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~H spin-lattice relaxation times in the rotating frame and free induction decays were measured on 
poly(methyl methacrylate)/poly(ethylene oxide) blends over the whole composition range. In these systems, 
in which one component is an amorphous polymer and the other one can crystallize, experiments combining 
both 1H and 13C n.m.r, spectroscopies allowed the determination of the composition of each phase. Results 
thus obtained led to the conclusion that phase separation occurs during the freeze-drying step. Therefore, 
poly(ethylene oxide) crystallization takes place in a poly(ethylene oxide) rich phase. © 1997 Elsevier Science 
Ltd. 
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INTRODUCTION 

In amorphous polymer blends, three different types of 
behaviour may be encountered; either the polymers are 
immiscible over the whole composition and temperature 
ranges, or the polymers are miscible over the whole 
composition range for the temperatures at which they are 
stable, or the polymers are partly miscible. In the last 
situation, thermodynamic equilibrium corresponds either 
to a single phase or to two phases, each of them being 
enriched in one of the two components. In contrast, 
when one blend component is a semicrystalline polymer 
and crystallization phenomena occur, the bulk organiz- 
ation at the molecular level may be more complex. 

Amorphous poly(methyl methacrylate) (PMMA)/ 
poly(ethylene oxide) (PEO) blends are a typical example 
of blends containing both an amorphous and a semi- 
crystalline component. PMMA/PEO blends have already 
been extensively studied by a number of experimental 

1 3 techniques such as differential scanning calorimetry - , 
4 9 10 16 17 18 rheology - , optical - and electron , microscopies, 

19 22 small-angle X-ray scattering - , small angle neutron 
23 24 s c a t t e r i n g ' ,  Fourier transform infrared spectro- 

scopy 25-28, electron spin resonance 29'3° and nuclear 
28 31 magnetic resonance ' . Although a few papers indicate 

that some phase separation in the amorphous phase may 
occur3, 22, the more frequent conclusions are that the two 
polymers are miscible in the amorphous phase of the 
blend. These results are corroborated by determinations 
of the polymer-polymer interaction parameter, which 

3 3 varies from -5  x 10- to -1 × 10- as the total PMMA 

* To w h o m  cor respondence  should  be addressed  

concentration increases from 0.3 to 0.723 . However, 
within the limits of our knowledge, no phase diagram has 
been established over the whole composition range and 
the composition of the amorphous phase has not been 
determined in semicrystalline blends. 

Among the methods which permit investigation of the 
1 solid-state organization of polymers, H n.m.r, is of 

primary importance. The dependence of free induction 
decay on mobility and internuclear distances provides a 
means for quantitatively determining the composition of 
the different phases. Besides, in an inhomogeneous 
material, the spin-lattice relaxation times in the rotating 
and laboratory frames are very sensitive to the size of the 
domains, which makes them powerful tools for studying 
miscibility. Moreover, selective information on the 
specific behaviour of each component in the blend can 
be obtained by taking advantage of cross-polarization 
phenomena between proton and carbon 13 nuclei and 
measuring 1H relaxation data by means of high- 
resolution solid-state 13C n.m.r. 

The present paper is devoted to the investigation of 
the miscibility and phase composition of poly(methyl 
methacrylate)/poly(ethylene oxide) blends over their 
whole composition 1 range by using d.s.c, as well as H 

13 and high-resolution solid-state C n.m.r, determinations 
of 1H free induction decays and 1H spin-lattice relaxa- 
tion times in the rotating and laboratory frames. 

EXPERIMENTAL 
Materials 

PMMA was supplied by ICI. It contains a low amount 
of acrylic comonomer. Its taciticity, as determined by IH 
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n.m.r., is r r = 5 3 % ;  r m = 4 0 %  and r a m = 7 % .  Its 
molecular weights, as measured by gel permeation 
chromatography, are: Mn = 61 750 and M,,. = 117000. 

PEO (Mw = 20000) was supplied by Merck 
Schuchardt. 

Sample preparation 
PEO and PMMA samples were dissolved in benzene at 

the desired composition. The solution was stirred for 
96 h. Freeze-drying was performed on solutions contain- 
ing 1 g polymer in 20ml of benzene, The duration of 
freeze-drying was 24h. Then, in order to melt the 
crystalline PEO and to improve the homogenization of 
the two polymers in the miscible phase, samples were 
annealed for 24h at 10K above the PEO melting 
temperature or the glass transition temperature of the 
blend, Tg, when Tg was higher than Tm. 

