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ABSTRACT: Measurements of lH NMR spin diffusion have been obtained for a miscible polymer blend of 
deuterated polystyrene (PS-ds) and poly(2,6-dimethyl-p-phenylene oxide) (PPO) through the use of a new 
solid-state heteronuclear correlation (HETCOR) two-dimensional (2D) method. Proton spin-diffusion data 
were used to examine local ordering of PS-d6 and PPO segments and to experimentally measure the number 
of heterosegmental contacts. The data were compared with theoretical results obtained from a lattice simulation 
based on Monte Carlo methods. Solid-state 2D HETCOR spectra were obtained through the use of multiple- 
pulse selective cross-polarization (WIM-24) and with BB-12 lac decoupling during the evolution period. An 
additional mixing period was inserted for lH spin diffusion. This approach provided greater resolution than 
the previous homonuclear 'H-lH method while retaining the former method's selectivity for closely spaced 
protons. Consequently, a greater variety of polymer mixtures is now accessible for study. 

Introduction 
Miscible polymer blends with tunable composition- 

dependent properties have attracted both theoretical13 
and experimental i n t e r e ~ t . ~ ? ~  Miscible blends are homo- 
geneous at  a multisegmental level that provides, for 
example, a single glass transition temperature but could 
contain short-range ordering that determines the number 
of heterosegment contacts. Theoretical simulation based 
on Monte Carlo methods- has provided an opportunity 
to predict the relationship between the number of het- 
erocontacts and the segmental interaction energy. Pairs 
with weak attractive interaction are expected to possess 
local clustering of similar segments as a result of chain 
connectivity. A strong attractive interaction has been 
shown to favor alignment of dissimilar chains with an 
alternating order to maximize heterocontacts. 

NMR measurements of 'H-lH dipolar interaction (spin 
diffusion)gJO provide a means to experimentally determine 
the number of heterocontacts present in a miscible blend. 
To make this measurement, one must accurately char- 
acterize spin diffusion for short mixing times. Previous 
methods for measurement of lH spin diffusion have 
distinguished protons through their chemical shift'l 
(requiring multiple-pulse methods) or through their 
relaxation properties.12J3 

Methods based on relaxation are of limited use at short 
distances, within which spin diffusion usually is inseparable 
from the relaxation mechanism itself. Ernst and co- 
workers" have presented a method that is based on solid- 
state two-dimensional (2D) "-" homonuclear correla- 
tion which can provide interproton distances. However, 
the method has been applied to only a limited number of 
polymer pairs, because of the low resolution of the multiple- 
pulse lH spectrum for amorphous polymers. Normal l3C 
cross-polarization improves the resolution of the 2D 
methodFJ4 but spin diffusion during the Hartmann-Hahn 
mixing period limits resolution for short distances. 

We have recently presented a new methodl6Je for 
obtaining the W-lH heteronuclear correlation (HETCOR) 
spectrum of a polymer in the solid state. The success of 
the method depends on a selective crosa-polarization 
through isotropic mixing" in which spin diffusion is 
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suppressed and on an improved method of 13C decoupling 
during the evolution period.'*J9L In this study we have 
used HETCOR detection to improve the resolution 
obtained with the homonuclear method." The result is 
a solid-state 13C-lH HETCOR spectrum in which cor- 
relation intensities also depend on the rate of "-" spin- 
diffusion mixing. This approach provides added resolution 
and makes many new blend pairs accessible to study, 
including, for example, the blends of PPO and PS20-% 
that are of interest here. In this contribution spin-diffusion 
mixing dataare presented for PPO and PS, and the number 
of heterocontacts is shown to be consistent with a 
theoretical lattice calculation. Selective deuteration of 
the polystyrene has been used to simplify the 'H dimension 
of the 2D spectrum. 

Experimental Section 
Materials. Phenylene ring-deuterated polystyrene (PS-da) 

was obtained from Cambridge Isotope Laboratories (98 % d, MW 
= 5oo00, T, = 105 OC) and poly(2,6-dimethyl-p-phenylene oxide) 
(PPO) was obtained from General Electric (MW = 1oo00, T, = 
210 "C). Both polymers were used as received. A 50/50 wt % 
film was cast from chloroform and allowed to dry under vacuum 
at 100 "C for more than 7 days. Films used for NMR measure- 
ments were ground to a powder in a SPEX Freezer-Mill and 
packed into a 7-mm Bruker CP/MAS rotor. A single glass 
transition (149 "C) was obtained for this blend by differential 
scanning calorimetry (DSC). A second sample was annealed a t  
245 "C for 30 h (under high vacuum to prevent degradation). 

