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ABSTRACT: The intermolecular interactions responsible for miscibility in 1,Z-polybutadienelcis-poly- 
isoprene blends have been investigated using solid-state two-dimensional (2D) NMR. We find that high- 
resolution proton spectra can be obtained at temperatures above Tg using magic-angle spinning and that 
intermolecular association can be probed using nuclear Overhauser effect spectroscopy. The results reveal 
the existence of weak intermolecular interactions between the polyisoprene methyl group and the 1,2- 
polybutadiene vinyl side chain. These studies demonstrate the large effect that weak intermolecular 
interactions can have on the phase structure of polymer blends. 

Introduction 
Understanding the structure and dynamics of poly- 

mer blends is an area of intense theoretical and experi- 
mental investigation. Most binary mixtures of polymers 
are not miscible on the molecular level because the 
entropy of mixing is not favorable for high molecular 
weight polymers. In those blends of high molecular 
weight polymers where the chains mix on a molecular 
level, the miscibility is usually a consequence of attrac- 
tive interchain interacti0ns.l These interactions can be 
either strong (e.g., hydrogen bond)2 or weak (e.g., van 
der W a a l ~ ) , ~  depending on the chemical structure of the 
monomer units. In blends of weakly interacting poly- 
mers, such as polystyrene/poly(methyl vinyl ether),3i4 
poly(viny1 chloride)/poly(methyl metha~rylate) ,~ or 1,2- 
polybutadiene/polyisoprene,6 the identity of the inter- 
acting functional group is frequently not obvious from 
the chemical structure of the monomers. The molecular- 
level understanding of polymer blends and the predic- 
tion of polymer miscibility are critically dependent on 
understanding such  interaction^.^,^ 

We have studied intermolecular interactions in con- 
centrated solutions of polymers capable of forming 
miscible blends by two-dimensional (2D) nuclear Over- 
hauser effect spectroscopy (NOESY).4i5*9 This approach 
provides detailed information about the structure of 
associating polymers since correlations are observed 
only for those pairs of protons separated by less than 5 A, and the cross peak intensities depend on the inverse 
sixth power of the internuclear separations.lOJ1 The 
success of this approach is due in part to the high 
resolution obtainable for solution mixtures where the 
lines are narrowed by chain motion.12 Similar methods 
have been used to study intermolecular interactions in 
solid polymers by multipulse NMR on rotating sol- 
i d ~ , ~ ~ , ~ ~  but conclusions about the specific interactions 
are limited by the larger line widths and rapid intra- 
chain spin diffusion. Another approach to the study of 
specific interactions in solid polymers is to use the 
solution NMR methods for solid polymer blends above 
Tg, where there is sufficient molecular motion to gener- 
ate both intra- and interchain NOES. The lines for most 
polymers above Tg are too broad for the NMR charac- 
terization of intermolecular interactions, but it has been 
reported that the line widths for 1,6polybutadiene can 
be substantially narrowed with either multipulse de- 
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coupling or magic-angle spinning (MAS) in samples a t  
temperatures above Tg.15J6 Here we use the combina- 
tion of MAS and NOESY spectroscopy to investigate the 
specific interactions in a weakly interacting polymer 
blend. 

1,2-Polybutadiene and cis-polyisoprene are miscible 
over the entire composition range as evidenced by their 
spontaneous interdiff~sion.1~ This blend differs from 
many others in that the Tg is very broad17 and NMR1*J9 
and rheologica120 measurements show that the chains 
have separate correlation times and temperature de- 
pendencies. Based on the chemical structures of the 
polymers and the observation that no large changes are 
observed in the IR spectra upon blend formation,18 it 
has been proposed that this blend is miscible in the 
absence of specific interactions and that the miscibility 
is a consequence of the similarities in the polarizability 
and liquid structure of the component  polymer^.'^,^^,^^ 
SANS studies have demonstrated that x < 0 and that 
LCST behavior is observed.23 On the basis of these data 
it has been suggested that the miscibility arises as a 
consequence of “the subtle balance of constitutent 
fundamental interactions” as in random copolymer 
blends.23 In this study we demonstrate the existence 
of intermolecular interactions between the methyl group 
of polyisoprene and the vinyl side chain of 1,2-p0ly- 
butadiene in solid blends at temperatures above Tg 
using 2D NMR and magic-angle spinning. 