PMMA/PEO blends are referred to herein as (a/b) 
(PMMA/PEO) blends, where a and b are the weight 
fractions of PMMA and PEO, respectively. 

DifJerential scanning calorimeto' 
Glass transition temperatures, Tg, were measured 

using a differential scanning calorimeter (d.s.c.) 
(DuPont 1090) operating at 10Kmin -~. The glass 
transition temperature was estimated from the inter- 
section of the initial baseline and the sloping portion of 
the baseline due to the glass transition phenomenon. 

The apparent enthalpies of melting and melting 
temperatures were derived from the area and maxima 
of the endothermic peaks, respectively. The degrees 
of crystallinity were calculated from the following 
equations: 

AH(PEO) 
Xc (PEO) - -  AHOpEo ) 

and 

AH(*blend) 
~ c  (blend) A HOpEo i 

where AH~PEO ) is the heat of melting per gram of" 
100% crystalline PEO: /kH~PEO ) = 205Jg  I 17: 
and where AH~PEO ) and AH(*blend)are the apparent 
enthalpies of melting per gram of  PEO and per gram of 
blend, respectively. 

Nuclear magnetic resonance 
1H n.m.r, experiments were carried out at 100MHz 

with a Bruker CXP 100 spectrometer.Ill  free induction 
decays were measured using the solid-echo pulse 

~2 3"~ sequence . The 90 c pulse length was taken as 4#s. 
The spin-lattice relaxation time in the rotating frame, 
TO(1H), was determined by incrementation of the time 
during which the spin-locking field, of 25kHz, was 
applied. The spin-lattice relaxation time, TI(IH), was 
obtained by using the classical inversion recovery (180', 
t, 90 °) pulse sequence. 

High-resolution solid-state 13C n.m.r, experiments 
using proton dipolar decoupling (DD), magic-angle 
spinning (MAS) and cross-polarization (CP) were 
conducted at 75 MHz with a Bruker CXP 300 spectro- 
meter, with quadrature detection and a single r.f. coil, 
which was double-tuned for both 13C and 1H. Experiments 
were performed on magic-angle spinning samples 

contained in Al20 3 rotors. The spinning speed was of 
the order of 4kHz. The pulse sequence used for the 
determination of the I H spin-lattice relaxation times in 
the rotating frame was the delayed-contact, cross- 
polarization pulse sequence described in refs 34 and 35. 
For the T2(H)  measurements, the pulse sequence is 
almost the same but, of course, no spin-lock field is 
present during the delay before the contact 36. The 
matched spin-lock cross-polarization transfers and 
To(1H) determinations were carried out with 13C and 
i H magnetic field strengths of 64 kHz. Spin-temperature 
inversion techniques allowed the minimization of base- 
line noise and roll 37. Flip-back 38 was also used to shorten 
the delay between two successive pulse sequences. 

RESULTS AND DISCUSSION 

The glass transition temperatures, as determined by 
d.s.c, for homopolymers and blends containing 80% or 
more PMMA, are listed in Table 1 for the various 
samples. For blends with less than 80% PMMA, the 
melting peak hides the d.s.c, manifestation of the Tg. 

The melting temperatures and crystallinity degrees 
of blends having more than 40% PEO are reported in 
Table 2. 

Melting recrystallization cycles were performed on 
pure PEO and (20/80) and (40/60) (PMMA/PEO) 
blends. The sample was first heated at 2 0Kmin  -1 up 
to 393K. This last temperature was maintained for 
2 rain, after which the sample was cooled at 50 K min 1. 
The crystallization peak was shown to be larger in pure 
PEO than in the blends. However, whatever the sample, 
the position of the maximum of the crystallization peak 
lies in the range between 297 and 303 K, which indicates 
that the samples can crystallize at room temperature. 

From the d.s.c, results, it clearly appears that PEO/ 
PMMA blends belong to two categories, semi-crystalline 
ones containing more than 20% PEO, and amorphous 
ones containing at least 80% PMMA. In the following 
sections, the behaviour of the neat components, the 
semicrystalline blends and the amorphous blends are 
examined successively by n.m.r. 

