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ABSTRACT Mixtures of poly(ethy1ene oxide), PEO, with protonated or deuteriated poly(methy1 methacrylate), 
PMMAH or PMMAD, respectively, crystallized at 50 "C have been investigated by small-angle X-ray scattering, 
SAXS, and small-angle neutron scattering, SANS. It is shown that PMMA is incorporated into the amorphous 
phase between the crystalline lameilae. In  addition, the thickness of the crystalline lamellae remains constant 
as a function of temperature which is in keeping with a small interaction parameter between the P E O  and 
PMMA. The diffuse-phase boundary between the crystalline and amorphous phase is ca. 15 8, greater for 
the SAXS measurements than tha t  measured by SANS. These results suggest the existence of a region on 
the crystal surface in which the crystalline order dissipates and from which the noncrystallizabie PMMA is 
excluded. 

Introduction 
The morphology in mixtures of semicrystalline and 

amorphous polymers develops from a balance between 
kinetic and thermodynamic factors. In particular, the rate 
of crystal growth will depend upon the temperature a t  
which the crystallization occurs in relation to the glass 
transition temperature and the equilibrium melting point. 
In the case of mixtures, the specific interactions between 
the two polymers and the cooperative diffusion coefficient 
will also play key roles in the development of the mor- 
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phology. For example, the amorphous component in 
mixtures of semicrystalline and amorphous polymers can 
reside between the crystalline lamellae or be excluded from 
the interlamellar amorphous phase yet be incorporated 
within the spherulitic structure or even be rejected, par- 
tially or completely, from the spherulite forming a matrix 
in which the spherulites are embedded. The first case has 
been clearly demonstrated with mixtures of poly(t-capro- 
lactone) with poly(viny1 ch1oride)l and poly(viny1idine 
fluoride), PVF2, with poly(methy1 methacrylate), PMMA? 
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where the crystalline lamellae were shown by small-angle 
X-ray scattering SAXS to separate in order to accommo- 
date the amorphous component. The second has been 
shown in the mixtures of isotactic polystyrene with atactic 
poly~tyrene.~ In this case, a coarsening of the spherulitic 
texture was found yet the crystal-crystal separation dis- 
tance remained constant. Finally, Keith and Padden4,5 
observed a partial exclusion of a low molecular weight 
diluent in mixtures of high and low molecular weight 
poly(ethy1ene oxide), PEO. Thus, a wide spectrum of 
morphologies is possible with semicrystalline-amorphous 
polymer mixtures, and a proper evaluation of properties 
of the mixtures requires an in-depth understanding of the 
different structures. 

Recently, we investigated the crystallization kinetics in 
semicrystalline-amorphous polymer mixtures, in particular, 
mixtures of PEO with PMMA, using optical microscopy.6 
In this study, a theory was proposed that described the 
kinetics of crystal growth over a wide range of crystalli- 
zation temperatures, composition, and molecular weights 
of the two components. While this treatment was quite 
successful in reducing the observed growth rates to a 
master curve, there were several assumptions made that 
were necessary in order to quantitatively describe the 
observed growth rate. These were that the Flory-Huggins 
interaction parameter xAB was effectively zero and that the 
amorphous component, i.e., PMMA, was incorporated 
between the crystalline PEO lamellae. The first of these 
assumptions has recently been discussed and has been 
shown by small-angle neutron scattering, SANS, to be 
quite reas~nable .~ It is the intent of this article to address 
this latter assumption by small-angle X-ray scattering, 
SAXS, and SANS. 

