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ABSTRACT: Spin diffusion in proton nuclear magnetic resonance has been used to study binary blends of 
polystyrene and poly(viny1 methyl ether). By means of a selective excitation technique, it was possible to  
detect the coexistence of pure and mixed domains. Within the framework of a simple three-phase model, 
the total amount of polymer contained in the mixed phase and its composition could be determined. 

I. Introduction 
The blending of polymers offers the possibility of tai- 

loring new technically important materials with specified 
physical proper tie^.'-^ Only a small number of polymer 
combinations leads to thermodynamically stable blends. 
In most cases the artificially enforced mixtures are far from 
thermodynamic equilibrium and unstable. Because of low 
translational mobility in macromolecular systems, equil- 
ibration may proceed very slowly. The distinction between 
compatible and incompatible blends is in many cases not 
trivial. It is therefore of importance to have available 
analytical tools for studying phase separation on a mi- 
croscopic scale. Several techniques have been applied so 
far, in particular, diffraction methods,@ thermal analysis? 
and electron microscopy.1° Compatible blends exhibit a 
single glass transition temperature T while for incom- 
patible blends the glass transitions of t i e  individual hom- 
opolymer components can be deteded. Standard methods 
for the determination of Tg are differential scanning ca- 
lorimetry (DSC),11J2*27 dilatometr~, '~ dynamic mechanical 
relaxati~n,'~J~ and dielectric relaxation measurement~.'~J' 
It has also been recognized by several researchers that spin 
diffusion in nuclear magnetic resonance can provide in- 
formation on heter~geneity.'"~~ 

In a recent study, two-dimensional (2D) NMR spec- 
troscopy was used for obtaining revealing plots that 
qualitatively allow the distinction between compatible and 
incompatible mixtures.% To describe a binary mixture of 
two distinct polymers, a three-phase model has been 
proposed with two pure polymer phases and a mixed 
phase. By 2D spin-diffusion measurements, it was possible 
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to deduce bounds for the composition of the mixed phase. 
However, it turned out to be a priori impossible to de- 
termine the exact composition of the mixed phase by 2D 
or by transient 1D measurements. 

It will be demonstrated in this paper that one-dimen- 
sional (1D) saturation-transfer experiments allow imme- 
diate access to the composition of the mixed phase. 
Transient spin-diffusion measurements can be used for the 
determination of spin-diffusion rate constants, which 
provide information on the size of the domains and on 
molecular mobility. The measurements reported here 
focus on proton spin diffusion, which is particularly in- 
formative as it proceeds at  a high rate and is not much 
impeded by competing relaxation processes. 

11. Samples 
Binary polymer blends consisting of atactic polystyrene (PS) 

(supplied by BASF) and atactic poly(viny1 methyl ether) (PVME) 
(Aldrich-Chemie, Steinheim, BRD) were used. Both polymers 
have a distribution of molecular weights. The sample of PS is 
characterized by I@,, = 279000 (toluene, 25 "C) and M,/M,, = 2.5 
and the sample of PVME by M,, = 53 500 (benzene, 30 "C) and 
Mw/M,, N 2.0 as estimated from gel permeation chromatography 
(GPC) measurements. The blending was effected by precipitation 
from a homogeneous solution of the two polymers in toluene or 
chloroform (containing 2.5% of each polymer) by adding a large 
excess of petroleum ether cooled to -60 "C. The precipitate was 
filtered off and vacuum dried for 48 h a t  room temperature. 
Samples of 50 mg were necessary for the NMR measurements. 

and from proton 
NMR relaxation studiesm that the physical properties of this 
particular blend depends on the solvent from which it is pre- 
cipitated. Some indication of this behavior could already be 
deduced by visual inspection of the two blends. The blend cast 
from toluene (&) appeared more transparent than the blend cast 
from chloroform (Bc). The blend BT remained unaltered even 
after storing for 6 months a t  room temperature while the blend 

It is well-known from thermal 
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Bc showed a macroscopic phase separation that slowly developed 
in the course of this period. 

111. Measurement Techniques 
The two experimental techniques used in this work have 

been described and analyzed in detail in a separate more 
technical report.37 In this section we give only a brief 
summary of the main features. 