Individual blend components 
Results of the determinations of spin-lattice relaxation 

times in the laboratory and in the rotating frame, and of  
free induction decays, are summarized in Table 3 for the 
homopolymers. 

Table 1 Tg for blends with 80% or more PMMA and for pure PEO 

%PMMA 100 95 90 80 PEO 

7~ (K) 378 373 347 320 213 

Table 2 Melting temperature and degree of crystallinity for blends 
having 40% or more PEO 

Melting Degree of Degree of 
temperature crystallinity crystallinity 

Sample (K) (PEO) (%) (blend) (%) 

PEO 339 75 75 
PEO 80% 334 72 58 
PEO 60% 334 52 31 
PEO 50% 334 50 25 
PEO 40% 337 28 11 
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T a b l e  3 Spin-lattice relaxation times in the laboratory and in the 
rotating frame, and free induction decay decomposition for the 
individual blend components 

Tl (s) Tip (ms) Free induction decay 

PMMA 0.27 14.0 Gaussian function 
M 2 = 13G 2 

PEO 0.08 0.2 
0.80 3.0 

85% Weibull function 
(n = 1.4) 
T 2 = 20 #s 
13.5% exponential function 
T 2 = 38 #s 
1.5% exponential function 
T 2 = 245 #s 

cq 

OCH3 

CHz 
P ~  

C=O 

CH~ I [ a-CH3 

Figure 1 High-resolution solid-state 13C n.m.r, spectrum of the (20/ 
80) (PMMA/PEO) blend 

PMMA is characterized by a single TI(IH) and a single 
Tlp(1H) at room temperature. Its free induction decay is 
well described by a gaussian function with a 13 G 2 second 
moment. These results are consistent with data usually 
observed on amorphous glassy polymers. 

The spin-lattice relaxations of the PEO protons in the 
rotating and laboratory frames are not exponential. 
They are well described by a sum of two exponential 
functions. According to ref. 39, the short spin-lattice 
relaxation times (0.08s in the laboratory frame and 
0.2 ms in the rotating frame) can be associated with the 
protons of the crystalline parts of PEO. 

The PEO free induction decay exhibits a multi- 
component behaviour. As indicated in Table 3, the 
short-time behaviour is well represented by a Weibull 
function. It corresponds to 85% of the protons of the 
sample and can be assigned to rigid PEO units. The 
difference between the amount of rigid PEO units and the 
degree of crystallinity (75 wt% as obtained from d.s.c.) is 
an indication of the extent (~10%) of the constraint 
regions of amorphous PEO in the neighbourhood of the 
crystalline lamellae. The 13.5% PEO having a longer 
spin-spin relaxation time of 38 #s can be associated with 
the 'free' amorphous chains. The long-time part of the 
free induction decay is probably due to a small number 
of water molecules trapped in the polymer structure. 

Semi-crystalline blends 
(20/80) (PMMA/PEO) blend. The 1H spin-lattice 
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Figure 2 Room temperature Tlp(IH) decays obtained in the (20/80) 
(PMMA/PEO) blend for the PMMA nuclei. O: Cq; ©: OCH3; *: C=O; 
A: a-CH 3 
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Figure 3 Room temperature To(1H) decays obtained in the (20/80) 
(PMMA/PEO) blend for the PEO nuclei 

relaxation times in the rotating frame, Tlp(~H), of the 
(20/80) (PMMA/PEO) blend at room temperature were 
determined by high-resolution, solid-state 13C n.m.r. 
The 13C n.m.r, spectrum of the blend is plotted, and 
the line assignment summarized, in Figure 1. As shown 
in Figure 2, the intensity dependence of the PMMA 
carbon resonances is an exponential function of the delay 
time in the delayed-contact, cross-polarization pulse 
sequence. It is characterized by a (6 4- 1) ms To(IH). It 
is interesting to note that, within the sensitivity of the 
experiment, the PMMA decay is strictly exponential, 
which indicates that local PMMA heterogeneities are 
not detected at the PEO crystallization front, as was 
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Figure 4 ~H free induction decays determined from high-resolution 
solid-state 13C n.m.r, at room temperature for the (20/80) (PMMA,' 
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Figure 5 Free induction decays of the (20/80) (PMMA/PEO) blend as 
determined from I H n.m.r, at room temperature 

observed in blends of PMMA with poly(vinylidene- 
fluoride) 4°. 

