isthe same, while the mean correlation times differ hy more than 
1 decade. 
addition, when compared to the spectra of pure compo- 
nents, the development of the off-diagonal intensities as 
a function oft, is relatively gradual. This indicates that 
the distributions of the correlation time are broader for 
components in the blend than for the pure components. 

The mean and the width of the correlation time 
distribution (r,and u) are determined by fitting the series 

-3 

dPVE dPVE/PI PVEIdPI dPI I 
3.5 4.0 4.5 5.0 

lOOO/T(K.') 
Figure 4. Log mean correlation times as a function of temper- 
ature ~~(7'). The dashed lines are obtained by using the WLF 
parameters C' and C' estimated hy mechanical measurement 
wellahove TB.+ The solid curvesareobtained hy restricted WLF 
fits, constraining the Tg alone for pure PI and constraining T~ = 
T ~ ( T J  = 0.32sforhothspeciesintheblend. TheWLFparameters 
used here are summarized in Table 2. 

- 23.0 "C .45.7"C .64.7 "C 
2 ,  , 

z " O t  
El 
3 -2 

. _.. ,_,' 
-6 _... 

4.0 4.2 4.4 4.6 4.8 

1OOOf l  (K-') 

Figure 5. The mean correlation times for PI are compared with 
previous deuteron NMR and dielectric measurements." 'Data 
taken from Schaefer et al." Their NMR data were presented 
basedon the Brukertemperature reading; when theseare shifted 
5 K, all three sets of data fall on a single curve.Ss The  WLF fit 
is obtained by using the DSC Tp and C: and C: obtained by 
mechanical mea~urement.~ 

of experimental spectra at each temperature with calcu- 
lated spectra (Figure 3). The simple log Gaussian dis- 
tribution of correlation times is found to fit the experi- 
mental spectra successfully. Even for the components in 
the blend, no systematic deviation from this unimodal 
distribution is observed. This is in contrasttoobservations 
made regarding 2D NMR spectra of poly(2,6-di- 
methylphenylene oxide) (PXE) in polystyrene (PS)/PXE 
blends.I6 

The mean correlation times of segmental reorientation 
of the two homopolymers and each component in a 50/50 
blend are shown in Figure 4. To check the validity of our 
results, we compare them with previous studies. Direct 
comparison is possible only for the PI homopolymer. The 
values of ~ ~ ( 7 ' )  for pure PI agree well with the previous 
2D 2H NMR and dielectric relaxation measurements (Fig- 
ure 5).36 The agreement would be nearly perfect if the 
previous 2D *H NMR data were shifted by 5 K.35 The 
temperature dependence of rc0 for each pure component 
is consistent with the WLF behavior established by 
mechanical measurements (dashed curves through the 
homopolymer data in Figure 4). This is in agreement with 
the previous 2D 2H NMR studies on a number of 
amorphous  homopolymer^.^^*^"^ 
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Table 2. Best Fit WLF Parameters for the Mean 
Correlation Time of PI and PVE in a 50/50 Blend and for 

Homopolymers 

Macromolecules, Vol. 27, No. 4, 1994 

12.7 ‘C -23.0 ‘C - 50.8 C - 73.0 C 
T ~ - - ~ / 1 _ _ 7 - - - - _ _ 1 1  ’r T 1 

exptlmethod sample species C: C; TB log(Tg) 

measurementn 
mechanical homopolymer PVE 11.4 56 275 -0.73 

PI 11.8 52.9 210 0.05 

PI 11.8 55 233 -0.94 
2DzHexchange homopolymer dPVE 6.3 26.9 274 -0.55c 

dPI 7.4 33 215 -0.98c 

50150blend PVE 11.8 55 245 -1.4 

NMRb 

50150 blend dPVE 3.8 25.9 239 -0.5d 
dPI 5.4 32.2 229 -0.5‘ 

If Values taken from Roovers and Topor~wski,~ with log(rg)’s 
adjusted to minimize the deviation between the WLF fit and the 
observed mean correlation time. Dashed curves on Figure 4. * Solid 
curves on Figure 4. In the fit, we used the 2’;s measured by DSC 
for our samples. log(7,) at  Tg is constrained to be -0.5, which is the 
approximate value at the DSC Tg for both pure components. An 
unconstrained fit reaches the minimum x2 error for parameters 3.9, 
25.2, 238.1, and -0.38. e log(r,) is constrained to be -0.5, as above. 