Methods. Two-dimensional (2D) HETCOR NMR spectra 
were obtained with a Bruker MSL-300 NMR spectrometer (IH, 
300 MHz; l3C 28-31 75 MHz) under magic angle spinning (MAS) 
conditions. The spinning rate (4.0 kHz) was set to avoid sideband 
overlap. The pulse sequence (Figure 1) is a modification of the 
previous HETCOR experimenP that contains an additional 
mixing period for lH spin diffusion. During the lH evolution 
period, 0-63 cycles of the multiple-pulse 'H-decoupling sequence 

= 3 , W  and lH 90" pulse = 4.0 ga, F1 dwell = 4.0 X 12 = 48.0 
pa) were applied synchronouslywith BB-1218 (212012210212) 18C 
decoupling to suppress the W-lH dipolar interaction. A 63" tilt 
pulse and a 90" selection pulse rotated the appropriate phase of 
lH magnetization to the z axis, and these were followed by a 
delay, T ,  for spin-diffusion mixing.I1 A 9 0 O  detection pulse was 
followed by WIM-24 crow polarization (3033031011101323121121 
for both 1H and 13C) and 1% detection (64 spectra, 1024 points, 
1024 transients, spectral width = 22.7 kHz). To obtain pure- 
phase spectra in the F1 dimension, time proportional phase 

BLEW-1218 (012232010032 with +X 0, +y 1, -X = 2, and -y 
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integration of the product of MA(x9.T) and PB(x) ,  the 
probability density function of spin B, and therefore excltation I evolution 1 mixing 1 detection 
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Figure 1. Pulse sequence used to obtain a solid-state 2D 
HETCOR spectrum with lH spin-diffusion correlations. 

incrementation (TPPI)% was implemented with 90° advancement 
of the phase of the selection pulse, the lH phases of WIM-24, and 
the receiver. 

Two-dimensional spectra were processed on the Aspect 3000 
computer of the MSL-300spectrometer or throughuse of FELIX- 
PCB off-line. Exponential line broadening was used in both 
dimensions, and the data were zero filled in the lH dimension 
to yield a 1024 X 1024 data matrix. Proton peak intensities were 
obtained from individual slices and were verified with decon- 
volution using a Lorentzh-Gausaian line-shape simulation 
program supplied with the MSL-300 instrument. Curve fitting 
of lH intensity data was cahied out through minimization of the 
sum of the squares of the residuals. Uncertainties of parameters 
were determined through evaluation of the second derivative of 
x2.27 

Theory 
Characterization of Spin-Diff usion Correlation. 

Spin-diffusion mixing curves28-32 are calculated from the 
diffusion equation, which for one dimension is 

WhereM~(X,7) is the lH magnetization density a t  position 
x contributed by spin A (the respective protons are labeled 
A, B, etc.), D is the spin-diffusion coefficient, and 7 is the 
spin-diffusion mixing time. Usually 7 is much shorter than 
the spin-lattice relaxation time 2'1, and therefore the total 
"magnetization density at a given position x is a constant, 
that is, MA(x,7) + MB(x,7) = 1, and 

In general MA(X,7 )  follows the general solution of the 
diffusion 

For eq 2, no assumptions are made about the initial 
conditions. The initial value of MA(X,7) ,  MA(x,O), is equal 
to the probability density function of spin A,  PA(x) .  This 
approach is similar to that employed by Cheung and 
Gerstein28 and recently by Spiess.29 At  later times 
magnetization that is initially associated with spin A 
diffuses to other positions according to eq 2. The total lH 
magnetization of spin A transferred into spin B through 
spin diffusion (the buildup curve for spin diffusion) as 
measured in the 2D experiment, QB(T), is obtained by 

(3) 

Magnetization density initially associated with spin A is 
integrated over regions of space associated with spin B. In 
using eqs 1 and 2, we neglect the effect of differences in 
the lH density per segment on the rate of spin diffusion 
and on the buildup curve. The diffusion constant D is 
determined from the average lH density of the blend. These 
are the usual assumptions made when modeling domain 
size with spin-diffusion dah2W2 

For the homonuclear experiment," the protons of 
segments A and B should have unique chemical shifts. 
For HETCOR, because the protons from one segment are 
detected indirectly through the resonance of their attached 
13C, only one lH chemical shift must be found uniquely 
in a separate component. 

For materials which possess domain structure, theoreti- 
cal mixing curves Qm(r) are usually obtained by modeling 
the domain structure, either through numerical solution 
of eqs 1 and 233 or analytically with the Fourier method 
of Cheung and Gerstein.28 The use of numerical methods 
requires that one specify a particular segmental concen- 
tration profile (Le., the domain size, shape, and repeat 
distance). We note that this approach does not easily 
represent the random nature of the size and placement of 
domains, and the interpretation of the shape of a particular 
concentration profile must be qualitative. Cheung and 
Gersteinado incorporate this random character and model 
the blend with two distributions, one of domain size and 
a second of values of the interdomain spacings. When 
this method is used to represent domain structure with 
three dimensions, one must still supply information about 
the domain shape, and there is an implicit assumption 
that domains have a cubic structure. For a miscible blend 
that may contain no domain structure a t  all, we require 
a simpler method for analysis of the data which does not 
require the a priori assumption of the existence of domains. 
This approach, using a single correlation function, is shown 
below. 