Nuclear spin diffusion is driven by the magnetic dipolar 
interaction of nuclear spins which can induce mutual flips 
of two spins j and k a t  a rate RsD proportional to the 
inverse sixth power of their internuclear separation rjk.30 
Based on this strong distance dependence, it is possible 
to derive information on spatial proximity in solid mate- 
rials. In general, spin diffusion between two molecular 
species can only be detected when the two species are 
mixed on a molecular level. 

Although the dipolar interactions are of short range, the 
magnetization can migrate in a diffusion-like process over 
quite significant distances within extended networks of 
interacting spins. From the analysis of spatial spin dif- 
fusion it is possible to detect different phases in inhomo- 
geneous polymer systems to compute their composition 
and to estimate the size of small domains. 

A spin-diffusion experiment can generally be divided 
into three time intervals: (i) the initial labeling of the spin 
order, (ii) the actual spin-diffusion process, and (iii) the 
detection process. While in earlier mea~uremen t s~ l -~~  
differences in relaxation times T2 or Tlp have been ex- 
ploited to distinguish the components, our measurements 
rely on direct spectral resolution of the different compo- 
nents in the polymer blend. The initial labeling of the spin 
order is then achieved by free precession of the spins 
during the t ,  period in a 2D experiment26 or by a fre- 
quency-selective inversion of the polarization of one com- 
ponent. 

For obtaining sufficient resolution in proton magnetic 
resonance, both for the selective inversion and the detec- 
tion, it is mandatory to eliminate temporarily the dipolar 
interactions as well as the chemical shielding anisotropy. 
Dipolar interactions are rendered ineffective by applying 
a multiple-pulse sequence, such as the MREV-8 cycle, 
while the chemical shielding anisotropy is eliminated si- 
multaneously by magic-angle sample spinning at a rate of 
2 to 3 kHz.34-36 

A special procedure had to be developed for the selective 
irradiation in the presence of multiple pulse dipolar de- 
coupling, a prerequisite for the following two techniques. 
Details are given in ref 37. 

(a) Selective Inversion-Recovery Experiment. The 
selective inversion-recovery experiment serves for the 
measurement of the spin-diffusion rate constants. The 
experimental scheme shown in Figure l a  has its analogy 
in corresponding methods used in liquid-state NMR38-44 
and in solid-state 13C resonance45 for the study of cross- 
relaxation and chemical exchange. 

Initially, a selective A pulse inverts the polarization of 
one isochronous group of spins. Its diffusion to other 
groups of spins in the course of the mixing time T, is 
monitored by applying a nonselective a/2 pulse followed 
by a sequence of MREV-8 multiple-pulse c y ~ l e s ~ ~ g ~ '  for 
achieving high resolution during detection. The experi- 
ment is repeated for several 7, values. 

Some further modifications are needed to suppress 
possible artifacts. To prevent leakage of spurious tran- 
sverse magnetization into the detection period, due to the 
possibly not fully perfect selective inversion pulse, two 
experiments have to be coadded, differing by a T phase 
shift of the selective pulse. An equivalent and, for ex- 

n; '($)" MREV- 8 

6 c 

Tm 

Figure 1. Pulse sequences for selective spin diffusion mea- 
surements. (a) Selective inversion-recovery experiment. A se- 
lective T pulse inverts a single line, narrowed by simultaneous 
homonuclear multiple pulse dipolar decoupling. After spin dif- 
fusion for a time 7m, the full spectrum is excited by a nonselective 
r / 2  pulse and measured again in the presence of multiple-pulse 
dipolar decoupling. Pairs of experiments are coadded, one with 
and one without az rotation pulse to eliminate spurious transverse 
magnetization. The xZ rotation was achieved with the pulse 
sequence 7 - ( ~ / 2 ) ~ - 7 - ( r / 2 )  -2r-(n/2) --r-(~/2)-~-7,  which is 
identical with the first haltof a MRdV-8 cycle. In addition, 
simultaneous phase alternation of the detection pulse and of the 
computer phase eliminates artifacts originating from the mul- 
tiple-pulse sequence during detection. (b) Selective saturation- 
transfer experiment. The mixing time 7, is divided into periods 
of selective inversion in the presence of multiple-pulse dipolar 
decoupling and spin-diffusion periods of length 7diff. The mea- 
surement is performed as in a. A nonselective 4% prepulse is 
inserted in every second experiment combined with alternate 
addition and subtraction of the signals to eliminate the equilibrium 
magnetization reached for long 7, values. In both experimental 
schemes, magic-angle sample spinning is applied for eliminating 
chemical shielding anisotropy. 

perimental reasons, sometimes superior procedure is to 
introduce in one of the two experiments to be coadded, a 
az pulse immediately following the selective pulse, as in- 
dicated in Figure la. In addition, it is advisable to 
phase-alternate the detection pulse together with the 
computer phase to eliminate artifacts originating from the 
multiple-pulse sequence during detection. Each experi- 
ment thus consists of four scans. 