In a 50/50 blend, the two species exhibit not only quite 
different mobilities at a given temperature but also distinct 
temperature dependencies. Whereas the segmental dy- 
namics of homopolymers vary with temperature in accord 
with the WLF dependence of homopolymer viscoelasticity, 
this is not the case for the segmental dynamics of each 
species in blends. Roovers and Toporowski have inferred 
the temperature dependence of the relaxation of each 
species in PI/PVE blends using viscoelastic data (Table 
2).7 Their results for PI  and PVE in a 50/50 blend are 
compared to 7% for each species in Figure 4 (dashed curves 
through the blend data). In contrast to the homopolymers, 
the agreement is not good. The solid curves show the 
results of WLF fits to the data for each species in the 
50150 blends (parameters given in Table 2). 

To relate the change in segmental mobility with 
temperature to the DSC glass transition, we note that the 
DSC Tg, obtained at  a heating rate of 10 K/min, corre- 
sponds to the temperature at which 7% for the homopoly- 
mer is between 0.1 and 1 s for both PI  and PVE.41 
Analogous to the results for pure components, we can 
define the “effective glass transition temperature”, Tg*, of 
each species in the blend as the temperature a t  which the 
mean correlation time of each component reaches ap- 
proximately 0.32 s, Le., the middle of the range of 
correlation times at  which the homopolymers undergo the 
DSC glass transition. Consistent with the observations 
for pure components, the temperatures a t  which the mean 
correlation times of each species in a blend become 0.32 
s fall well within the DSC glass transition region (cf. Figure 
1). However, the temperatures where the individual 
components reach this rate of motion are well separated. 
I t  is estimated that Tg* of PI is about 10 K lower than that 
of PVE, which is in reasonable agreement with the 15 K 
difference estimated by 13C NMR.g The discrepancy 
between the two values may be due in part to the somewhat 
lower T ,  of our dPVE relative to more ideal PVE (297 5% 
1,2 units), which could reduce the difference in Tg* between 
the labeled species (dPI and dPVE) observed by 2H NMR. 

The width of the distribution, a, is also determined as 
a function of temperature for both components in the 
blends and for the two pure components, presented as 
vertical bars in Figure 6. As the temperature decreases, 
u gradually increases. This is observed even for the pure 
components in accord with previous observations for PI  
and other h0mopolymers.3~ In homopolymers, this trend 
is attributed to the heterogeneity gradually frozen in near 

*I 
I C  T A - 1  

i ! 1 ~ 

-3 1 
dPVE dPVElPl PVE/dPI ~ dPI 

3.5 4.0 4.5 5.0 
- 4 k m 1 , ,  , , I . ,  , , I  I , ,  * 1 1  

1 OOOIT (K-‘ ) 
Figure 6. Width of the correlation time distribution represented 
by vertical bars that span fa. The circles show the mean 
correlation times of Figure 4 for reference. 

the glass t r a n ~ i t i o n . ~ ~  The increase in a with decreasing 
T is observed for the components in the blends as well. 
However, the components in the blends have muchgreater 
u than the pure components when compared at  temper- 
atures corresponding to the same mean correlation times. 

For this particular pair of polymers, the distribution 
widths of the two pure components are comparable at 
temperatures corresponding to the same mean correlation 
times. In contrast, the two species in the blend exhibit 
quite similar values of u when compared at  the same 
temperature, while their values of u are quite different 
when compared at temperatures corresponding to a given 
mean correlation time. The implications of the observed 
temperature dependence of the mean and the width of 
the correlation time distribution are discussed next. 