Segmental Heteropair Correlation Function. The 
buildup curve Qm(7) is related to the spin heteropair 
correlation function 

GAB(X) = J-'_"pB(x) PA(x+X) dx (4) 

where G m ( X )  is defined as the mean probability density 
fluctuation of the system containing spins A and B in a 
spatial scale of X .  Thus 

where d is the dimensi~nal i ty .~~ Equation 5 is obtained 
directly by substitution of eq 2 into eq 3. Also, it might 
be noted that calculation of spin-diffusion correlation for 
a one-dimensional periodic concentration profile is for- 
mally similar to the calculation of a time-correlation 
function for isotropic rotational diffusion about a 
a calculation that is commonly employed in the charac- 
terization of NMR relaxation data.35 The two correlation 
functions can be viewed similarly when "correlation time" 
is replaced by "correlation length" in the static case. 

For a particular concentration profile the correlation 
function and this profile are equivalent solutions to eqs 
1 and 2. However, GAB(X) can also be interpreted more 
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broadly as an ensemble average over a distribution of 
random concentration profiles. Equations 4 and 5 (which 
are one-dimensional) can also represent three dimensions 
when diffusion is isotropic and Gm(X) is replaced by a 
radial correlation function GAB@), where R is the radial 
distance. 

All the information that is available from the spin- 
diffusion experiment is contained in GAB@) and its 
associated experimental uncertainty. This function can 
be considered to be experimental data-with the assump- 
tion that the diffusion equation is a good representation 
of the multiple dipolar interactions in a heterogeneous 
blend. GAB@) can also be compared with correlation 
functions from other experimental data, for example from 
neutron scattering e ~ p e r i m e n t s ~ ~ ~ ~ '  or dilute-spin double- 
resonance NMR exper iment~ ,3~1~~ or it might be com- 
pared with 

For this study, we take two approaches to the analysis 
of data. First the uncertainty of GAB@) is obtained by 
modeling the solution to eqs 4 and 5. It will be seen that 
for one-dimensional spin diffusion a simple function 
without periodicity, such as a Gaussian, is inconsistent 
with the experimental data. A cosine with a Gaussian 
decay is the simplest function which correctly represents 
the data. For three-dimensional spin diffusion, a simple 
Gaussian decay is consistent with the data. 

In a second approach theoretical functions GAB@) are 
obtained from a lattice simulation of the blend using Monte 
Carlo methods? and eqs 4 and 5 are used to calculate 
Qm(7). This approach shows the relationship between 
the correlation function and the interaction parameter, x, 
that is obtained from the lattice calculations. Qm(7) is 
calculated from the output of the Monte Carlo calculation 
by numerical integration according to eq 5. For one- 
dimensional spin diffusion, it can also be calculated using 
the correlation function Gm(n) (n = 0-10) between 
segments separated by n lattice sites; GAB@) = Gm(nl) 
for ln(Z/2)1< X I(n + 1)(l/2)l.6 The value of 1 is the lattice 
spacing and is a parameter in the calculation. Integration 
yields a sum of error function curves: 

nl 10 

GAB(-) - [G,(n+l) - Gm(n-l)l erf 
n=1 

Equation 6 also illustrates the argument about peri- 
odicity. If Gm(R) decays monotonically to equilibrium, 
then Qm(7) is a positive sum of error function curves. 
Such a function is distinguished by a rapid initial buildup 
followed by a slow decay to equilibrium, which ap- 
propriately describes the three-dimensional spin diffusion. 
However, an alternating positive and negative slope, 
resulting from periodic character in GAB@), leads to 
alternate subtraction of error function curves. The result 
is a more rapid approach to equilibrium, which for one- 
dimensional spin diffusion is consistent with experimental 
data. It should also be noted that GAB@) can also be 
readily modeled with the assumptions of Cheung and 
Gerstein.2**a They note that a more rapid approach to 
equilibrium can be obtained by specifying a distribution 
of finite domain spacings.% We find that for one- 
dimensional spin diffusion specification of a minimum 
finite domain spacing introduces periodicity into the 
correlation function. 

Results and Discussion 
NMR Spectra of PS-da/PPO (50 wt 5%). Figure 2a 

contains a 2D 13C-lH HETCOR spectrum of PPO/PS, 

Short-Range Order in a PPO/PS-d5 Blend 
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Figure 2. 2D HETCOR spectra of 50 wt 76 PPO/PS-d, obtained 
with spin-diffusion mixing periods (a) T = 0.3 ma and (b) T = 10.0 
ms. lSC resonances 1 (118 ppm) and 2 (113 ppm) are PPO 
aromatic carbons, resonance 3 (35-50 ppm) contains the two 
PS-ds aliphatic carbons, and resonance 4 (17 ppm) contains the 
PPO methyl carbons. PS-ds aromatic carbons (127 ppm) are 
absent because of deuteration. 