SAXS which is insensitive to electron density variations 
in the sample and SANS which probes spatial correlations 
of the neutron scattering length should provide identical 
information in terms of the separation distance of crys- 
talline lamellae. The need for both techniques arose in- 
itially from a resolution question. As will be shown, the 
small-angle long period, i.e., the center-to-center distance 
of the crystalline lamellae increased dramatically as 
PMMA was added to the PEO such that by 70% PEO 
instrumental resolution limited further investigation. 
SANS which is capable of higher instrumental resolution, 
due primarily to the longer wavelengths, provided com- 
plimentary information for the higher PMMA concentra- 
tions. The combination of SANS and SAXS, as will be 
shown, proved unequivocally that PMMA was incorpo- 
rated between the crystalline lamellae. For those mixtures 
that were ammenable to study by both SANS and SAXS, 
a most unusual observation was made. As will be discussed 
the long period measured by SAXS and SANS were in 
quantitative agreement. However, the diffuse-phase 
boundary measured by SANS was ca. 15 A less than that 
measured by SAXS, indicating the existence of an inter- 
facial zone that is comprised of an essentially amorphous 
PEO region from which the amorphous PMMA was ex- 
cluded. (This result supports the arguments made by 
Wendroff et  al.839 on the PVF,/PMMA and the observa- 
tions by Alfonso and Russell6 on PEO/PMMA mixture 
where a concentration-independent relaxation not asso- 
ciated with the crystalline phase was observed in the 
semicrystalline mixtures.) The existence of such an in- 
terfacial zone has been s u g g e ~ t e d , ~ , ~  and we feel that  the 
results presented here quantitatively show its presence and 
may reflect the generality of this behavior. 

Experimental Section 
The samples investigated in this study were mixture of PEO 
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and PMMA crystallized from the melt at 50 "C for 96 h and then 
slowly cooled to room temperature. The PEO, a size exclusion 
chromatography standard (TSK standard PEO produced by Toyo 
Soda Manufacturing Co., Limited), was purchased from Polymer 
Laboratories having molecular weight of 145 000 with an Mw/Mn 
= 1.04. The protonated PMMA, referred to as PMMAH, was 
purchased from Polymer Laboratories and had a molecular weight 
of 129000 with an Mw/Mn of 1.15. The deuteriated PMMA, 
referred to as PMMAD, was synthesized with a molecular weight 
of 136000 and an Mw/Mn = 1.05. A full description of the syn- 
thesis and characterization of the tacticity of the PMMA has been 
reported previ~usly.~ The mixtures were prepared by dissolving 
preweighed quantities of the homopolymers in benzene warmed 
to 40 "C. After dissolution, the solution was cooled, frozen in liquid 
nitrogen, and warmed to 0 "C in a water/ice slurry, whereupon 
the benzene was freeze-dried. The remaining diaphanous powder 
was pressed in a pellet mold at room temperature and then 
transferred to a melt press where a pellet of a predesigned di- 
ameter and thickness was molded at 120 "C under pressure. The 
pellets, sandwiched between quartz windows with a ring of Teflon 
serving as a spacer, were placed under vacuum at room tem- 
perature for 24 h and then heated to 100 "C under vacuum to 
remove bubbles and voids. The specimens were then rapidly 
transferred to another vacuum oven preheated to 50 "C where 
they were allowed to crystallize under vacuum for 96 h. 

SANS measurements were conducted at the National Center 
for Small Angle Scattering Research located at the Oak Ridge 
National Laboratory." Experiments were performed at sample 
to detector distances of 15, 5, and 1.25 m by using neutrons of 
wavelength X = 4.75 A (AX/X = 0.06). Collimation of the neutron 
beam was achieved with 1.0- or 1.2-cm pinholes. At the shorter 
sample to detector distances beam guides were used to enhance 
the flux on the sample. SANS profiles for the mixtures at a sample 
to detector distance of 15 m were placed on an absolute level by 
using a series of secondary standards." All other SANS data were 
normalized to the 15-m data by correcting the scattering profiles 
for changes in the scattering volume and solid angles subtended 
by the detector elements. 