(b) Saturation-Transfer Experiment. A saturation- 
transfer experiment is used to determine the composition 
of the various phases of an inhomogeneous polymer blend. 
The experiment is related to the truncated driven NOE 
experiment used in the liquid phase.43 By selective irra- 
diation for an extended time, a chosen group of isochro- 
nous spins is saturated. At  the same time spin diffusion 
proceeds, leading to saturation of all those spin groups 
dipole-coupled to the saturated one. 

Because the selective irradiation requires the temporal 
removal of the dipolar interactions and spin diffusion relies 
on their presence, it is necessary to rapidly alternate be- 
tween periods of selective spin inversion in the presence 
of dipolar decoupling and periods of unperturbed spin 
diffusion where dipolar interactions are retained, as in- 
dicated in Figure Ib. 

Perturbation by repetitive inversion and spin diffusion 
occur effectively at the same time, and in the limit of a long 
saturation time, T,, a dynamic equilibrium between satu- 
ration, relaxation, and spin diffusion is reached. To elim- 
inate the unessential equilibrium magnetization from the 
observed signal, we insert in every second scan a nonse- 
lective A+ prepulse (see Figure lb)  and subtract the re- 
sponses from each other. The observed difference 
magnetization tends toward zero for extended spin-diffu- 
sion times T,. The decay constant for spins taking part 
in spin diffusion is given by the combined effects of sat- 
uration, relaxation, and spin diffusion while for unper- 
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Figure 2. High-resolution proton spectra of (a) polystyrene (PS), 
(b) poly(viny1 methyl ether) (PVME), (c) blend cast from toluene 
(BT) with r = [PS]/[PVME] = 0.80, and (d) blend cast from 
chloroform (Bc) with r = 1.14. The spectra were obtained at T 
= 340 K by combining magic-angle sample spinning at 2.5 kHz 
and MREV-8 multiple-pulse dipolar decoupling. The dots rep- 
resent the measured signals while the solid curves result from 
least-square fits. Four Lorentzians were used to fit the PS 
spectrum, with two lines for the aromatic protons and two lines 
for the aliphatic protons with relative intensities 3:2:2:1. The 
spectrum of pure PVME was fitted by three Lorentzians corre- 
sponding to the methine, methoxy, and methylene protons with 
intensity ratios 1:3:2. For the spectral analysis of the polymer 
blends only four Lorentzians, two for each polymer, were used 
to avoid highly correlated parameter values. 

turbed spins the decay occurs with the longitudinal re- 
laxation time T1. The different decay constants allow then 
the separation of the contributions from different phases. 

IV. Determination of the Overall Composition of 
the Blends 

A traditional method of determining the composition 
of polymer blends is the recording of ‘H or 13C NMR 
solution spectra, which normally allow an easy distinction 
of the components but with the disadvantage that the 
possibility of obtaining further information on the mor- 
phology of the solid-state sample is lost. A more satis- 
factory approach to the quantitative analysis is 13C solid- 
state spectroscopy with magic-angle sample spinning, in 
which sensitivity enhancement by cross-polarization should 
be avoided in order to obtain reliable relative intensities. 

In the present context, it was convenient to employ 
high-resolution proton spectroscopy in the solid state. 
Figure 2 shows the 1D spectra for the two pure homo- 
polymers and for two blends cast from toluene and chlo- 
roform, respectively. The spectra were measured at  T = 
340 K in the presence of magic-angle sample spinning (vR 
= 2.5 kHz) and applying a MREV-8 multiple-pulse se- 
quence. The dots represent experimental points while the 
solid curves are the results of numerical line shape fits. 
From the fitted spectral intensities, the molar ratio of the 
entire sample, r = [PS]/[PW], is derived, leading to rgT 
= 0.80 for the blend BT, and rBc = 1.14 for the blend Bc. 