obtained with the pulse sequence of Figure 1 and with a 
short dipolar mixing time (0.3 ms). The horizontal axis 
(E) corresponds to the 13C chemical shift range (-5 to 
+205 ppm), and the vertical axis (Fl) corresponds to the 
'H chemical shift range (-6.0 to +14 pprn). Horizontal 
(13C) and vertical (lH) projections are shown above and 
to the left. Contour spots in the spectrum result from 
both heteronuclear and homonuclear correlations. Het- 
eronuclear correlation occurs between I3C-'H pairs coupled 
by the through-space W-lH dipolar interaction. These 
contours are also present in a pure HETCOR spectrum of 
the blend. Additional contours result from spin-diffusion 
('H-lH) coupling of other protons with the proton of the 
primary 13C-lH pair when 7 > 0.0 (Figure l ) ,  and the 
intensity of these contours depends on the mixing time, 
7. The interaction between dissimilar chains is apparent 
as the correlation between a 'H resonance of one chain 
and a I3C resonance of the second. 

The four 13C resonances of protonated carbons are 
labeled 1-4 in Figure 2a and are of most interest for the 
study of lH spin diffusion. These include the protonated 
aromatic carbons (113 and 118 ppm) and the methyl 
carbons (17 ppm) of PP0.15 The aliphatic carbons of PS 
are found in a broad band between 35 and 50 ppm. The 
resonance of the protonated aromatic carbons of PS (127 
ppm) is diminished (as expected) due to deuteration. The 
less intense correlations for the nonprotonated carbons 
are also evident in the 13C projection of Figure 2, but they 
have intensities below the lowest contour level of Figure 
2a. 

Figure 3 provides a schematic explanation of the 
observed 'H correlations in Figure 2. For a mixing time 
of 7 = 0.0 s (spectrum not shown), a pure HETCOR 
spectrum resuIts, and 13C resonances are correlated only 
with their directly attached protons. Aromatic 13C 
resonances have 'H correlations at  - 7.0 ppm, and aliphatic 
l3C resonances have 'H correlations a t  2.0 ppm. For the 
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Figure 3. Diagram of the expected spin-diffusion mixing for a 
PPOIPS-da mixture. Intrasegmental spin diffusion between the 
PPO aromatic and methyl protons is rapid ( ~ ~ u i l i b r i u m  < 0.3 ms). 
PS-dh can obtain aromatic correlation only from a heterocontact 
with PPO. 

value 7 = 0.3 ms (Figure 2a), the 13C resonances of PPO 
show strong correlation with both aromatic and aliphatic 
protons, whereas the 13C resonance of PS shows predom- 
inantly an aliphatic correlation. The shortest aromatic 
proton to methyl proton distance for a single segment of 
PPO is about PHH = 0.25 nm, so intrasegmental spin 
diffusion nearly completely mixes the aromatic and 
aliphatic protons of this segment within the 0.3-ms mixing 
time. Spin diffusion between PPO segments or across the 
ring of one segment might require a longer time, but the 
equilibrium intensity (I&,,btidImmtic = 3.0) should not 
change. For PS-dS, because of deuteration, intrasegmental 
spin diffusion cannot mix aromatic and aliphatic inten- 
sities. An aromatic lH correlation with the aliphatic 
carbons of PS can only come from a heterosegmental 
contact, and this mixing occurs more slowly. 

For T = 10.0 ms (Figure 2b), interchain mixing due to 
spin diffusion is nearly complete. Spectra obtained with 
a greater mixing time show the same result within 
experimental error (A5 % ), and for 7 = 10 ms, the intensities 
should be within <lo% of the true equilibrium values. 
The lH correlation patterns ("slices") of each of the 13C 
resonances are similar to one another (within 10%) and 
similar to the total lH projection. In each slice the ratio 
of aliphatic to aromatic intensity should be determined 
by the total 'H composition ( I a l i p h a t i J l ~ o ~ t i c  = -21% 
aromatic intensity). The experimental equilibrium is close 
to this value (20-22 % aromatic intensity). The deviation 
probably results from an uncertainty of the composition 
or to a systematic error in the curve fitting of lH slices, 
which should not affect the observed rate of buildup. 

In an earlier study of PPO/PS by Schaefer and co- 
workers,lS measurements of the 'H rotating frame spin- 
lattice relaxation time TlP were used to characterize the 
equilibrium spin-diffusion mixing time. It was shown that 
equilibrium was obtained in less than 25.0 ms (equal to 
the average TI,, of the blend). Nonlinearity of the TlP 
decay curve suggested that some partially phase-separated 
PS was present.41 The equilibrium mixing time for the 
present data is consistent with the previous study and is 
a shorter value (7 = 10.0 ms). Because all slices have the 
same intensity a t  equilibrium, the blend must be homo- 
geneous within a radius of spin diffusion determined by 
10 ms (rgughly2.1 nm), and a significant amount of phase- 
separated PS cannot be present on this scale. Deuteration 
might account for the difference, but we suggest instead 
that the nonlinearity may in fact be related to the 
mechanism of TlP r e l a x a t i ~ n . ~ ~  