SAXS measurements were performed on a Kratky camera by 
using a 60-pm entrance slit and Ni-filtered Cu radiation. X-rays 
were supplied by a sealed source generator operated at 40 kV and 
20 mA using a standard focus X-ray tube. The scattered X-rays 
were detected by a TEC Model 210 linear position sensitive 
proportional counter situated 0.63 m from the specimen. A single 
channel analyzer in the gating circuit of the detector was used 
to electronically discriminate the scattered radiation. The data 
were stored on a Tracor Northern TN-1750 prior to transfer to 
the host computer for processing. Typically, 24 h were allowed 
to collect a SAXS profile to obtain a satisfactory signal-to-noise 
ratio. The scattering profiles were desmeared by the methods 
outlined by Vonk et a1.,12 as well as by the method outlined by 
Strobl13 taking into account the geometries of the incident beam 
profile and the detector. Good agreement was obtained between 
the two techniques. SAXS data were placed on an absolute level 
by using a secondary standard previously calibrated in our lab- 
0rat0ry.I~ 

Preliminary Data Reduction 
Prior to analysis, both the SAXS and SANS data were 

corrected for electronic noise, detector homogeneity, and 
parasitic scattering. Of interest to this particular study 
is the coherent scattering arising from the periodic contrast 
variation (electron density in the case of SAXS and 
scattering length density in the case of SANS) in a di- 
rection normal to the surface of the lamellae. This requires 
the elimination of incoherent scattering for SANS and 
thermal density fluctuation scattering for both SAXS and 
SANS. Both these contributions to the scattering give rise 
to a constant level of scattering. At high scattering vectors, 
q = (4 r /X )  sin ( t /2)  where e is the scattering angle, these 
two contributions dominate the scattering and, therefore, 
can be eliminated by evaluating the slope of a Iq4 versus 
q4 plot. An example of such a plot for a 70% PE0/30% 
PMMAD SANS profile is shown in Figure 1. As can be 
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Figure 1. Plot of Zq4 versus q4 of the neutron scattering data 
obtained for a 70% PEO mixture with 30% perdeuterio PMMA. 
The slope of least-squares fit of the data at the higher scattering 
vectors yields the amount of background scattering to be sub- 
tracted from the data. For the neutron scattering, this represents 
the contributions arising from incoherent scattering and thermal 
density fluctuations, whereas for the X-ray scattering data only 
the latter comprises the background. 

seen, very good linear behavior for q4 > 0.08 A4 (q k 0.54 
A-1) was observed for these data. Similar behavior was 
found for the other mixtures by both SANS and SAXS. 
Consequently, the fluctuation scattering and incoherent 
scattering were easily eliminated from the data. It should 
be noted that this method is approximate in that there 
must be a small contribution to the magnitude of the slope 
arising from the coherent scattering. However, this 
overcorrection represents only a small fraction (less than 
1%) of the total scattering and will be well within the 
experimental uncertainties of the measurements. When 
the analysis of the higher scattering vectors is of interest, 
care must be taken so that this overcorrection does not 
introduce artifacts. 

Results and Discussion 
A series of Lorentz-corrected scattering profiles for PEO 

and its mixture with PMMA crystallized at 50 "C for 96 
h are shown in Figure 2. The data represent results of 
both SAXS and SANS experiments. For the pure PEO 
and its mixtures with PMMA down to 75 wt 5% PEO 
SAXS provided a facile means of characterizing the 
morphology. However, due to the limited spatial resolution 
of the instrument, the scattering profiles of the 70% and 
50 w t  5% PEO mixtures could only be measured accurately 
by SANS. In those cases, the PMMA mixed with the PEO 
was perdeuteriated providing the maximum contrast be- 
tween the crystalline and amorphous phases. From the 
results in Figure 2, there are several important pieces of 
information that can be derived from a cursory inspection 
of the scattering profiles. First, as was discussed by Sil- 
verstre e t  al.,15 the position of the peak maximum shifts 
to smaller scattering vectors. From the peak position, 
using Bragg's law, the long period or the average center- 
to-center distance between adjacent similar phases can be 
obtained. These are shown in Figure 3 for all the com- 
positions studied as a function of the weight fraction of 
PEO. As can be seen, the long period increases with the 
addition of PMMA, indicating that the PMMA is being 
incorporated between the crystalline lamellae. It is im- 
portant to note that the SAXS and SANS long periods 
increase smoothly with no discontinuity between the two 
results. For the SAXS experiments, the crystalline phase 
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Figure 2. Intensity as a function of the scattering vector for 
mixtures of PEO with PMMA. The pure PEO data (0)  were 
obtained by X-ray scattering, whereas those for the 70% (0) and 
50% (A) PEO mixtures were obtained by small-angle neutron 
scattering. The shift in the long period to smaller scattering 
vectors is clearly evident in these data. 