V. Determination of the Spin-Diffusion Rate 
Constants 

The observed spin-diffusion rate constants may be used 
to derive information on the domain structure of the 
polymer blends. Although two-dimensional spectra, as 
demonstrated in ref 26, provide a unique qualitative vis- 
ualization of the spin-diffusion process, it is often more 
convenient to apply one-dimensional transient measure- 
ments, described in section IIIa, for the quantitative 
measurement of spin-diffusion rate constants. 

Figure 3. Selective inversion-recovery experiment of Figure la 
applied to pure PS and PVME. The population of the aliphatic 
spins is selectively inverted and the approach toward internal 
equilibrium monitored. The spectra obtained from the experiment 
of Figure la were subtracted from the equilibrium spectrum 
obtained for 7, >> TI. The pulse sequence (c) of Figure IC in ref 
37 was used for the selective inversion with the parameter values 
N = 5, t ,  = 36 ps, t = 27O, n, = 3 for PS; and N = 5, t ,  = 36 ps, 
t = 18O, n, = 5 for PVME. The time scales are linear between 
the indicated mixing times. 

Lm 

6 y . 1  \ ,methine/methoxy 6 

0 ,  ...... 
0 50 

Figure 4. z magnetization for individual lines plotted as a 
function of the mixing time 7, by calculating the peak integrals 
in the selective inversion-recovery spectra shown in Figure 3 (a) 
pure polystyrene, (b) pure poly(viny1 methyl ether), with initial 
inversion of the aliphatic lines in both cases. The vertical scale 
in a and b is chosen such that the magnetization of the aromatic 
protons, in a, and the magnetization of the methinelmethoxy 
protons, in b, would reach the value 1 for large 7, and infinitely 
slow TI relaxation. Note the different time scales for a and b and 
the change of scale in the center of the plot. The solid curves 
represent a biexponential fit to the experimental data with the 
parameter values given in the text. 

The rate constants for spin diffusion between the two 
resolved lines within each of the pure polymers PS and 
PVME were measured with the experiment of Figure la. 
In both cases the aliphatic line was inverted by the initial 
selective pulse. The results are shown in Figure 3 and 4. 
The spectra in Figure 3 are obtained by subtracting the 
spectra for each T, value from the equilibrium spectrum 
which was measured in a separate experiment for T, >> 
Tl. Figure 4 shows the integrated peak intensities of the 
individual lines of Figure 3 plotted as functions of the 
mixing time T,. In this representation the T, time de- 
pendence is similar to that of a diagonal peak (for the 
irradiated line) or that of a cross peak (for the lines con- 
nected by spin diffusion to the irradiated one) in a 2D 
spin-diffusion spectrum.26 It should be noted that the 
“selective” inversion is in practice not fully selective and 
weakly affects the “unperturbed” lines as well. Their in- 
tensity therefore does not start a t  zero for r,  = 0. The 
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Figure 5. Measurement of the interpolymer spin-diffusion time 
constant for the blends cast from toluene (BT) and chloroform 
(Bc), respectively. The deviation of the methine/methoxy line 
intensity of PVME from the equilibrium value obtained for T, 
>> TI  is plotted in arbitrary units vs. T, after selective inversion 
of the aromatic PS line. The experiment of Figure la  was used. 
No spin diffusion is observed in Bc; the decay is entirely due to 
spin-lattice relaxation (T,(PVME) = 0.73 8). The initial increase 
in intensity in & is due to interpolymer spin diffusion with a time 
constant TsD(PS/PVME) = 6.5 * 0.7 ms. The vertical scale is 
chosen such that the magnetization for the sample would reach 
the value 1 for long mixing times and infinitely slow TI relaxation. 
The initial magnetization for the Bc curve, at T, = 0, is arbitrarily 
set to the same value as that for the BT sample. 

solid curves in Figure 4 are the results of a biexponential 
fit. The fast rate is due to the spin-diffusion process while 
the slow decay for long mixing times is caused by spin- 
lattice relaxation. The spin-diffusion rate constants RsD 
and T1 values obtained from the fit are RsD(PS) = (144 
f 17)-l ps-l = (7.0 f 0.8) X lo3 s-l, Tl(PS) = 2.8 f 0.2 8, 
RsD(PVME) = (26 f 41-l ms-l = 38 f 6 s-l, and T,(PVME) 
= 0.72 f 0.02 s. 