Spin-Diffusion Correlation Data for PPO/PS-d5. 
Panels a and b of Figure 4 are plots of intensity versus 
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Figure 4. Curves of aromatic lH intensity (IH, 7.0 ppm) 
correlated with (a) the aromatic 'BC of PPO (resonance 1 of Figure 
2) and (b) the aliphatic 13C of PS-ds (resonance 3): (0) data for 
a film as cast; (0)  data for a film annealed at 245 "C. The solid 
curve of (b) is a best fit to a sum of two exponential functions 
as described in the text, k l  = (7.0 f 1) X 109 s-l; kl = (5.5 f 1) 
X lo2 s-l; a1 = 0.51 f 0.05; standard deviation = f5%. 

mixing time, 7, for two selected correlations of the 50 wt 
% PS/PPO blend. Figure 4a is a plot of the fractional 
aromatic 'H intensity (7.0 ppm) associated with one of the 
aromatic 13C resonances (118 ppm) of PPO. Figure 4b 
shows the fractional aromatic lH intensity (7.0 ppm) of 
the aliphatic 13C resonance (35-50 ppm) of PS-d5. Each 
point is obtained from a separate 2D experiment with the 
indicated value of T. In Figure 4a the initial PPO aromatic 
lH measured intensity (7 = 0.0, no mixing) is 1.0 (off scale), 
as predicted. In Figure 4b the initial PS-& aromatic 
intensity is 0.0. Both seta of data approach the equilibrium 
value of 20-22% noted above; for 7 = 10 ms the intensities 
are - 2 % apart. PPO aromatic protons (Figure 4a) rapidly 
reach equilibrium with their own methyl protons (7  < 0.3 
ms). For larger mixing times, there is a slower approach 
to equilibrium that can be attributed to mixing with the 
additional aliphatic protons of PS-dS. The initial intensity 
of Figure 4a is 29% (7 = 0.3 ms), and it is followed by a 
subsequent decay to the equilibrium value, 22 5%. For the 
aliphatic protons of PS-ds (Figure 4b), only the slower 
decay, due to interchain spin diffusion, is present, because 
PSd5 contains no aromatic protons. The approach to 
equilibrium is clearly nonexponential, 50% of the equi- 
librium value is attained before 0.3 ms but a substantially 
greater time is required for full equilibrium. The solid 
curve in Figure 4b is an empirical fit to a sum of two 
exponential functions l (7)  = M ~ ( m ) [ l -  a1 exp(-kl.r) - (1 
- al) exp(-K2~)] (parameters are shown in the caption), 
and this function adequately describes the data within 
the experimental uncertainty. 

Figure 4b contains pointa from the two PPO/PS samples. 
The circles were obtained for a film cast directly from 
chloroform, and the squares were obtained after annealing 
the film above the glass transition. The two curves are 
similar within the experimental uncertainty, although it 
might be noted that the annealed sample shows a slightly 
faster buildup, an effect that could result from a more 
intimate mixing. Otherwise, annealing has no substantial 
effect on the interchain interaction, and the solvent- 
temperature protocol used to prepare the samples appears 
to provide an equilibrium blend. 
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Figure 5. Plot of aromatic lH intensity versus the 4 2  for the 
data of Figure 4b. The two slopes provide values of the PS-ds 
domain size. 

Two approaches can be used to analyze the data 
qualitatively. Figure 5 shows a plot of intensity versus 
the square root of time for the data of Figure 4b, which 
is a usual method for presentation of spin-diffusion data? 
When domains are present, the radius r d  is determined 
from the initial slope s of such a plot. 

(7) 

where D is the spin-diffusion constant. A spin-diffusion 
constant D = 6.2 X W2 cm2/s has been reported for 
alkanes. A value of 3.4 X 10-l2 cm2/s is calculated for this 
blend, taking into account the square proton-proton 
distance dependence of D and the de~teration.~3 The two 
slopes evident in Figure 5 differ by a factor of -2. The 
initial slope suggests rd = 0.84 nm, and the second slope 
(were it to depend on a second set of domains) would lead 
to r d  = 30.3 nm. These domain sizes are greater than the 
average distance between segments (1 - 0.5 nm),44 though 
clustering of PS-ds segments in domains should be limited 
in size to the first and second coordination shells. Strictly, 
eq 7 is applicable only for an isolated, linear extended 
domain, so the above distances should be considered 
approximate. 