4. Discussion 
4.1. AUnified View of Dynamic Heterogeneity. In 

light of the deuteron NMR results, the variety of previous 
observations on the dynamic heterogeneity in blends can 
now be viewed in a unified way. Measurements of the 
rate of segmental motion of each species in a miscible 
blend of PI/PVE show two different types of dynamic 
heterogeneities simultaneously: the broad distribution of 
the dynamics of each species, and the distinct mean 
correlation times of individual species. Furthermore, the 
results suggest a unified view that interrelates these 
molecular level dynamics and macroscopic properties such 
as the broad glass transition and the thermorheological 
complexity of blends. 

Some of the distinctive and potentially useful (or 
deleterious) macroscopic properties of miscible blends, 
particularly the anomalously broad glass transition evident 
in DSC3v4 and mechanical mea~urements,’~ originate in a 
broadening of the distribution of segmental motional rates 
upon mixing. To control these properties, it  is necessary 
to understand how they are related to underlying molecular 
motions. Therefore, spectroscopic methods have been 
applied to observe the dynamics of each species. In blends 
in which the dielectric response is dominated by one 
component, dielectric spectra have shown that blending 
can broaden the motional spectrum of an individual 
c0mponent.5,’~ Researchers focusing on these results have 
emphasized the role of broadening of the dynamics of each 
component in producing the broad macroscopic glass 
transition. However, they lacked information on the 
difference between the dynamics of the two components 
or the relationship between the broadening of the spectrum 
of one component to that of the other. Similar limitations 
apply to 2D l3C NMR studies of only one component in 
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a miscible blend, which provide information on the 
spectrum of motional rates for only the labeled species.16 

Other spectroscopic methods have provided information 
on particular averages of the motional spectrum. Relax- 
ation times and line widths for distinct 13C NMR lines 
provide information on the mean motional rate of each 
species in a blend and have shown that they can be well 
separated.9J0 In addition, differences in the temperature 
dependence of the mean rate of segmental motion are 
evident also in the failure of time-temperature superpo- 
sition in  blend^.^ However, the observables in these 
experiments provide little information on the distribution 
of motional rates for each species: NMR line widths are 
coupled to the dynamics only at particular frequencies of 
motion, and dynamic mechanical spectra are intrinsically 
broad. Perhaps as a consequence, researchers focusing 
on this type of information have emphasized the role of 
differences in mean mobility between the two components 
in explaining the complex thermal and thermorheological 
behavior of blends. 

Thus, even for the relatively simple case of miscible 
polymer blends, dynamic heterogeneities and their man- 
ifestations in macroscopic properties have not been 
completely characterized in a coherent way. The diffi- 
culties associated with resolving the dynamics of individual 
components have been tackled only by limited methods, 
and the outcomes, being incomplete, led to seemingly 
contradictory explanations of macroscopic phenomena. 

The quantitative information on the mobilities of each 
component provided by 2D 2H NMR is unique in allowing 
us to assess the importance of both the broadening of the 
dynamics and the difference between the mean motional 
rates of the individual components. These show that the 
difference in 7@( T) between the two components in a 501 
50 PI/PVE blend leads to a difference of approximately 
10 K in their effective glass transition temperatures Tg*. 
However, this cannot completely explain the overall width 
of the DSC glass transition of this blend, which is roughly 
40 K (Figure 1). The observed width of the correlation 
time distribution u (Figure 6) shows that, for each 
component, the temperature range over which motions 
reach the rate correlated with the DSC glass transition is 
very broad for each component in the blend. In light of 
these results, the broad distribution of dynamics of each 
species plays the major role in explaining the broad glass 
transition in blends like PI/PVE. On the other hand, the 
difference in mean motional rates between the two species 
cannot be neglected in a quantitative description of the 
broad glass transition. 

In relation to understanding the longer range dynamics 
that control melt rheology, it is useful to focus on the 
information 2D 2H NMR provides about the mean 
motional rate of the two species. Previous 2D 2H NMR 
studies of homopolymers have shown that the mean rates 
of the segmental motions manifested in the 2D spectra 
fall on the same WLF behavior as the dynamic mechanical 
behavior of the me1t.34~37~38 From this it has been inferred 
that the segmental dynamics manifested in the deuteron 
exchange NMR experiment are intimately related to the 
chain motions that propagate out through the Rouse-like 
and reptation-like rela~ations.3~J~ Although this remains 
to be established for the case of miscible blends, it  suggests 
that the distinct temperature dependencies of 7, for PI 
and PVE will lead into distinct temperature dependencies 
of the monomeric friction for each species, .to,i(T) for species 
i. Furthermore, the observation of different effective glass 
transition temperatures for each species is reminiscent of 
the description of the failure of time-temperature super- 

position in terms of distinct values of the glass transition 
temperature used in the WLF dependence of .to,i(7') for 
each  specie^.^ 