Tb(~H) determination for the PEO nuclei in the 
blend was performed using the 72 ppm line. As shown in 
Figure 3, the PEO decay is well described by two Tip( I H)  
values of (2 + 1)ms and (5 + 1)ms. The Tlp(1H) values 
of 6 and 5ms determined for PMMA and PEO, 
respectively, can be considered as identical within 
experimental error. Since these values are intermediate 

between those of the individual blend components, they 
are characteristic of  polymers in a miscible amorphous 
phase. It is interesting to estimate the composition of this 
phase from the relationship proposed by Dickinson 4j . In 
a miscible blend of two polymers A and B, the Tlp(1H) of 
the blend can be written as: 

l M A M B 

where Tip(IH)A and Tlp(IH)R are the relaxation times of 
the homopolymers A and B, MA and MB are the molar 
fractions of each polymer, and NA and NB are the 
numbers of protons contained in each monomer unit. 

Use of this equation for the (20/80) (PMMA/PEO) 
blend leads to a PMMA content in the miscible phase of 
the blend of the order of 60 to 80 wt%. It corresponds to a 
significantly PMMA-enfiched phase. This result is, at least 
partly, due to PEO crystallization, which decreases the 
amount of PEO available in the miscible amorphous phase. 

By comparison with results derived for pure PEO, the 
Tb,(IH) value of ( 2 +  l )ms  observed for PEO can be 
assigned to constraint PEO chains. It should be noted 
that crystalline PEO, which has a very short Tb(IH),  
cannot be detected in cross-polarization pulse sequences 
using a 1 ms contact time. 

Free induction decays determined from high-resolution 
solid-state 13C n.m.r, are shown in Figure 4. In the 
miscible amorphous phase of the blend, the T2(tH) 
values of  PEO and PMMA are of the order of 20 #s and 
10 #s, respectively. 

In Figure 5 is plotted the free induction decay of (20/ 
80) (PMMA/PEO) blend as determined from 1H n.m.r. 
The fastest decay can be assigned to the sum of three 
contributions: PMMA protons and PEO protons in the 
crystalline and constraint units. The intermediate decay 
is due to PEO in the miscible amorphous phase. The 
long-time decay is associated with some residual water. 
Since the amounts of  PMMA and crystalline PEO 
protons are known from the synthesis and degree of  
crystallinity, respectively, the amount of  constraint PEO 
units can be derived from the magnetization associated 
with the short-time decay. The amount of PEO units in 
the miscible amorphous phase is obtained from the 
magnetization associated with the intermediate decay. 

Results thus obtained show that the solid-state 
organization of the (20/80) (PMMA/PEO) blend can be 
summarized as follows: a large crystalline phase (57% of 
the total amount of PEO); constraint PEO units (19% of 
the total amount of  PEO) in the neighbourhood of  the 
crystalline lamellae, characterized by a 7"2 smaller than 
20#s and a 2ms Tlp(1H); and a miscible amorphous 
phase which is rich in PMMA (86% from the free 
induction decay decomposition and between 60 and 80% 
from the Dickinson equation). 

(40/60), (50/50) and (60/40) (PMMA/PEO) blends. 
The 'H  spin-lattice relaxation of the (40/60), (50/50) 
and (60/40) (PMMA/PEO) blends is not exponential. It 
is well described by a sum of  two exponential functions 
with T1(1H) equal to 0.1 s and 0.3-0.4s, respectively, 
the exact value depending on the blend composition. 
The existence of two Tl(1H)s, and the fact that the 
shorter Tl(1H) is close to the crystalline PEO TI(IH), 
are evidence that the sizes of  the different domains con- 
taining PEO units are larger than 100,~. 
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Table 4 Tlp(IH) values of semi-crystalline blends of PMMA/PEO 
measured by high resolution solid state 13C n.m.r. 