The initial buildup of Figure 4b also allows estimation 
of the closest spacing associated with an individual 
heterocontact. Simpson et al.16 have used the 2D HET- 
COR method to observe intrasegmental dipolar mixing 
rates for model compounds with known bond lengths. They 
found empirically that k = G/rHH3, where k is a first-order 
rate constant and G = 2.5 X 10-19 cm3/s is a constant of 
proportionality, a number that is consistent with the 
expected strength of the 'H-" dipolar interaction and 
other measurements of intramolecular spin diffusion.6 
Using this equation, the initial buildup rate kl = 7.0 X lo3 
(Figure 4b) implies WH = 0.33 nm between the protons of 
PPO and PS segments in adjacent lattice sites. This 
distance is a quite reasonable number for a close contact 
between protons on adjacent segments. If the remainder 
of the decay (r" = 0.77 nm) were attributed to PS-ds 
segments in clusters involving more than one lattice site, 
the weighing constant (a1 = 0.51) associated with the two 
exponential functions might suggest that roughly 50 % of 
the contacts between lattice sites are heterocontacts. This 
method is based on a l/+ dependence and should 
underestimate distances that are affected by spin diffusion. 
Although these different methods of estimating domain 
structure depend on different models, they both provide 
a consistent picture of nearly randomly mixed chains with 
a "domain" or cluster radius between 0.8 and 30 nm. 

Determination of the Heteropair Correlation Func- 
tion. Recently, Cifra et al. have presented a model for 
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Figure 6. (a) Calculated one-dimensional spin-diffusion buildup 
curves for the three model correlation functions: curve lG, best 
fit using Gaussian function; curve lC, best fit using cosine 
function; curve lCG, best fit using a cosine Gaussian correlation 
function. (b) Calculated three-dimensional spin-diffusion build- 
up curves for the three correlation models: Curve 3C, beet fit 
using cosine function; curve 3G, best fit using Gaussian function; 
curve 3CG, best fit using a cosine Gaussian function. 

interchain interactions based upon energy minimization 
of a cubic lattice, using Monte Carlo methods.6-8 This 
calculation provides a simple form of molecular modeling 
of the blend which can be compared with NMR data. The 
result of the Monte Carlo calculation is a correlation 
function for heterocontacts6 which describes the proba- 
bility Gm(n) of aPPO/PS pair in adjacent or related lattice 
sites a t  distance n (n < 10). Cifra et al. relate the correlation 
function to the segmental interaction parameter, x, by 
specifying a reduced interaction energy between segments. 
The spin-diffusion mixing can be calculated directly from 
Cm(n) (see Theory). For this calculation, one must specify 
a lattice spacing ( I  = Q.5 nm) and the spin-diffusion 
constant (D = 3.4 X W2). The ratio 1/D112 is a parameter 
in the calculation. Except for specification of this pa- 
rameter, all assumptions about chain mixing derive from 
the lattice calculation. 

Figure 6 shows the calculated curves using several 
correlation functions for both one-dimensional and three- 
dimensional spin diffusion in comparison to the experi- 
mental data. The one-dimensional spin diffusion is 
relevant to lamellar structure of domains where the lateral 
spin diffusion may be negligible. The curves using 
Gaussian and cosine correlation functions (curves 1G and 
lC, Figure 6a) do not provide as good a fit as that calculated 
on the basis of the cosine Gaussian correlation function 
(curve 1CG). The same is true of the curve using the cosine 
correlation function (curve 3C, Figure 6b) in three di- 
mensional spin diffusion. Only the curves using a simple 
Gaussian and a cosine Gaussian correlation function (curve 
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Figure 7. Theoretical heteropair correlation functions Gm(n) 
for 50 mol 5% blende obtained from a Monte Carlo calculation on 
a 22 X 22 X 22 cubic lattice (. * .) for 6 ' ~  = -1.5 (a), -0.5 ( O ) ,  
0.0 (O) ,  and 0.3 (A) and three experimental correlation functions 
GAB@) (curves lcg, 3g, and 3cg) obtained from the data of Figure 
4b,. Parameters are shown in Table 1. These curves establish 
the probable f error of Gm(R). 

Table 1. Fitting Parameters of the Correlation Functions 
GAB(R) '/2[1 - W@fLf  COS(*R/&)] 

curve, Figure 7 LdD'/2 (ms1/2)a LblD1/2 (ms1/2)a f b  

Icg 8.6 i 0.5 7.9 f 0.5 1.0 

3cg 6.1 i 0.5 61.3 i 1.5 1.0 

The distances La and Lb describe the Gaussian decay and one- 
half the cosine period, respectively. They are presented in the table 
as ms1P through division by D1/2. D = 3.4 X W2 cmZ/s for Figure 
7. Equilibrium is Qm(R) = 0.20. b frepresenta the spin concentration 
at the origin. 

3g 5.9 i 0.5 >loo 1.0 

3G and 3CG, Figure 6b) adequately represent the experi- 
mental data. 

Figure 7 shows a comparison of the several model 
correlation functions with the best fit parameters derived 
from the NMR data for one- and three-dimensional spin 
diffusion. A set of four theoretical correlation functions 
Gm(n) from Monte Carlo simulation obtained from ref 6 
are also shown ( v  . .). The lattice spacing 1 = 0.5 nm converts 
the units of the abscissa from lattice site (top) to length 
(bottom). The individual curves correspond to four values 
of the reduced segmental interaction energy, e'm (c'm = 
em/kT), where em is the interaction energy between 
segments. The usual interaction parameter, x ,  can be 
related to em through xm = (2 - 2)em/kT, where z = 6 
is the coordination number for the three-dimensional cubic 
lattice. For the Monte Carlo calculation, chains of 22 
segments of the two types were placed on a 22 X 22 X 22 
cubic lattice? The total interaction energy was minimized 
and Gm(n) was calculated from the final conformation. 
The condition e'm = 0.0 corresponds to athermal mixing 
(curve mc3). Curves for two large, negative values of <'AB 
(strong interaction, curves mcl and mc2) and a positive 
value (immiscibility: phase separation) of €'A (curve mc4) 
are also shown. 