To further advance the understanding of the dynamic 
heterogeneity in blends, we should examine the two origins 
that have been hypothesized in the literature: differences 
in intrinsic mobility between the two components7*9 and 
variations in mobility due to local compositional heter- 
~ g e n e i t y . * J ~ t ~ ~  The concept of intrinsic differences in 
mobility between the two components cannot explain the 
observed broadening of the correlation time distribution 
for each species. Local compositional heterogeneity in 
the absence of differences in intrinsic mobility, however, 
can qualitatively explain both a difference in the mean 
correlation time between the two species and an increase 
in the width of the correlation time distribution for both 
species. Therefore, the effect of spatial heterogeneity must 
be e ~ a m i n e d ~ J ~ v ~ ~  more closely to see if it can explain the 
observed behavior of both the mean and the width of the 
correlation time distribution for both components. To do 
so, we consider a simple model of compositional hetero- 
geneity that is appropriate for the case of x N 0. 

4.2. Effect of Statistical Variation of Local Com- 
position. While the mobilities of the two species in the 
blend differ significantly from one another, this difference 
is small compared to the change in their mobilities with 
respect to their pure states (Figure 4). This suggests that 
the dynamics of both species are strongly dependent on 
the composition of their surroundings. This is consistent 
with the pronounced broadening of the distribution of 
segmental mobility for both species (Figure 6), which 
suggests that their dynamics are very sensitive to variations 
in the local composition. 

In a blend with very weak interactions (x N 0), one can 
assume that the neighbors of a particular chain are chosen 
randomly. Thus, the composition of its neighbors will 
have some distribution about the mean composition. Local 
segmental dynamics of a flexible chain appear to be 
sensitive to the neighboring chains lying within a distance 
that has been estimated to be 2-7 nm.14f42143 Obviously, 
the influence of the immediate neighbors is the greatest, 
with the interactions decaying with distance. A primitive 
statistical model that takes into account only the nearest 
neighbors on a cubic lattice has been used to explain 2D 
NMR line shapes in a miscible blend and polymer-diluent 
~ y s t e m s . ~ ~ ? ~ ~  As a crude yet more realistic approximation, 
one can assume that the dynamics of a test segment are 
coupled to all neighbors within a certain distance or critical 
radius r,. Here, we assume that the mobility of a test 
segment depends only on the local composition within an 
imaginary sphere of radiusr, centered on the test segment. 
The composition of the neighbors can be approximated 
by a random statistical distribution. The size of the region 
that influences the dynamics naturally affects the distri- 
bution of local composition: as rc decreases, the number 
of neighboring units within rc decreases and the width of 
the distribution of the local composition increases. 

To connect this distribution of composition with the 
distribution of motional rates, one must adopt some 
mapping of composition to mobility. Here we take the 
approach suggested by Fischer and co-workers.14 Their 
model of dynamic heterogeneity in a mixture of polymers 
denoted by A and B is based on the following assumptions: 

1. The local dynamics are taken to be sensitive to the 
composition within a subvolume of a given size. The 
volume fraction of component A in each subvolume is $. 
The distribution of $ is assumed to be Gaussian with a 
variance (8#?). 
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at a molecular level, which is consistent with the obser- 
vation that PI/PVE is miscible without any specific 
interaction between the species.21 We also neglect the 
effects of slight densification (ca. 0.1 %)and any difference 
in the packing efficiency of the blend compared to the 
homopolymers?~~l~ The correlation time distributions of 
thecomponents in a blend are then calculated by following 
the assumptions introduced by Fischer and co-worker~.'~ 