% PMMA PMMA T~p(1H) PEO T|p(1H) 
(ms) (ms) 

60 7 7 
2 

50 7 7 
2 

40 8 8 
2 

100 I I 

5 

g~ 

c 

E 

10-- 

4 8 12 16 20 
t (ms) 

Figure 6 Room temperature Tlp(1H) decays obtained in the (60/40) 
(PMMA/PEO) blend for the PMMA nuclei 

O e.- 

E 

1 0 -  

0 4 8 12 16 20 
t (ms) 

Figure 7 Room temperature T10(IH) decays obtained in the (60/40) 
(PMMA/PEO) blend for the PEO nuclei 

TIp(IH) decays, determined by IH n.m.r, on the (60/ 
40) and (40/60) (PMMA/PEO) blends, are well described 
by a sum of two exponential functions with Tlp(IH) 
values of (0.5+0.1)ms and ( l l + l ) m s .  The faster 
decay can be assigned to crystalline PEO. It cannot be 
detected by a 1 ms contact time cross-polarization. The 

(11 + 1)ms Tip(ill) lies in the range between the Tlp(1H) 
of the individual blend components. It can therefore be 
associated with the amorphous PMMA-enriched mis- 
cible phase. This assignment is supported by Tlp(1H) 
values determined by using high-resolution solid-state 
13C n.m.r, in the different blends and listed in Table 4. As 
an example, the room temperature Tlp(1H) decays 
obtained in the (60/40) (PMMA/PEO) blend for the 
PMMA and PEO nuclei are shown in Figures 6 and 7 
respectively. For each blend composition, the Tip(ill) 
decay at long times is identical for the PMMA and the 
PEO nuclei. This is the signature of an amorphous phase 
with PMMA and PEO chains mixed at the molecular 
level. The short-time behaviour of the T1p(1H) decay 
observed for the PEO nuclei corresponds to the con- 
straint PEO units, as discussed above for the (20/80) 
(PMMA/PEO) blend. 

The analysis of the free induction decay of the blends 
at room temperature is summarized in Table 5. As 
previously observed, the free induction decay of the 
PMMA protons is faster than the decay of the PEO 
protons located in the amorphous phase of the blend. 
This set of results indicates that the short-time com- 
ponent in the 1H free induction decay corresponds to 
both PMMA protons and protons in the crystalline or 
constraint regions of PEO, whereas the intermediate 
decay is assigned to PEO protons in the amorphous 
phase of the blend. The compositions of the different 
phases of the PMMA/PEO blends were derived from the 
relative contributions of the intermediate and short-time 
decays to the free induction decay. Results are given in 
Table 6. 

These results clearly demonstrate that, for these semi- 
crystalline samples, the amorphous phase has a constant 
composition which is independent of the relative 
PMMA/PEO contents. It is characterized by a high 
PMMA content corresponding to a glass transition 
temperature, Tg, of the order of 343 K. Since such a high 
PMMA content results in a Tg much higher than the 
PEO crystallization temperature (,,~303 K), these obser- 
vations can be understood only by assuming that, during 
the cooling of the blend in benzene solution before the 
freeze-drying, a phase separation happens, which leads 
to PEO-enriched domains in which PEO crystallization 
occurs. Simultaneously, a PMMA-enriched phase is 
created. 

To check the occurrence of phase separation during 
the cooling before the freeze-drying, (50/50) and (70/30) 
(PMMA/PEO) blends were annealed for 24 h at 343 K. 
Then they were quenched in liquid nitrogen and 
examined as obtained or after another 20 h annealing 
at 318 K. The first set of samples shows the exact features 
described in the previous sections. However, after the 
second annealing, the 13C n.m.r, spectrum exhibits a thin 
high line for the PEO resonance (Figure 8). Since the 

Table 5 Free induction decay decomposition of semi-crystalline 
blends 

Fast decay Intermediate decay Slow decay 
PMMA (M2 ~ 13G 2) (7"2 ~ 38#s) (T2 ,~ 245#s) 
(wt%) (1H%) (IH%) (1H%) 

60 91.3 7.5 1.2 
50 94.1 5 0.9 
40 93.1 6 0.9 
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Table 6 Composition of the different phases of the PMMA/PEO semi-crystalline blend 

Composition of the 

blended amorphous phase 

blended amorphous (PMMA/PEO) 

phase % (w/w) 

7.2 89.3/10.7 

4.8 91.2/8.8 

5.8 87.4/12.6 

PEO repartition in the blend % (w/w) 