1000 

900 

800 

700 
- 
d ~ 600 
P 

o) 500 
m a 

0 

400 

300 

Q4 

0.90 0.80 0.70 0.60 0.5( 
Weight Fraction PEO 

Figure 3. Long period as a function of the weight fraction of 
PEO. Plotted on this curve are results from X-ray (0) and neutron 
(0) scattering measurements. Due to the instrumental resolution 
of the X-ray camera, it was not possible to obtain precise data 
on the identical samples at higher PMMA concentrations where 
SANS showed a pronounced reflection. 

has the higher electron density or contrast factor, whereas 
for the SANS experiments, the deuteriated PMMA makes 
the scattering length density of the amorphous phase 
higher. If and qnly if the PMMA is being incorporated 
between the crystal lamellae, then the two results should 
be measuring the same average distance. According to 
Babinet's reciprocity theorem, it does not matter which 
phase has the higher contrast since the intensity represents 
the square of the scattering length density difference. 
These data alone, without further analysis, prove une- 
quivocally that some of the PMMA resides between the 
crystalline lamellae. I t  should also be noted that the long 
period does not increase linearly with concentration. As 
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Figure 4. Correlation function for a 70% PEO mixture with 
perdeuterio PMMA. The correlation function was calculated from 
the SANS data by using the method of Strobl and Schneider.lG 
Indicated in this are the average long pejiod L, the invariant Q, 
and the average amorphous thickness A.  

can be seen from these data, the addition of 30% of 
PMMA increases the long period by ca. 70 A. However, 
increasing the PMMA concentration further causes much 
more pronounced changes in the long period. 

A second feature to be observed in these data is that for 
the pure PEO, only a single reflection is observed. In fact, 
only a single reflection was observed down to 75% by 
weight of PEO. However, for the 70% PEO sample, a 
second-order reflection is clearly evident, and then for the 
50% PEO specimen, the second-order reflection is lost. 
The absence of the second-order reflection for the PEO 
is a strong indication that the linear crystallinity for the 
PEO is on the order of 50% and the second order is absent 
due to symmetry, whereas for the 70% mixture, the linear 
crystallinity has dropped substantially below this level. 
Increasing the concentration of PMMA further introduces 
sufficient disorder into the lamellar stucking so that higher 
order reflections are damped. 

From either the SANS or SAXS data, the correlation 
function y ( r )  can be calculated without correction for 
deviations from Porod's law due to diffuse-phase bound- 
aries in a manner outlined by Strobl et al.16817 In particular 

The correlation function for the SANS data of the 70% 
PEO in Figure 1 is shown in Figure 4. The shape of y ( r )  
directly yields several important pieces of information. 
First, extrapolation of the linear portion of y ( r )  at  small 
values of r to r = 0, the so-called "self-correlation triangle", 
yields the total integrated scattering or invariant Q. 
Provided the diffuse-phase boundary between the crys- 
talline and amorphous phase is smaller than the average 
crystal thickness, there exists a linear region in y ( r )  over 
which this extrapolation can be made. This, of course, can 
be also obtained directly from the scattering data by, 

provided the data has been corrected for diffuse-phase 
boundaries. However, for arguments to be presented later, 
it was desirable not to perform this correction. Second, 

Table I 
Correlation Function Resultsn 

wt fractn L,  -4 C, E ,  
PEO A A A A @> 
1.0 230 85 145 22 0.63 
0.9 240 104 136 24 0.56 
0.85 270 145 125 21 0.46 
0.75 300 155 145 21 0.48 
0.70 400 257 143 23 0.36 
0.70 420 283 137 6 0.33 
0.50 945 795 150 5 0.15 