In this model, the subvolumes around each test segment 
are constructed as illustrated in Figure 7. In a subvolume 
with diameter N b ,  there are Nj sites for segments, each 
with a volume of 4/3s(b/2P, where b is the size of the 
statistical segment. A given suhvolume is identified as an 
A or a B suhvolume depending upon the type of test 
segment at the center of the subvolume. The test chain 
that contains this central segment is assumed to occupy 
N2/2 sites, i.e., the mean number occupied by two random 
walks that begin a t  the origin and end a distance re = N b / 2  
from it. The remaining W-N2/2 sites are filled by either 
A or B randomly. Thus, the composition in the subvolume 
is biased toward that of the test chain due simply to 
connectivity of segments along the ~ h a i n . ~ J ~ @  When the 
volume fraction of A for the macroscopic sample is 4, the 
mean composition of subvolumes centered on an A segment 
is 

CASE I CASE II 
Figure I. Schematic description of the local composition 
variation in a model miscible blend of chains A and B, denoted 
by black and white beads. Th: central gray chain can be either 
A or B, with a probability of 0 of being A. Each subvolume of 
radius ro = N(bl2), where b is the size of a statistical segment, 
contains W sites for monomer segments. (a) One possible 
realizationofanactualsubvolume, withstrandsofvariouslengths 
passing through it. (b) Two limiting cases: case I, a subvolume 
filled by independent segments; case 11, a subvolume filled by 
independent strands of uniform length of P l 2 .  

2. The value of @ in each suhvolume remains constant 
on the time scale of the a relaxation. 

3. A subvolume has a local glass transition tempera- 
ture Tim that depends only on @; and the @ dependence 
of tYq4) is assumed to be the same as that of the 
macroscopic Tr 

4. The correlation time of a subvolume ~(@,l') is 
calculated by the WLF equation, with the parameters 
(C!, Ci) taken as the average of the pure components' 
values, and using the empirical q:(@). Fischer has used 
this model to quantitatively describe the gradual broad- 
ening of the a relaxation spectra by using (a@) as a 
temperature-dependent fitting parameter.14 The tem- 
perature dependence of ( 6 @ )  (r)  was interpreted as arising 
from the temperature dependence of the suhvolume size. 
The radius of the suhvolume was estimated to he ap- 
proximately 7 nm at TE + 20 K and decreases with 
temperat~re.'~ The suhvolume was interpreted as the 
cooperatively relaxing unit.45 

Our goal is to see if this physical picture is capable of 
describing the observed correlation time distribution for 
both components simultaneously. Although we adopt the 
mapping of local composition to mobility introduced by 
Fischer and co-workers, our calculation differs from theirs 
inafew respects. In Fischer's model, the sample is divided 
into small subvolumes and all segments in a suhvolume 
have the same mobility. Here, the suhvolumes are 
constructed around every test segment and the mobility 
of that test segment is obtained from the composition of 
its subvolume. Instead of using (6& as a temperature- 
dependent fitting parameter and using it to estimate the 
sizeof suhvolumes, westartwithasimplestatisticalmodel 
to estimate (6@2) as a function of the subvolume size. The 
temperature dependence ofthe suhvolumesize isneglected 
in our calculations. We assume that the mixing is random 

(3) 

and the mean volume fraction of A in the subvolumes 
centered on a B segment is 

(4) 

where the subscript (A or B) denotes the identity of the 
test segment for the subvolumes included in the average. 

The width of the distribution of @ depends on the 
number of independent units that participate in filling 
t h e w - @  empty sites. Theestimation ofthe composition 
variation is particularly simple when the empty sites are 
filled by independent units of equal size. In selecting this 
fixed size, there are two extreme cases, as illustrated in 
Figure 7b; the independent unit is taken in one case to be 
a single segment (case I) and in the other a strand of IV 
segments, like the test chain (case 11). The composition 
variation (S@) estimated from case1 denoted by u: gives 
alowerhoundon ( 6 @ ) ,  whereas thecompositionvahation 
from case I1 (&) sets a practical upper bound. The 
variance of the volume fraction is the same for both the 
A and B suhvolumes and is obtained by applying the 
statistics of Bernoulli Trials. In the case that Nj - Nj 
remaining sites are filled by independent segments, the 
variance of q4 is 

&I - 4) 
u2 = (5 )  
+,l N3 - P / 2  

and in the case that sites are filled by N - 1 independent 
strands of N2 segments, the variance is 

where the subscript 1 or N denotes filling by single 
segments or strands of N segments. The composition 
distribution of each subvolume Pi($) is further approx- 
imated as Gaussian with the mean and the variance of 
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5 -  

0- 

-5 

composition obtained above, i.e. 