PMMA/PEO blend PMMA in the blend crystalline or 

% (w/w) % (w/w) constraint phase 

60/40 60 32.8 

5O/5O 5O 45.2 
40/60 4(I 54.2 

CHz 
PEO 

:t / 

_ .  

i: 

• ] i 

Figure 8 High-resolution solid-state 13C n.m.r, spectrum of a twice 
annealed (20/80) (PMMA/PEO) blend 

Table 7 Tip(  1 H) for amorphous blends 

Blend composition Tl~,( ~ H ) 
(PMMA/PEO) (ms) 

(95/5) I1 ± I 
(90/10) 10 ± 0.5 
(80/20) 9 ± 1 

Table 8 Free induction decay composition of the (80/20) (PMMA/ 
PEO) blend 

Rapid decay Intermediate decay Slow decay 

83% (IH) 15% (IH) 2% (IH) 
gaussian function exponential exponential 
M 2 = 13 G 2 38#s 245#s 

crystalline PEO carbons do not appear in the high 
resolution spectrum, the intensity of the PEO line 
indicates that the annealing at 343 K has increased the 
amount of PEO in the miscible amorphous phase to the 
detriment of crystalline PEO units. The PEO-rich phase 
where the PEO crystallizes is not at thermodynamic 
equilibrium at 343 K, which explains why, on annealing, 
it gradually disappears in favour of the miscible 
amorphous phase. 

Amorphous blends 
The Tjp(IH) data of the (95/5), (90/10) and (80/20) 

(PMMA/PEO) blends are summarized in Table 7. For 
the (95/5) and (90/10) (PMMA/PEO) blends, the 
composition of the amorphous phase, derived from the 

Dickinson equation, is identical to the initial blend 
composition. The same calculation for the (80/20) 
(PMMA/PEO) blend indicates that the relative amount 
of PMMA is slightly higher than 80% in the miscible 
amorphous phase, which implies that some PEO units 
are not in the miscible phase. This result is consistent 
with data derived from the analysis of the free induction 
decay and listed in Table 8, which point out the existence 
of 5wt% constraint and crystalline PEO. It should be 
noted that no evidence of a small amount of crystalline 
PEO is found by d.s.c., probably because it is below the 
detection threshold of the apparatus. 

CONCLUSION 

Differential scanning calorimetry results and I H and 
high resolution solid-state 13C nuclear magnetization 
resonance have led to an accurate description of the bulk 
organization of PMMA/PEO blends over the whole 
composition range at room temperature. 

For PEO-rich blends, the miscibility, at the molecular 
level, of the PEO and PMMA chains in the amorphous 
phase was demonstrated. Although, for some blend 
compositions, the melting peak of crystalline PEO may 
hide the manifestation of the glass transition phenom- 
enon, an estimate of the composition of the miscible 
amorphous phase was derived from the n.m.r, data. 
Evidence was found for a phase separation that occurs 
during the cooling of the blend solution before the freeze- 
drying step. As a result, PEO crystallization takes place 
in a PEO-rich phase. From this point of view, the (70/30) 
(PMMA/PEO) sample is an interesting example. From a 
thermodynamic point of view, it is homogeneous at 
343 K. However, when this blend has undergone a phase 
separation during sample preparation, it has to be 
annealed for four days at Tg + 40 K to be homogeneous 
at the spatial scale of the n.m.r, experiments. It is also of 
interest to note that, in highly crystalline blends that have 
not yet reached thermodynamic equilibrium, local 
PMMA heterogeneities at the crystallization front were 
not found. This behaviour, which is opposite to the one 
observed in blends of PMMA with poly(vinylidene 
fluoride), results from the fact that, in these PEO-rich 
blends such as the (20/80) (PMMA/PEO) blend, the glass 
transition temperature of the blend is below room 
temperature and, therefore, holding the sample at 
room temperature is equivalent to an annealing. 

For samples that appear amorphous by d.s.c., the 
miscibility of the two blend components has also been 
established. In the (95/5) and (90/10) (PMMA/PEO) 
blends, the composition of the amorphous phase is given 
by the relative amounts of the two components. 
However, the (80/20) (PMMA/PEO) sample exhibits 
an amorphous phase, which is slightly enriched in 
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PMMA. The small crystalline content of this sample, 
which was detected by n.m.r., could not be observed by 
d.s.c. 
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