" L  is the long period determined from the maximum in the 
Lorentz corrected scatte_ring profile. A is the average thickness of 
the amorphous phase. C is the average thickness of the crystalline 
phase. E is the width of the diffuse phase boundary. @c was de- 
termined from differential scanning calorimetry using AHu for 
PEO of 47.0 cal/g.Ig 

the intercept of the self-correlation triangle a t  y(r) = 0 
yields C(1 - w,) where C is the average crystal thickness 
and w ,  is the linear crystallinity. In principle, if the 
scattering length density of the amorphous phase is known 
and the system contains two phases, the base of the self- 
correlation triangle can be drawn as a horizontal line a t  
-w,(b, - b J 2 ,  where b, and b, are the scattering length 
densities of the crystalline and amorphous phases, re- 
spectively. considering arguments to be presented mo- 
mentarily, it is not likely that either of these assumptions 
are valid. Thus, the average crystalline- and amorp- 
hous-phase thicknesses were obtained by multiplying the 
first maximum in the correlation function by w,  or 1 - wc, 
respectively, where w, is the volume fraction of crystallinity 
as determined by differential scanning calorimetry. The 
average thickness of the crystalline, c, and amorphous, A, 
phases obtained in this manner are shown in Table I. One 
striking feature of these data is that over the entire com- 
position range, the thickness of the crystalline phase re- 
mains constant. To within experimental errors, a similar 
result was obtained by Silvestre et al.I5 although their 
results show a slight increase in crystal thickness a t  lower 
PEO concentrations. This result further emphasizes the 
fact that the interaction parameter between PEO and 
PMMA is quite small as found previously.' If this were 
not the case, then the crystal thickness would be expected 
to increase at  lower PEO concentrations due to a melting 
point depression. No evidence was found for such behavior 
in this study. A second feature of these data is that, down 
to PEO concentrations of 75 70, the amorphous-phase 
thickness is less than 160 A. For the PMMA used in this 
study, a typical value of the radius of gyration of PMMA 
is 103 A.7 This mandates that the PMMA be compressed 
between the crystalline lamellae since it cannot assume a 
random coil configuration in this confined space. This 
aspect has not been addressed in semicrystalline polymer 
mixtures. For PEO concentrations less than 7570, the 
amorphous-phase thickness is large enough to circumvent 
this issue. I t  is clear from these data that the addition of 
PMMA causes an increase in the thickness of the amorp- 
hous-phase, further demonstrating that PMMA is incor- 
porated between the crystalline lamellae. 

An interesting difference is observed between the neu- 
tron and X-ray scattering results. Examination of the 
initial portions of the correlation function for the SANS 
data given in Figure 4 shows that there are essentially no 
deviations from a linear behavior, whereas for the SAXS 
data a substantial deviation was observed. These results 
suggest that the interface between the crytalline and 
amorphous regions exhibit different characteristics de- 
pending upon the type of radiation used. Basically for the 
SANS case, the interface appears to be sharp, whereas for 
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Figure 5. Porod plot of the SANS data for a 70% PEO mixture 
with 30% perdeuterio PMMA. The slope of the linear least- 
squares fit of the data at higher scattering vectors yields the 
thickness of the transition zone between the crystalline and 
amorphous regions. The deviations of these data from a simple 
q-4 dependence of the intensity represented a transition zone 
thickness of only several angstroms. 
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Figure 6. Porod plot of the smeared SAXS data for a 90% PEO 
mixture with proteo PMMA. The slope of the line from the data 
at higher scattering vector yields the thickness of the interface 
between the crystalline and amorphous regions. Deviations from 
Porod's law for the X-ray data indicate a diffuse-phase boundary 
of several tens of angstroms. 