Methods and Materials 
cis-Polyisoprene was obtained from Aldrich (catalog no. 

18214). The 1,2-polybutadiene was a gift from Dr. Xina Quan, 
and the characterization of this material has been previously 
reported.24 The samples were prepared as films cast from 
toluene under a nitrogen atmosphere and dried in a vacuum 
oven at 65 “C for 48 h. 

Proton NMR spectra were acquired at 400 MHz on a Varian 
Unity NMR spectrometer using a magic-angle spinning probe 
from Doty Scientific Inc. The spectra were acquired using 
either 1.4 or 5.5 p s  x/2 pulses and a spinning speed of 3.5 kHz. 
Phase-sensitive 2D NOESY spectra were acquired using the 
(x12-t1-n/2-t,-n/Z-t2) pulse sequence, where sm is the 
mixing time.25 The 2D data were acquired with 512 complex 
points in the tz dimension and 256 complex points in the t l  
dimension with mixing times between 0.005 and 0.05 s using 
3 kHz sweep widths in each dimension. The data were 
processed with 5 Hz line broadening in each dimension. 

Results 
NMR spectroscopy has been extensively used to study 

the mixing of polymer blendsz6 and to characterize 
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specific intermolecular  interaction^.^^^^ Information 
about specific interactions can be obtained by measuring 
chemical shift changes following blend formation2s or 
by measuring dipolar couplings between pairs of protons 
or other nuclei on the polymer  chain^.^^^^^ The mini- 
mum requirement for the analysis of specific intermo- 
lecular interactions is that the resolution must be 
sufficiently high that separate signals can be resolved 
for the groups on the different polymer chains. Such 
resolution is typically not observed in the proton spectra 
of solid polymers, but studies have shown that the line 
widths are greatly decreased a t  temperatures above Tg 
by rapid chain m ~ t i o n . l ~ , ~ l  However, the line widths 
are still larger than those observed in solution due to 
incomplete averaging of the static dipolar intera~ti0ns.l~ 
In this study we use magic-angle spinning ( U S )  above 
Tg to narrow the line widths for 1,2-polybutadienelcis- 
polyisoprene blends to make possible the identification 
and characterization of intermolecular interactions. 

We have previously used concentrated solutions of 
polymers capable of forming miscible blends as a model 
system to probe intermolecular  interaction^.^^ These 
experiments were unsuccessful in polyisoprene/l,2- 
polybutadiene blends, and we were unable to observe 
intermolecular NOE's or rotating frame N O E ' S ~ ~  for 
mixtures with concentrations as high as 50 wt % (not 
shown). We interpret this to mean that the interactions 
in this blend are considerably weaker than in blends 
such as polystyrene/poly(methyl vinyl etherIg or poly- 
(vinyl chloride)/poly(methyl metha~rylate),~ where in- 
termolecular NOE's are observed in polymer solutions 
at  concentrations greater than 30 wt %. 