- 

where Pi,"($) is the probability that a subvolume has a 
particular composition 4 given that the test segment is 
type i (A or B) and the mode of "filling" is designated by 
n (1 or N). 

Under the assumptions introduced by Fischer and co- 
workers, the composition of a subvolume, 4, is directly 
mapped onto the correlation time for segmental motion 
of all chains in that subvolume, 7(4,C2'3$)): 

where 7g is the correlation time for the motion at  T = 
T',". Here, we use the empirical value 7g = 0.32 s as 
described earlier. In our calculation, we take 7 to be that 
of the test segment, rather than that of all segments in the 
subvolume. Although 7(4,57tw(4)) is taken to be the 
same for both species in a blend, the mean correlation 
times of the two species can differ significantly due to the 
bias in the composition distribution toward that of the 
test chain (eqs 3 and 4). The width of the distribution of 
correlation times for the two components can also differ, 
due to the nonlinear dependence of 7 on 4 through Tg. We 
let A denote the higher Tg component and B the lower T, 
component, corresponding in our experiments to PVE and 
PI, respectively. The composition-dependent glass tran- 
sition temperature (T?4)) is approximated by the 
quadratic fit of the DSCfT of PI/PVE blends reported by 

We calculate the correlation time distribution of A and 
B subvolumes directly from the above composition dis- 
tribution. The log mean correlation times (log 7i,n) and 
the distribution widths ( a d  are subsequently calculated 
as averages over the subvolumes: 

log 7i,n = ~ [ l o g r ~ ( 9 , T ; ~ ( d ) ) } l P , , , ( 4 )  d4 

Roovers and Toporowski. rf 

(9) 

and 

where i is A and B according to the identity of the test 
segment and n is 1 or N specifying case I or 11. 

The behaviors of the log 7i's and ui)s agree qualitatively 
with the experimental observations, for both cases I and 
11. At  all temperatures, the mean correlation times of A 
and B are biased toward that in their pure state. The 
differences between the mean correlation times and the 
distribution widths of both A and B chains increase with 
decreasing temperature. However, neither of the two cases 
can capture the relative magnitude of the difference in 
mean correlation times and the width of the distribution. 

In case I the width of the composition distribution 
decreases strongly with subvolume size (u& - N-3, eq 51, 
so even a very small size (N = 3) cannot capture the 
observed width of the distribution of motional rates. 
Further, when the subvolume is this small, the bias in 
composition toward that of the test chain is large and 
produces a bimodal distribution of motional rates overall. 
Finally, the A subvolumes (rich in the high-T, component) 
have a significantly broader distribution of motional rates 
than the B subvolumes due to the increasing sensitivity 
of T, to the volume fraction of the high-T, component 4 

N = 5  
A; High Tg component 
B; Low Tg component 
dPVE 
dPI 

T 
T - 1  

;i y 
I I I I I , I 
3.8 3.9 4.0 4.1 4.2 4.3 4.4 

1000rr(K1) 

b) 

0 A; High Tg component 
o B; Low Tg component - - 

0 
0) 
u) 
Y 

1 I I I I I 
3.8 3.9 4.0 4.1 4.2 4.3 

1000/T(K1) 

4 

Figure 8. Mean and width of the correlation time distribution 
(log TIP, uip) that are calculated for case 11, where i is the identity 
of the test chain A and B. (a) For a subvolume size of N = 5, 
the difference in the mean correlation times 7+ - T* is 
comparable to the experiments. (b) For N = 10, the distribution 
widths UA and UB are comparable to the experimental values. 

as 4 - 1. Thus, case I cannot describe the observed 
distribution of motional rates. 