SAXS a diffuse interface is observed. 
To investigate this question further, a Porod analysis 

was performed on both sets of data. As discussed by 
several a u t h o r ~ , l + ~ ~  the slope of a plot of In (Zq4) ver_sus 
q2 for desmeared or pinhole scattering data or In (Zq3) 
versus q2 for smeared intensities will yield the width of the 
transition zone between regions of different scattering 
length densities. Plots of this type are shown in Figure 
5 for the SANS from a 50% PEO specimen and in Figure 
6 for the SAXS from an 85% PEO specimen. Analysis of 
the smeared SAXS data was done so as to minimize 
treatment of the data in the high-angle range where the 
scattering is inherently weak. As can be seen, the data a t  
high angles are accurately given by a straight line from 
which the diffuse-phase boundary, E, can be obtained. 
These are tabulated in Table I and are plotted in Figure 
7 as a function of composition. In keeping with the cor- 
relation function analysis, the diffuse-phase boundary as 

30 1 
E ( A )  I 0 

90 80 70 60 50 

Weight % PEO 
Figure 7. Thickness of the diffuse phase boundary as a function 
of composition as measured by SANS (0) and SAXS (0). Note 
that the SAXS and SANS values remain constant as the com- 
position is varied; however, there is nearly a 15-a difference 
between the two results. X-ray measurements were not possible 
on the 50% PEO sample since the long period was well outside 
the resolution of the instrument. 

measured by SANS is very narrow, whereas that measured 
by SAXS is significantly broader. At the one concentration 
of overlap, i.e., at  70% PEO, this difference is striking. To 
within the experimental uncertainties of *5 A, the inter- 
face thickness is independent of concentration. 

One possible explanation for this observation has re- 
cently been proposed by Hahn e t  al.899 and Stein et  al.25 
based on concepts developed by Mandelkern et  aLZ6v2' and 
Flory et  al.% Basically, despite favorable interactions that 
may occur between two components in semicrystalline 
polymer mixtures, there exists an interphase between the 
crystalline phase and the mixed, amorphous phase that is 
comprised of the amorphous component of the crystalline 
polymer. Within this interphase, the order from the 
crystalline lamellae dissipates and the noncrystallizable 
component is excluded. The observation in the PVF, 
mixtures with PMMA of a dielectric relaxation charac- 
teristic of the pure, amorphous PVF; and the SAXS in- 
variantg was used to support these arguments. Previously, 
we had also reported the observation of a dielectric re- 
laxation in the semicrystalline PEO/PMMA mixtures6 that 
occurred a t  temperatures near the Tg of the PEO. Down 
to 50% by weight of the PEO, this relaxation changed very 
little with composition; however, the strength of the re- 
laxation was weak in the mixtures. This result and the 
observed differences in the interface thickness measured 
by SANS and SAXS suggest that  a similar type of inter- 
phase may be present in the PEO/PMMA mixtures. 

Consider the schematic diagrams in Figure 8 which 
depict the electron density and neutron scattering lengths 
of a semicrystalline PEO/PMMA mixture. Beginning with 
the electron density of the crystalline PEO, pc,PE,-,, we 
proceed in a direction normal to the surface of the lamellae. 
Exiting the crystal, the order is lost causing a drop in the 
electron density. After sufficient order has been lost, which 
for PEO is on the order of 15 A, the PMMA begins to mix 
with the PEO and forms a mixture between the lamellae 
with an electron density of pe,pEO+pMMA. These steps are 
then reversed as we proceed from the mixed, amorphous 
phase to the next lamella and so forth. In terms of neutron 
scattering length density the situation is somewhat dif- 
ferent. Since PEO is protonated, the scattering length 
density of the crystalline PEO, bc,pEO, is small due to the 
negative scattering length of the protons. As we exit the 
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I Distance 

Figure 8. Schematic diagram of the electron density (upper) and 
the neutron scattering length density (lower) as a function of 
distance in a direction normal to the surface of the lamellae. The 
area between the dashed lines represents the transition zone 
between the crystalline lamellae and the homogeneous amorphous 
mixture. EsAxs and EsANs are the thicknesses of the interface 
as measured by SAXS and SANS, respectively. 

crystal, the scattering length density decreases further 
approaching that of the amorphous PEO, ba,PEO. As the 
deuteriated PMMA mixes with the PEO, the scattering 
length density increases dramatically to  that of the 
amorphous, interlamellar mixture, ba,PEO+PMMA. As with 
the electron density, progressing to the next lamella re- 
verses the steps. The drop in the neutron scattering length 
density from the crystalline to amorphous PEO is negli- 
gible in comparison to the change from the crystalline PEO 
to that of the mixture. Now, in the diagram, the effective 
interface measured by SAXS and SANS is indicated, and, 
as shown, the interface as measured by SAXS is much 
greater than that measured by SANS. This is precisely 
what is observed experimentally and, thus, provides a 
reasonable interpretation of the observed differences. 