Since concentrated solutions do not appear to be an 
effective way to study this blend, we have used proton 
NMR above Tg to probe the intermolecular interactions. 
Figure 1 shows the 400 MHz proton NMR spectra of 
the 1:l 1,2-polybutadienelcis-polyisoprene blend a t  60 
"C. This blend has previously been shown to have a 
broad Tg at a temperature intermediate between the Tis 
of the homopolymers (-50 and -7 "C) and is miscible 
over the entire composition range.17 Figure l a  shows 
that two groups of signals are resolved in the static 
spectrum. The band between 1 and 2.5 ppm contains 
the methyl, methylene, and methine protons, and the 
lower field band (4.5-6 ppm) is assigned to the protons 
attached to double-bonded carbons. Since both peaks 
contain signals from both polymers, the resolution is not 
suffkient to study the intermolecular interactions. The 
resolution is only slightly improved a t  a higher field 
strength (500 MHz) and a higher temperature (100 "C) 
(data not shown). 
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Figure l b  shows the spectrum for the same sample 
acquired with magic-angle spinning a t  3.5 kHz. The 
line widths are reduced by MAS and the peaks can be 
assigned to specific protons, as shown in the figure. The 
assignments are made by comparison with the solution 
spectra of homopolymers and our 2D studies, and the 
lines are only slightly broader than those observed for 
30 wt % solutions in toluene (not shown). Separate 
signals are observed for all the protons except the 
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Figure 1. 400 MHz proton NMR spectrum of cis-polyisoprenel 
1,2-polybutadiene blends cast from toluene at 60 "C. Spectrum 
a was obtained on a static sample while spectrum b was 
obtained with 3.5 kHz spinning at the magic angle. 
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Figure 2. 2D NOESY spectrum of the cis-polyisoprene/l,2- 
polybutadiene blend obtained at 60 "C with a mixing time of 
0.02 s. The spectrum was obtained with 3.5 kHz spinning at 
the magic angle. The area enclosed in the box is shown in 
stacked plot form in Figure 3. 

methylene protons of polyisoprene (protons a) and the 
methine protons of 1,2-polybutadiene (protons e). 

The resolution in the hUS spectra is sufficiently high 
that the intermolecular interactions can be studied by 
2D NOESY spectroscopy, and Figure 2 shows a contour 
plot of the 2D spectrum of the 1:l blend acquired with 
a 0.02 s mixing time a t  60 "C and magic-angle spinning 
at  3.5 kHz. The most intense signals appear along the 
diagonal and correspond to the lines observed in the one- 
dimensional spectra. The smaller off-diagonal peaks 
arise from through-space dipolar interactions between 
pairs of protons separated by less than 5 A and may 
include both inter- and interchain interactions. Many 
cross peaks are observed both between the groups of 
signals and within the groups. The relative intensities 
of the cross peaks are more easily visualized in the 
stacked plot representation of the data shown in Figure 
3 for the cross peaks between 4 and 6 ppm in the tl 
dimension and between 1 and 3 ppm in the t 2  dimension. 

Both intra- and intermolecular cross peaks are ob- 
served in the stacked plot shown in Figure 3. Cross 
peaks between the protons marked b and c in polyiso- 
prene and peaks marked d, f, and g in 1,2-polybutadiene 
can be unambiguously assigned since these signals are 
well resolved, while interactions with protons a and e 
cannot be unambiguously identified because of the peak 
overlap. 

Among the strongest of the well-resolved intramo- 
lecular cross peaks are those between the methyl and 
CH protons (c and b) of polyisoprene. These peaks 
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be correlated with other methods that probe these 
interactions in the solid state. In polystyrene/poly- 
(methyl vinyl ether) blends, for example, both the 
solution4 and s o l i d - ~ t a t e ~ ~ ~ ~  studies have identified a 
specific interaction between the polystyrene phenyl ring 
and the ether side chain of poly(methy1 vinyl ether). In 
these studies we extend the solution NOESY methods 
to include polymer blends above Tg, where the lines are 
narrowed by the combination of chain motion and 
magic-angle spinning. The results show that the chains 
are sufficiently mobile under these conditions that both 
intra- and intermolecular NOE’s can be observed. We 
anticipate that a wide variety of polymer blends will be 
amenable to analysis by these methods. 

