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repulsion leads to a uniform dispersion of the particles. 
This repulsion arises from a decrease in the configurational 
entropy of the grafted chain due to  the loss of possible 
configurations, as suggested by ClayfieldlG and Meierl' and 
applied to ABS polymers by Moritani e t  a1.18 

For ABS-3 and ABS-4, the agglomeration of the rubber 
particles was observed. This is the first observation of 
agglomerated particles for ABS polymers having high 
grafting degree, as far as the author knows. It is very 
interesting to know the reason why the rubber particles 
are agglomerated at high grafting degree. We speculate 
as follows, although we can not explain the reason elabo- 
rately. For these ABS polymers, D is very much smaller 
than Rot and L I D  is large. The grafted chains must be 
stretched strongly. Then, the matrix AS copolymers are 
expelled from the grafted chains. Phase separation be- 
tween the matrix and grafted chains is caused and the 
agglomeration of rubber particles is formed. We are now 
studying the formation of agglomeration structure a t  high 
grafting degree. 

Concluding Remarks 
In this paper, we reported the effect of grafting degree 

on the melt viscoelasticity of ABS polymers having particle 
size of 170 nm. We found that the viscoelastic functions 
depend strongly on grafting degree in the long-time region 
associated with particle-particle interactions. As the 
grafting degree increases, the viscoelastic functions first 
decrease and then increase. The minima in the functions 
occurred a t  the grafting degree of about 0.45. When the 
grafting degree is below or above 0.45, second-plateau re- 
gions in G'and yield stress in the flow curves were observed 
in long-time region. Transmission electron microscopic 
observation revealed that rubber particles are finely dis- 

persed for samples having minima in the viscoelastic 
functions but that the other samples exhibiting second 
plateaus or yield stresses form an agglomerated or a 
three-dimensional network structure of rubber particles. 

At  low grafting degree, the rubber particles cannot form 
a stable colloid, because the particles are not covered 
perfectly with grafted chains. The rubber particles also 
cannot form a stable colloid at high grafting degree, as the 
matrix chains are expelled from the grafted chains. Only 
a t  intermediate grafting degree the particles form stable 
colloid by the repulsive force between neighboring parti- 
cles. 
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ABSTRACT Small-angle neutron-scattering measurements have been performed on mixtures of poly(ethy1ene 
oxide), PEO, with protio- and deuteriopoly(methy1 methacrylate), PMMAH and PMMAD, respectively, to 
evaluate the Flory-Huggins interaction parameter xAB. It has been found that xAB varies from -5 X to 
-1 X as the total PMMA concentration increases from 0.3 to  0.7. The temperature dependence of the 
scattering combined with other results indicates that entropic, rather than enthalpic, contributions dominate 
xm The magnitude of xm is found to be on the same order of magnitude as that expected between PMMAH 
and PMMAD, particularly a t  high total concentrations of PMMA. Studies of PMMA a t  higher scattering 
vectors show that  down to length scales of 25 8, no changes are observed in the conformation of PMMA in 
the mixtures in comparison to that of PMMA in the bulk. 

Introduction 
The binary interaction parameter in the free energy of 

mixing is critical for the evaluation of the miscibility be- 
tween polymer pairs. In principle, the determination of 
the interaction parameter, x, is possible by a variety of 
techniques. However, in practice, obtaining a precise value 
of x is not trivial. Melting point depression studies have 
been used in the past to determine x for semicrystal- 

line/amorphous polymer p a i n 1  For some systems this 
method has been used with a fair degree of success. Use 
of the melting point depression technique requires the 
measurement of the equilibrium melting point, Tmo of the 
pure semicrystalline polymer and of the semicrystalline 
polymer in the mixture. By no means is this a simple and 
clear-cut measurement. Lamellar thickening during 
heating, modification of the crystal structure, and super- 
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heating of the crystal during heating can present problems. 
Even wi thout  these problems th i s  me thod  requires t h e  
extrapolation of the measured melting points over a rela- 
t ively large t empera tu re  range  to de te rmine  Tmo. The 
errors introduced by  this  extrapolation can, in  some cases, 
obscure any  depression i n  Tmo due to specific interactions. 
T e r n a r y  solution theo ry  can also be used to evaluate x. 
Measurement of the heats of mixing of the binary solutions 
of the homopolymers  i n  a common  solvent and the heat 
of mixing of a te rnary  solution of the two polymers i n  the 
same solvent will yield the polymer /polymer  interaction 
parameter.2 Similarly, inverse chromatographic techniques 
can be utilized to extract x . ~  These methods, however, 
assume that the polymer/polymer interaction parameter 
is not altered b y  the presence of a solvent. Polymer /  
polymer interdiffusion has recently emerged  as being a 
very sensitive means b y  which to evaluate x.495 While th i s  
technique has been quite successful, i t  is rather specialized. 
At  present ,  ion beam spec t rometers  are not available to 
mos t  experiments, the reby  making  the realization of the 
experiments difficult. 