The model correlation functions reasonably represent 
the best fittings to the experimental spin-diffusion curve 
through eqs 4 and 5. Parameters and their uncertainties 
are shown in Table 1. Curve lcg (Figure 7) is obtained 
from one-dimensional spin-diffusion fitting (curve lCG, 
Figure 6a) and is essentially a cosine function with a 
Gaussian decay in the amplitude. The correlation function 
slightly overshoots the equilibrium blend composition, 
which might imply a partial phase separation of the two 
chains or alternating fluctuations of concentration. Curves 

3g and 3cg are obtained from three-dimensional spin- 
diffusion fittings (curves 3G and 3CG, Figure 6b). In 
contrast to that of one-dimensional spin diffusion, the 
correlation functions of three-dimensional spin-diffusion 
fittings decay monotonically to the equilibrium, suggesting 
a higher degree of randomness in the local structure. It is 
also seen that in this case both functions are essentially 
of the same shape, indicating the insignificance of the 
periodicity in the cosine function of curve 3cg. 

The modeling process described can be viewed to simply 
represent the experimental uncertainty of Gm(R). In this 
case, examination of Figure 7 shows the experimental 
probability of a heterocontact in the first coordination 
shell  GAB(^) = 0.25-0.35). One can compare these values 
with Gm(1) predicted by the lattice calculation and it can 
be seen that -0.5 < t'm < 0.0. Interpolation suggests a 
value of c'm = -0.1 to -0.2. A value of x = -0.1 has been 
estimated for the PPO/PS blend,* suggesting that for the 
cubic lattice  AB = -0.025. This is good agreement given 
the uncertainty of both the lattice calculation and the 
experimental measurement, though the lattice calculation 
based upon x appears to underestimate the experimental 
number of heterocontacts. To obtain a correlation function 
consistent with strong mixing, <'AB = -1.5, would require 
that 1 increase by a factor of 1.4-2.0 (1 = 0.7-1.0 nm) or 
D decrease by a factor of 2-4 (D = 0.9 X 
cm2/s). The larger value of 1 would be inconsistent with 
the X-ray scattering data for polystyrene4 and the density 
of the blend. The smaller value of D is also unlikely. 
However, one possibility should be considered, i.e., that 
a particular geometry of the deuterated phenylene ring 
PS-db may effectively shield 'H-lH contacts. In this case 
our estimate of D would be high and our estimate of the 
number of heterocontacts too low. At present, details of 
the geometry of interaction between PPO and PS are 
unknown, though experiments with different deuterium- 
labeled blend components or rotor-driven l3C spin- 
diffusion experiments= (with l3C-labeled materials) could 
potentially provide an answer to this question. Also, it 
has been suggested that a directionally specific interaction 
can increase the number of heterocontacts associated with 
a particular interaction energy.3 The lattice calculations 
shown here do not include this effect. Therefore, we 
conclude that this experiment probably provides a mini- 
mum estimate of the number of heterocontacts. 

For the second lattice site, Gm(2), curve lcg indicates 
that in a one-dimensional structure Gm(2) is already 
influenced by the periodic character of the correlation 
function. The lattice calculation fails to predict any 
concentration fluctuation with the large period of curve 
lcg. This disagreement may simply exclude the existence 
of any lamellar structure of domains in the blend. Curves 
3cg and 3g indicate that a less than 10% concentration 
fluctuation remains within the second coordination shell. 
The high segmental miscibility is consistent with the lattice 
prediction of -0.5 < e'm < 0.0. 

Figure 8 shows the reverse comparison, that is, between 
theoretical three-dimensional spin-diffusion buildup curves 
Q ~ ( T )  (derived from the correlation functions of Cifra et 
al.) and the experimental data. The conclusions are similar 
to those of Figure 7. It can be seen that the overall slope 
of the data is consistent with -0.5 < t'm < 0.0. However, 
the initial data build up more slowly than the theoretical 
predictions. The deviation is explained by the steeper 
initial decay in the theoretical correlation functions that 
are derived from the lattice calculation. 

It is useful to examine the type of clustering of segments 
implied by the NMR data. Neglecting chain ends, for the 

to 1.7 X 
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These latter distances are comparable, and this possibility 
is under investigation. 