In the case of PEO/PMMA, this interphase between the 
crystalline phase and the amorphous PEO/PMMA mix- 
ture between the lamellae must have a density that con- 
tinuously decreases from the crystalline density to account 
for the two different values of E observed. The distance 
over which this interphase exists is also less than the length 
of the unit cell of PEO in the chain direction which is 19.3 
A.29 Thus, for these mixtures, this interphase simply 
represents a region a t  the crystal surface where the crys- 
talline order is lost. The exclusion of the PMMA arises 
simply from a packing consideration since the order from 
the crystalline phases must be sufficiently low to allow 
mixing. The previous observation of a weak, concentra- 
tion-independent relaxation6 may or may not be associated 
with this interphase region since the size scale is relatively 
small and it may be questioned whether or not the PEO 
chains can be considered as truly amorphous. 

Finally, the total integrated scattering or the invariant 
Q measured experimentally can be compared to calcula- 
tions based on a simple two-phase model or a three-phase 
model taking into account the existence of the observed 
interphase region. For a two-phase system 

(3 )  
- 

Q = (AP)*  = $ 1 $ 2 ( ~ 1  - PA' 
and for a three-phase system 
Q = (Ap)' = 
- 

41$2(P1 - P2I2 + $1$3(P1 - P A 2  + +2$3(P2 - P J 2  (4) 

Table I1 
Integrated Scatterings 

w t %  10-22Q,,b 10-22Q,c 10-22Q,,d 
PEO cm-4 cm-4 cm-4 
100 7.99 7.99 7.99 
90 8.43 7.51 7.88 
85 7.31 7.42 7.74 
75 6.38 7.05 7.42 
70 5.73 6.79 7.25 
70 1.05 1.21 17.70 
50 0.0038 0.0013 0.0023 

(I Values of the invariant are reported in cm-4 which for X-rays is 
related to the mean square fluctuation in the electron density by 
i+@(.lp)* where i, is the Thomson scattering factor and N is Avo- 
gardro's number and  for neut rons  is given by m2. 
bExperimental values. Calculated for a two-phase model. 
dCalculated for a three-phase model. 

where ( A P ) ~  is the mean square scattering length density 
difference and p L  is the scattering length density of phase 
i with volume fraction $L. If, as a limiting case, we assume 
that the mixed, amorphous phase is homogeneous and that 
the interphase has a scattering length density equal to that 
of amorphous PEO, then the results given in Table I1 are 
found. Along with these data a e  shown the experimentally 
evaluated invariants. It is clear from these data that both 
models predict the observed trends in the concentration 
dependence of the invariant; however, the calculated in- 
variants for both models are somewhat high. In addition 
to this, it is evident that the invariants calculated for these 
two models are not sufficiently different to allow differ- 
entiation between the two models. Thus, the data in Table 
I1 only allow us to say that trends in the measured in- 
variants show clearly that PMMA is incorporated between 
the crystalline, PEO lamellae. 

In conclusion, the results presented in this study show 
unequivocally that the amorphous PMMA is incorporated 
between the crystalline PEO lamellae. The invariant of 
the thickness of the lamellae strongly suggests that the 
interaction parameter between PEO and PMMA is quite 
small. Finally there is a 15-A discrepancy between the 
width of the diffuse-phase boundary as measured by SAXS 
and SANS, the former being larger, which supports the 
idea that there is an interfacial region at the surface of the 
PEO crystals from which the amorphous PMMA is ex- 
cluded. The width of this interface is less than one unit 
cell thickness of the PEO, suggesting that this interface 
for the PEO represents a volume over which the order from 
the crystals is lost. 