The comparably slow spin diffusion in PVME indicates 
high molecular mobility, which partially averages the di- 
polar interactions, slowing down spin diffusion. This is 
in agreement with the fact that the measurement tem- 
perature of 67 "C is well above the glass transition of 
PVME at  Tg = -30 "C. The spin diffusion in PS, on the 
other hand, is faster by more than 2 orders of magnitude. 
The dipolar interactions seem to be preserved, indicating 
low molecular mobility a t  the temperature of 67 "C, which 
is below the corresponding glass-transition temperature 

The rates of spin diffusion between PS and PVME in 
the blends have been measured by selectively inverting the 
aromatic peak of PS and subsequently observing the 
methinetmethoxy peak intensity of PVME as a function 
of the mixing time 7,. The result of such a measurement 
for the two blends is displayed in Figure 5. The blend 
& cast from toluene shows a biexponential T, dependence. 
The slow decay is again due to spin-lattice relaxation 
(T,(PVME) = 0.73 s) while the fast initial ascent can be 
attributed to interpolymer spin diffusion in the mixed 
phase with a rate constant of RSD(PS/PVME) = (6.5 f 0.7 
ms)-' = 154 f 17 s-l. Spatial spin diffusion between dif- 
ferent domains in the sample is expected to lead to a 
distribution of rate constants. The clear biexponential 
behavior excludes significant interdomain spin diffusion. 
This supports the assumed three-phase model where spin 
diffusion between the two polymers occurs exclusively in 
the homogeneous mixed domains. Spin diffusion between 
the two polymers is about 4 times faster than spin diffusion 
in pure PVME and at  least 1 order of magnitude slower 
than in pure PS. This suggests that the mobility of the 

Tg = 110 "C. 

Figure 6. Three-phase model used for a binary mixture of 
polymers A and B. The mixed phase M contains the fraction f, 
of the N, moles of polymer i (i = A, B). The remaining fractions (1. - f,! of polymer form the two pure phases. Interpolymer spin 
diffusion is assumed to take place exclusively in phase M. 

PVME chains in the mixed phase is not substantially 
hindered by the presence of polystyrene. For immobilized 
PVME chains, faster interpolymer spin diffusion would 
be expected. 

In agreement with the earlier 2D measurements, no in- 
terpolymer spin diffusion is detected in the blend Bc cast 
from chloroform. The decay of the PS signal is purely due 
to spin-lattice relaxation. 

A quantitative evaluation of the measured spin-diffusion 
rates has to be deferred to the future because a strict 
relation to the domain structure has not yet been estab- 
lished. Although no multiple-pulse dipolar decoupling is 
applied during the spin-diffusion period T,, some partial 
averaging of the dipolar interaction may be caused by the 
slow magic-angle sample spinning with VR = 2.5 kHz. This 
rate hardly affects the spin-diffusion rate in rigid polymers 
like PS with strong dipolar interactions. However, in 
PVME averaging by molecular motion leads to reduced 
dipolar couplings which become sensitive to magic-angle 
sample spinning. This has been confirmed by preliminary 
measurements. An analysis of these effects is presently 
in progress. 

VI. Determination of the Concentrations within 
the Three-phase Model 

We denote by fps and fpvm the fractions of monomer 
units of PS and PVME, respectively, in the mixed phase 
M of a polymer blend. The fractions in the two pure 
phases are then 1 - fps and 1 - fPVME (see Figure 6). 

For measuring the fraction fpVME in the mixed phase, 
we saturate selectively the aromatic line of PS with the 
experimental scheme of Figure lb. This leads to fast 
saturation of the mixed-phase contribution of the meth- 
ine/methoxy line of PVME through spin diffusion, while 
the signal contribution of the pure PVME phase should 
remain nearly unperturbed by the saturation. The pro- 
cedure was applied to both blends by using a spin-diffusion 
delay of Tddf = 10 ms (see Figure lb). During this time, 
the spin diffusion between PS and PVME in the mixed 
phase of BT proceeds to near completion. 