The NOE’s can be used to probe the structure of 
associating polymers because the cross peak intensities 
depend on the inverse sixth power of the internuclear 
separation.lOJ1 In concentrated solutions we were able 
to show that such cross peaks are only observed under 
conditions leading to the formation of miscible  blend^.^ 
We argued that these results show that the polymer 
pairs have a defined intermolecular structure since cross 
peaks between specific functional groups were observed 
rather than equal-intensity cross peaks between all 
pairs of protons on the two polymers. Here we extend 
these arguments to studies of polymer blends above Tg. 
We believe that random packing of polymer chains 
would place many of the pairs of protons on different 
chains in close proximity and lead to many intermo- 
lecular cross peaks. The observation of functional group 
interactions is taken as evidence for the orientational 
ordering of functional groups due to more specific 
intermolecular interactions. We also recognize that 
such NMR methods are sensitive t o  the local structure 
but may not reveal all of the interactions that contribute 
to the miscibility. 

In these studies we do not observe equal-intensity 
intermolecular cross peaks, but rather the strongest 
intermolecular cross peaks are observed between the 
methyl protons of polyisoprene and the vinyl protons of 
1,2-polybutadiene. We were unable to observe these 
interactions in concentrated solutions (data not shown), 
suggesting that they are considerably weaker than those 
in polystyrene/poly(methyl vinyl ether),4-27 polycapro- 
lactone/poly(methyl vinyl ethe1-1,~ or poly(viny1 chloride)/ 
poly(methy1 methacrylate) blendsS5 In this case the 
favorable interaction appears to arise from the inter- 
molecular association of the electron-deficient methyl 
group of cis-polyisoprene with the electron-rich vinyl 
side chain of 1,2-polybutadiene. Such a weak but 
specific interaction could explain the observation that 
miscibility in isoprenehutadiene polymers strongly 
depends on the polymer m i c r o s t r ~ c t u r e . ~ ~ ~ ~ ~  It has been 
previously reported that methyl groups can strongly 
affect the miscibility in a variety of polymer blends, 
including p ~ l y s t y r e n e ~ ~ s ~ ~  and polycarbonate blends.37 
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Figure 3. Stack plot representation of the cross peaks from 
the 2D NOESY spectrum shown in Figure 2. The data are 
plotted for the cross peaks between 4 and 6 ppm in the tl 
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appear most intense in part because the methyl protons 
have the smallest line widths. Intramolecular cross 
peaks are also observed between the CH and CH2 
protons (f and g) in the side chain of 1,2-polybutadiene 
and the main chain methylene (d). Cross peaks between 
the side chain protons f and g can be seen in the contour 
plot shown in Figure 2. 

Of primary interest in these studies are the intermo- 
lecular cross peaks that are indicative of specific inter- 
molecular interactions. The strongest intermolecular 
cross peak is observed between the methyl protons of 
polyisoprene and the CH2 in the 1,2-polybutadiene vinyl 
group (c-g). A weaker cross peak is observed between 
the methyl protons and the double-bonded CH of the 
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studies as a function of mixing time (not shown). We 
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consequence of specific intermolecular interactions. We 
propose that such weak interactions can critically affect 
the miscibility of polyisoprene and 1,2-polybutadiene. 

Discussion 
These and previous studies shown that miscibility in 

polymer blends is frequently determined by weak 
intermolecular interactions and that the identification 
of these interactions is important for a molecular-level 
understanding of polymer blends and for predicting 
polymer miscibility. Evidence for the specific intermo- 
lecular interactions that contribute to miscibility are 
most commonly obtained from optical clarity or Tg 
measurements using DSC, dielectric, or dynamic me- 
chanical spectroscopy,l where the strategy is to study 
a series of monomers and to  draw conclusions about the 
molecular-level interactions from the effect of monomer 
structure on the miscibility. By contrast, IR33 and 
NMR30 spectroscopy can be used to  identify the molecu- 
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signed to specific sites on the polymer chain. 

We have shown than 2D NOESY studies can provide 
a valuable insight into the specific interactions that 
drive miscible blend formation and that the results 
obtained from our studies on concentrated solutions can 
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