An alternative to these techniques is either small-angle 
X-ray scattering (SAXS) or small-angle neutron scattering 
(SANS). Wendorff et a1.6 clearly demonstrated the utility 
of SAXS for  the measurement of x for mixtures  of poly- 
(vinylidene fluoride) w i th  poly(methy1 methacrylate).  
SAXS, however, requi res  that the electron dens i ty  dif- 
ferences between the two polymers be large enough to yield 
a detectable level of scattering. SANS, on the other hand, 
circumvents this problem when one of the components is 
isotopically labeled with de ter ium.  Several  studies have 
appeared i n  the l i terature ,  t rea t ing  the sca t te r ing  f rom 
multicomponent systems and more specifically from binary 
mixtures,  where the SANS can be split in to  terms arising 
f rom in t ramolecular  and intermolecular c ~ r r e l a t i o n s . ~ ~ * * ~  
x can then be  evaluated f rom the intermolecular compo- 
nent of the scattering. If x is not too negative, SANS 
affords a s imple  and accura te  means of measur ing  x. 

T h e  mixture  of interest in  this s t u d y  is that of poly- 
(ethylene oxide), PEO, and poly(methy1 methacrylate),  
PMMA. In a recent investigation of the crystallization 
kinetics i n  these mixtures  a theoretical  t r e a t m e n t  was 
presented that reasonably described the experimentally 
observed growth  rates.l0 A critical assumpt ion  made in 
this s t u d y  was that x E 0 for  this mixture. Attempts to 
eva lua te  x b y  mel t ing  po in t  depression studies were n o t  
possible due to the problems mentioned above. In this 
article,  the measurement of x for PEO and PMMA b y  
SANS is discussed. It is shown that the value of x for PEO 
and P M M A  is qu i te  small and depends upon composition. 
In fact,  the magni tude  of x for PEO and PMMA is shown 
to be comparable  t o  that typically observed for mixtures  
of chemically identical but isotopically different polymers. 
In addi t ion ,  the conformation of PMMA i n  the bu lk  
homopolymer and in t h e  mixtures  is discussed. 

Experimental Section 
Synthes is  of PMMA. Perdeuteriated methyl methacrylate 

(MMAD, 99.3 atom % D) purchased from Merck, was first dried 
over CaH,, distilled under high vacuum, then further dried by 
titrating with a Et,Al solution in hexane (Aldrich)," and distilled 
3 times under high vacuum with the center cut being taken each 
time. The purified monomer was distributed by distillation in 
vacuo into calibrated glass ampules connected to break seals and 
stored in liquid nitrogen. 

Dried and distilled n-butyl bromide (1.40 g, 1.02 X lO-'/mol) 
was reacted with lithium (0.146 g) in dry n-hexane under high 
vacuum with use of a break-seal technique to form a 0.51 M 
solution of n-butyllithium (n-buLi). Lithium bromide produced 
in the reaction was filtered away in the apparatus sealed under 
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Table I 
Characterization of Polymers Used 

poly(ethy1ene oxide) 145000 1.03 44 
deuteriopoly(methy1 methacrylate) 129 000 1.05 108 
protiopoly(methy1 methacrylate) 125 000 1.05 100 

" Weight-average molecular weights were determined by solution 
light scattering. bMmon is the molecular weight of the repeating 
unit. 

high vacuum. (1,l-Diphenylhexy1)lithium solution (DPHLi, 0.1 
M) was prepared by reacting n-BuLi with dry 1,l-diphenylethylene 
in n-hexane and distributed into calibrated tubes connected to 
a break seal by turning the apparatus upside down. All the 
reagents were handled under high vacuum. 

Transfer of all the reagents and polymerization were carried 
out under high vacuum with use of a break-seal technique. The 
DPHLi solution (0.125 mL, 0.1 M) was introduced into a po- 
lymerization ampule and diluted with tetrahydrofuran (THF, 10.0 
mL) which had been refluxed over sodium metal, distilled, and 
then finally dried on a sodium mirror under high vacuum. After 
melting the initiator and solvent ampules off, the polymerization 
apparatus connected to an  ampule containing the monomer so- 
lution (20 mL) in THF (10.0 mL) was melted off the vacuum line. 
The initiator solution was maintained at  -78 "C, to which was 
slowly added the cooled monomer solution. The polymerization 
mixture was vigorously agitated while the monomer solution was 
flowing into the polymerization ampule. After the mixture was 
allowed to stand a t  -78 "C for 1-3 h, the contents were frozen, 
the ampule was cut open, cold methanol containing a small 
amount of acetic acid was added to the mixture, and the contents 
were mixed thoroughly while being thawed a t  -78 "C. The re- 
sulting solution was poured in stirred methanol to precipitate the 
polymer. After filtration, the polymer was dried overnight at ca. 
60 "C in a vacuum oven. The yield was quantitative. The tacticity 
of the deuteriated polymer was determined by 50-MHz 13C NMR 
in deuteriochloroform a t  room temperature. Molecular weights 
were measured by size exclusion chromatography in THF with 
polystyrene as a standard and, also, by low-angle light scattering 
on solutions in toluene. 