In Figure 7, parts a and b, the intensity of the meth- 
inelmethoxy line is plotted as a function of the number 
n of applied saturation cycles for the two blends BT and 
Bc. Examples of spectra leading to the saturation curves 
in Figure 7 are presented in Figure 8. In contrast to 
expectations, the entire intensity decays toward zero within 
a time short compared to Tp The reason for the fast signal 
decay becomes clear by inspecting Figure 7c, where the 
same saturation experiment with irradiation at  the reso- 
nance frequency of aromatic protons was applied to a 
sample of pure PVME. The signal also decays rapidly to 
zero. A fit of the experimental values by an exponential 
function 

IPVME~)  = I(O)U"PVME (1) 
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Figure 8. Saturation transfer in the polymer blends BT and Bc 
using the experiment of Figure lb: (a) unperturbed spectra; (b) 
spectra measured immediately after selective inversion of the 
aromatic resonance of PS, indicated by arrow; (c) spectra measured 
after the selective inversion of b followed by a spin-diffusion period 
‘Tdiff = 10 ms; (d) spectra after two selective inversions and 
spin-diffusion periods; (e-g) spectra after 3, 4, and 5 selective 
inversions and spin-diffusion periods. The selective inversion pulse 
used the parameters N = 6, t ,  = 36 f i s ,  t = 2 7 O ,  n, = 5 (see ref 
37). 

saturation of the PVME resonances via irradiation of their 
tails. Each saturation cycle causes an attenuation of the 
PVME magnetization by a factor u ~ V M E .  When inter- 
preting the curves in Figure 7, parts a and b, we have to 
take into account this direct saturation effect. 

The saturation curve of the blend Bc in Figure 7b can 
be fitted by a single exponential according to eq 1 with the 
two parameters I(0) = 0.97 f 0.02 and uPW = 0.73 f 0.01. 
Within experimental error limits, this agrees with the result 
for the pure PVME sample. There is thus no indication 
of a mixed phase for the blend cast from chloroform. 

The saturation curve of the blend BT in Figure 7a, on 
the other hand, requires a biexponential f i t  

6 8 4 n  0 2 

IPVME(n) = I (o)  [fPVMECnPS-PVME + (l - fPVME)unPVMEI 
(2) 

The first exponential term can be interpreted as arising 
from the mixed phase where the PVME fraction fPVME is 
cross-saturated by spin diffusion from PS with the 
cross-saturation factor ~ p S - - p w E  (which includes also the 
effect of direct saturation). The second term with slower 

0 2 4 - 6  8 saturation. on the other hand, corremonds to the direct 
I I  

Figure 7. Normalized intensity I / I (O)  of the methine/methoxy 
line of PVME, while saturating at the position of the aromatic 
PS signal, plotted vs. the number n of saturation cycles in the 
experiment of Figure l b  with 7mf = 10 ms: (a) Blend cast from 
toluene (&), (b) blend cast from chloroform (Bc), (c) pure PVME 
sample. The blend Bc and pure PVME show within the exper- 
imental error limits the same single-exponential behavior. The 
blend BT, in contrast, shows a biexponential decay due to the 
contributions of the mixed phase and of the pure PVME phase. 

produces the values I(0) = 1.00 f 0.01 and a P m  = 0.74 
f 0.01, implying a decay time constant T = 33 ms that is 
much shorter than the relaxation time TI = 0.725 s of 
PVME. This behavior can be interpreted as a direct 

saturation‘ of PVME in the pure phase, reducing the 
magnetization in each cycle by the attenuation factor 
uPVME. From eq 2 and Figure 7a it is therefore possible 
to determine the fractional contents of PVME in the 
different phases. With the value for the attenuation factor 
from the experiment on pure PVME, aPVm = 0.74, the fit 
delivers the values I(0) = 1.00 f 0.01, fpvm = 0.70 f 0.02, 
and cpS-pvME = 0.20 f 0.01. 

To measure fps, complementary experiments were per- 
formed by selectively saturating the methine/methoxy line 
of PVME and detecting the decay of the aromatic signal. 
The results are shown in Figure 9, parts a and b for the 
two blends and in Figure 9c for a sample of pure PS. 
There is again a direct saturation effect on the aromatic 
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f 0.02. The direct saturation is here significantly stronger 
than for the reversed experiment. The decay of the PS 
signal in the blend Bc in Figure 9b is again exponential 
with the fit values I(0) = 1.00 f 0.02 and am = 0.35 f 0.06. 
Despite the fact that the decay is somewhat faster than 
for the pure PS sample there is no indication of a signif- 
icant portion of a mixed phase for the blend Bc cast from 
chloroform. 