- 

Registry No. PEO, 25322-68-3; PMMAH, 9011-14-7; neutron, 
12586-31-1. 
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ABSTRACT: The morphology produced by solution cast mixtures of telechelic polymers end capped with 
tertiary amine functionalities with telechelic polymers terminated with either sulfonate or carboxylate moieties 
closely resembles that seen in block copolymers formed by covalent bonding of two dissimilar chain segments. 
It has been found by temperature-dependent small-angle X-ray scattering and optical microscopic studies 
that the sulfonate/tertiary amine associations are more stable at elevated temperatures than the carboxylate 
analogs. These effective block copolymers undergo a classic orderldisorder transition at elevated temperatures 
similar to that seen in covalently bonded block copolymers. However, due to the nature of the ionic associations, 
as the order/disorder is approached, the width of the interface between the two phases remains sharp. Finally, 
by increasing the molecular weight of the telechelic polymers at temperatures above the order/disorder transition 
temperature, the effects of an upper critical solution temperature are seen. Here, the telechelic polymers 
appear to phase separate in a spinodal manner. The phase diagrams for these systems are dictated by the 
relative positions of the microphase separation temperature of the effective block copolymers, the upper critical 
solution temperature of the dissociated telechelic polymers, the temperature at which the ionic aggregates 
dissociate, and the glass transition temperature. 

Introduction 
The miscibility of two homopolymers is more the ex- 

ception than the rule. Typically, phase separation ex- 
hibited by two polymers occurs on a size scale of several 
microns which gives rise to opacity and can cause a dete- 
rioration of properties due to poor interfacial adhesion. 
These problems can be circumvented to  some extent by 
copolymerizing the desired monomers. Copolymerization 
tends to  make the two polymers more miscible by cova- 
lently linking the otherwise incompatable polymers, and 
it  also limits the microphase separation to a size scale 
comparable to molecular dimensions.’ An alternate ap- 
proach to  the copolymerization route is to  place proton 
donating end groups on one polymer and proton accepting 
moieties on the other homopolymer. 

Previously, the phase separation of two immiscible 
polymers was modified by ionic interactions via a proton 
transfer from the acid end groups of one polymer to  the 
tertiary amine end groups of a second polymer.2 Infrared 

‘The work reported herein was partially done at Stanford Syn- 
chrotron Radiation Laboratory which is supported by the Depart- 
ment of Energy of Basic Energy Sciences and the National Institute 
of Health, Brotechnology Resource Program, Division of Research 
Resources. 
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spectroscopic studies showed that proton transfer from 
carboxylic acid end groups to  the dimethylamino end 
groups occurred with formation of ammonium carboxylate 
ion  pair^.^,^ The solution viscosity of the related telechelic 
polymer blends in a common, nonpolar solvent was also 
significantly modified by the ionic bonding between the 
two polymers and possible electrostatic interactions of the 
ammonium carboxylate ion pairs.3 Optical microscopy has 
shown it  is possible to  obtain homogeneous mixtures on 
a scale of ca. 0.2 Km, depending on the nature, molecular 
weight, and functionality of the immiscible polymers, and 
the strength of the ion pairs (ammonium carboxylates or 
 sulfonate^).^ Finally, two distinct glass transition tem- 
peratures (T,) for the acid and tertiary amine telechelic 
polymer mixtures were observed which indicated that these 
mixtures are actually microphase separated in a manner 
that  is analogous to  block  copolymer^.^ These results 
strongly suggest that  mixtures of the acid and tertiary 
amine telechelic polymers form essentially a multiblock 
copolymer in the bulk where phase separation is restricted 
to the molecular level. 

In this paper small-angle X-ray scattering (SAXS) 
studies on mixtures of amine-terminated polyisoprene with 
carboxylic acid terminated poly(a-methylstyrene) will be 
presented. It is shown that the morphologies of these 
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