For case 11, since the subvolumes are filled by inde- 
pendent strands of N2 segments, the width of the com- 
position distribution for a given N is much wider than 
that in case I. The subvolume size that gives u2 in 
accord with the experimental results is N N 10 ($&re 
8b). For this size, the segments of the test chain constitute 
a minor fraction of all the segments in the subvolume, and 
the difference between the mean composition and the 
associated motional rate for the A and B subvolumes is 
relatively small. As a result, the composition distributions 
of A and B subvolumes are strongly overlapped and the 
overall correlation time distribution becomes unimodal, 
in accord with experiment. In addition, for N 1 10, UA:N 
and UB,N become similar to each other, which is also in 
agreement with experiment. However, for a subvolume 
size that captures the approximate magnitudes of UA and 
UB and their relative magnitude, the difference between 
the mean correlation times is much smaller than is observed 
experimentally (see Figure 8b). To capture the observed 
difference between the mean correlation times, the size of 
the subvolume must be reduced to N N 5 (Figure 8a). 
This results in an increase in the distribution widths and 
an increase in uAarelative to agJvfor the reasons discussed 
earlier in relation to case I. 

Thus, the present physical picture cannot capture 
simultaneously the separation in the mean correlation 
times and the two distribution widths for any choice of 
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the subvolume size. When the distribution widths of the 
correlation times are comparable to the experimental 
values, the difference in the mean correlation times is 
significantly smaller than what is found experimentally. 
This is also true for any case intermediate between cases 
I and 11. Therefore, we infer that compositional variation 
alone cannot explain the observed effects of blending on 
the correlation time distributions of the two components. 
Composition variations can explain the increase in the 
width of the distribution of motional rates. However, if 
the subvolume size captures the observed UA and CQ, it 
only explains a small fraction of the observed difference 
between the mean motional rates of A and B. The 
remaining difference in the mean correlation times can be 
attributed to intrinsic mobility differences between the 
two components. 

5. Conclusions 

We have presented quantitative measurements of the 
rates of segmental rearrangement of each species in a PI/ 
PVE miscible blend. By gaining direct information on 
the mean and distribution of motional rates as a function 
of temperature, we have been able to unify many previous 
observations of dynamic heterogeneity in blends. In 
particular, the 2D 2H NMR results show that previous 
observations of either distinct dynamics of each species 
(e.g. ,  by I3C NMR and failure of time-temperature 
superposition) or broadening of the dynamics of one or 
both species (e.g., by dielectric or DSC measurements) 
can be reconciled into a unified picture. Further, two 
possible origins of the dynamic heterogeneities are ex- 
amined by comparing the experimental results to a simple 
model calculation that takes into account the effect of 
composition variations in a blend. When the mobility of 
each chain is controlled solely by local composition 
regardless of the identity of the chain, the observed 
behavior of the mean and the width of the correlation 
time distributions could not be explained simultaneously. 
This suggests that the observed dynamic heterogeneities 
can only be explained by including two distinct 
contributions: the local composition variation in the blend 
and the intrinsic difference in chain mobilities. 

The results show how significant dynamic heterogeneity 
arises even in a single-phase polymer blend when the pure 
components have widely separated glass transitions and 
have sufficiently weak interactions that statistical com- 
position variation is significant. These conditions lead to 
separate effective glass transitions for the two components, 
which contributes to the broad glass transition and may 
underlie the failure of time-temperature superposition in 
the plateau and terminal regimes. In addition, these 
conditions lead to a broad distribution of local motional 
rates for each species, which can dominate the broad 
calorimetric and mechanical glass transition. 

To gain further information on the effect of local 
composition on the dynamics of PI  and PVE, 2D *H 
exchange NMR measurements are underway on other 
blend compositions. To determine the relationship be- 
tween the local segmental dynamics investigated here and 
the macromolecular relaxation proceeses that control the 
viscoelasticity of molten miscible blends, we are conducting 
rheooptical studies that combine conventional dynamic 
mechanical measurements with dynamic birefringence1’ 
and IR dichroism. This approach should also be extended 
to blends that are miscible due to attractive interactions 
to examine the effects of the resulting bias in the 
composition of neighboring chains and of possible coupling 
between the motions of the two components. 
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