It is useful to compare other blends. These NMR data 
for PPO/PS are consistent with data of Kaplan47 and 
Caravatti e t  al." for the blend of PS and poly(viny1 methyl 
ether) (PVME), and we have produced similar data for 
PS/PVME with the heteronuclear method.a Preliminary 
data have also been obtained for the mixture of ring- 
deuterated polystyrene and chain-deuterated polystyrene 
(PS-d5/PS-d3).48 Apart from the effects of deuteration, 
which should be small, for this blend x should be very 
close to zero. The NMR results for PS-& and PS-d3 are 
qualitatively similar to those of PPO/PS. In contrast, for 
a blend of a polyimide and polybenzimidazole,49 where 
hydrogen bonding is present, spin-diffusion correlation is 
a t  equilibrium within - 1 ms. Therefore, we suggest that 
the results which we obtain for PPO/PS may be typical 
for a blend with weakly interacting components. 

0.oor  " " ' I  " " ' 1 

0 2 4 6 8 10 12 
Mixing time (ms) 

Figure 8. Theoretical curves Q ~ ( T )  obtained from the curves 
Gm(n) of Figure 7 (curves mcl, mc2, mc3, and mc4) with the 
assumption that equilibrium intensity is 0.20. The solid and 
dashed lines are for three-dimensional and one-dimensional spin 
diffusion, respectively. The data are those of Figure 4b (0). 

cubic lattice model, two of the six coordination sites in the 
first coordination shell must contain the adjacent PS 
segments. Therefore, a value of Gm(1) = 0.28 for e'm = 
0.0 corresponds to 42 % occupancy of the remaining sites 
by PPO. This value is in fact quite close to the equilibrium 
composition of the blend, a value that might be expected 
for an interaction energy of zero and no chain connectivity. 
The difference could be associated with the loss of entropy 
associated with the molar masses of these model chains 
with N = 22 segments. The molar masses for the PPO 
and PS used in this study are higher, 10000 and 50000 
respectively ( - 100-500 segments). An even lower entropy 
of mixing (and fewer heterocontacts) might be expected. 
Because the experimental NMR data are quite consistent 
with the calculations with e'm - 0 and N = 22, it is 
suggested that molar mass does not strongly influence these 
results. In the extreme, if phase separated on a cubic 
lattice, the single polymer chains of this study would 
occupy domains with a radius of 2.5-4 segments. Het- 
erocontacts would be found only at  the interfaces and 
would be insignificant in number (Gm(1) = 0.094.06). 
Clearly, the NMR data are inconsistent with this picture. 
If the structure were ideally random, the correlation 
function would follow an exponential form. It is possible 
that the Gaussian type correlation function noted in this 
study might be attributed to residual memory of the phase- 
separated chains that survives the protocol used to cast 
and anneal the mixture or to equilibrium concentration 
fluctuations. A systematic study with materials of dif- 
ferent molecular weights is required to clarify this point. 

Neutron scattering data for similar blends have sug- 
gested that there is a correlation length associated with 
long-range equilibrium concentration fluctuations. The 
distances are in the range of 2 nm (for a blend of 
perdeuterated polystyrene and a tetramethylbisphenol A 
polycarbonate)36 to 14 nm (for a mixture of protonated 
and deuterated polybutadiene).37 The implication of a 
correlation length is that the correlation function is 
monotonic and approximately exponential. It has been 
shown that the NMR data are consistent with amonotonic 
correlation function with a correlation length less than 1 
nm. An exponential correlation function, with a compa- 
rable correlation length, decays to equilibrium much 
quicker a t  shorter range than the Gaussian function and 
would result in a faster initial spin-diffusion buildup. 
However, it is possible that the correlation length from a 
Gaussian-type correlation function, which is consistent 
with the NMR data, is related to the scattering result. 

Conclusions 

The HETCORexperiment has been shown to be a useful 
modification of the homonuclear 2D spin-diffusion ex- 
periment, and it allows one to obtain data concerning chain 
contacts for a PPO/PS blend, previously not accessible to 
study. The method is particularly useful for polymer pairs 
with a single resolvable lH chemical shift in one component. 
Protons on the second chain are distinguished by transfer 
of magnetization to I3C, where the resolution is greater. 
Selective deuteration engendered this stiuation for the 
case of PPO/PS, whereas the previous homonuclear 2D 
method required resolvable lH resonances for both com- 
ponents. The HETCOR approach does not require 
simultaneous multiple-pulse lH detection, and therefore 
it can be performed with existing commercial solid-state 
instruments that do not possess "CRAMPSnW facilities. 

The resulting spin-diffusion data have allowed exper- 
imental characterization of the heteropair correlation 
function for the mixture PPO/PS-d5. The data suggest 
that while the two components are mixed a t  the molecular 
scale, the PS segments can form clusters with radii between 
0.8 and 1.5 nm. The resulting number of heterocontacts 
is shown to be that predicted for a lattice calculation for 
equilibrium, weakly interacting chains. These results 
suggest the importance of chain statistics in the analysis 
of NMR data in the context of polymer chain packing, 
and characterization of the heteropair correlation function 
provides a straightforward method for their inclusion. 
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