The signal decay for the blend BT of Figure 9a can be 
fitted biexponentially by 

IPS(n) = I (0)  [fPSC"PVME-PS + (1 - fPS)a"PSl (4) 

with the values I (0)  = 1.00 f 0.02, fps = 0.86 f 0.04, 
cpvME--ps = 0.195 f 0.005, and ups = 0.44 (assumed). Thus 
86% of the PS monomers are contained in the mixed phase 
M. 

Knowledge of r = 0.80, fps = 0.86, and fpVME = 0.70 in 
the blend BT cast from toluene enables one to determine 
the mole fraction Xps of PS in the mixed phase 

Xpx = rfps/(rfps + ~ P V M E )  = 1 - XPVME = 0.50 f 0.02 

The fraction f of the total polymer mass contained in the 
mixed phase is then given by 

MPSfPSr + MPVMdPVME = o.79 o.03 
= ~ p s r  + MPVME 

where Mps = 104.1 g mol-' and MpVME = 58.1 g mol-' are 
the molar weights of the PS and PVME monomer units, 
respectively. 

VII. Summary of the Results on PS/PVME 
Blends 

(i) PS/PVME Blend Cast from Chloroform. In the 
earlier 2D spin-diffusion studies, no sign of mixed domains 
could be detected.26 The selective measurements reported 
here show no spin diffusion between PS and PVME. It 
is likely that the sample is composed of extended domains 
of pure homopolymers with a small, undetectable contact 
volume between the domains. 

(ii) PS/PVME Blend Cast from Toluene. The 2D 
spin-diffusion study26 indicated the presence of mixed 
domains together with pure domains. The interpolymer 
spin diffusion, measured in this work, can be described, 
within experimental error limits, by a single exponential. 
The observed spin-diffusion process is likely due to inti- 
mately mixed PS and PVME chains in essentially homo- 
geneous mixed domains. From the spin-diffusion rate it 
can also be concluded that the mobility of pure PVME is 
not significantly hindered by the presence of PS chains. 
The mixed phase contains 79% of the total polymer mass 
and consists of 64% by weight PS and 36% by weight 
PVME. The pure PS phase contains 8.5% and the pure 
PVME phase 12.5% of the total polymer mass. 

It should be emphasized that the three-phase model 
assumed in this paper just serves as a basis for explaining 
the experimental results. With the information available 
from the presented NMR measurements it is not possible 
to further refine this model. Spin diffusion is due to a 
short-range interaction and conclusions on domain size 
must be interpreted with care. 
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Figure 9. Normalized intensity I / Z ( O )  of the aromatic line of PS, 
while saturating a t  the position of the methine/methoxy signal 
of PVME, plotted vs. the number of saturation cycles n. The 
experiment of Figure l b  with 7&ff = 10 ms was used (a) blend 
cast from toluene (BT), (b) blend cast from chloroform (B& (c) 
pure PS sample. The blend Bc and pure PS show single-expo- 
nential behavior. The signal decay of the blend & is biexponential 
due to the contributions of the mixed phase and of the pure PS 
phase. 

signal as put in evidence by the decay of the signal in 
Figure 9c, which can be fitted by 

in analogy to eq 1 with I(0) = 1.00 f 0.01 and aps = 0.44 
Ips(n) = I(0)a"ps (3) 
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ABSTRACT The microstructure of poly(acrylamide-co-sodium acrylates) of variable compositions and prepared 
by inverse microemulsion polymerization was studied by 13C NMR. The average copolymer composition is 
shown to be independent of the degree of conversion, and the sequence monomer distribution analyzed from 
triad proportions conforms to Bernouillian statistics within experimental error. The reactivity ratios of both 
monomers are therefore close to unity, a significant difference from the reported literature values obtained 
for copolymers prepared in solution or inverse emulsion (rA - 0.3; rM - 0.95). These results confirm a 
polymerization process by nucleation and interparticular collisions rather than by monomer diffusion through 
the continuous medium. 

Introduction 
Over the past 20 years, there have been numerous 

s tudies  of the influence of the reaction medium on the 
free-radical copolymerization of acrylamide with ionogenic 
monomers, e.g., acrylic and methacrylic acids, Two de- 
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tailed reviews have been published recently.12 Among the 
factors  controlling monomer react ivi ty  are hydrogen 
bonding, dipolar interactions and electrostatic forces, and 
EDA complex formation. Consequently, the kinetics of 
the reaction as well as the microstructure of the resulting 

0 1986 American Chemical Society 