Neutron-Scattering Measurements. The characteristics of 
the polymers used in this study are given in Table I. The 
poly(ethy1ene oxide) PEO, purchased from Polymer Laboratories, 
is a calibration standard for aqueous size exclusion chromatog- 
raphy (TSK Standard PEO produced by Toyo Soda Manufac- 
turing Co., Ltd.) and had an M ,  = 145000 with an M,/M, = 1.03. 
The protiopoly(methy1 methacrylate), PMMAH, purchased from 
Polymer Laboratories, had an M ,  = 125000 with M,/M, = 1.05. 
The deuteriopoly(methy1 methacrylate), PMMAD, synthesized 
as described above, had an M ,  = 129000 with M,/M, = 1.05. All 
polymers were used as received without further purification and 
were dried under vacuum at 40 "C overnight prior to use. Samples 
for neutron-scattering measurements were prepared by dissolving 
preweighed, dry mixtures of PMMAH, PMMAD, and PEO in 
benzene at  35 "C. After complete dissolution of the components, 
the solutions were frozen in liquid nitrogen, transferred to an ice 
water bath and freeze-dried. Upon removal of the benzene, the 
diaphanous powder was transferred to a vacuum oven, dried for 
48 h at  50 "C, and dried for another 48 h a t  a temperature 10 "C 
below the glass transition temperature of the mixture or 10 "C 
below the melting point of the PEO in the mixture. Initially, the 
powders were pressed in a pellet mold a t  room temperature and 
then melt pressed at  130 "C in circular molds 1.3 cm in diameter 
and 0.1 cm in thickness. Both visual observation and small-angle 
X-ray scattering indicated that the samples were free of voids. 

The molded disks were placed into scattering cells consisting 
of a Teflon washer, designed to match the sample disks, and two 
circular quartz windows. These were placed into brass holders 
constructed to accommodate samples of varying thicknesses and 
to fit within the heating chamber at  the National Center for Small 
Angle Scattering Research (NCSASR) at  the Oak Ridge National 
Laboratory. A description of the facility has recently been given 
by Koehler.12 A set of five specimens at a given total concentration 
of PEO but varying in the PMMAH/PMMAD ratios were 
mounted into the heated automatic sample changer which was 
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purged with helium. The temperature was controlled at  80 f 0.2 
"C with a Laude recirculating temperature bath. Approximately 
20 min were allowed for the specimens to come to thermal 
equilibrium prior to initiating measurements. Use of this sample 
changer introduced two additional single-crystal silicon windows 
forming the seal between the helium atmosphere and a vacuum 
of the scattering apparatus. The contributions of these to the 
observed scattering was negligible. 

SANS measurements were performed a t  sample to detector 
distances of 14.98,4.99, and 1.38 m with beam guides being used 
a t  the shorter distances to enhance the flux on the specimen. A 
1-cm-diameter cadmium slit directly before the sample and either 
a 1.0- or 1.3-cm-diameter slit at the source collimated the incident 
neutron beam. All measurements were conducted with neutrons 
of wavelength X = 4.75 %,having a AX/X of 0.06. The scattering 
profiles were placed on an  absolute level by using a series of 
previously calibrated standards, namely, a calibrated aluminum 
standard, a protio- and deuteriopolystyrene mixture, and prot- 
iopolystyrene dissolved in de~teri0benzene.l~ The  scattering 
profiles were scaled to the 15-m data by using factors of 0.20 i 
0.001 for the 5-m data and 0.040 f 0.002 for the 1.38-m data. 
These factors corresponded to geometric factors taking into ac- 
count the changes in the scattering volume and in the solid angle 
subtended by each detector element. Transmission factors of 
samples were measured at  room temperature and were found to 
be within h370 of the value calculated from the formula T = 
exp(-tC,N,u?/V) where a? is the total scattering cross section 
of monomer i with number fraction N,, t is the sample thickness, 
and V is the volume. 

Mixtures of PEO and PMMA were prepared at PEO monomer 
fractions 1.0, 0.70, 0.50, 0.25, and 0. At each of these concen- 
trations five different samples were investigated where the number 
fraction of the PMMAD was varied from 0 to 1. Evaluation of 
the absolute coherent scattering cross section [(dZ/dR)(q)] for 
these mixtures requires the elimination of the incoherent scattering 
and the coherent thermal density fluctuation scattering. q in this 
term is the scattering vector given by q = (4~/X)sin(t/2) where 
X is the wavelength of the incident radiation and t is the scattering 
angle. In a manner analogous to that  of Hayashi e t  al.,14 
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where [dZ/dQ)(q)li is the measured absolute scattering of com- 
ponent i (m indicates the mixture of interest), uD is the coherent 
scattering length of PMMAD, and d is the average scattering 
length of the PMMA in the mixtures. d is given by x ix ia j  where 
x i  is the number fraction of monomer i with coherent scattering 
length ai. The incoherent scattering of PMMAH is given by 

PMMAH,inc 

(2) 
tHTHuH,coh [ ti ] 

- (4) 
PMMAH tDTDuD,coh PMMAD 

where "&oh and "D,coh are the coherent cross sections of PMMAH 
and PMMAD, respectively, with thickness t and transmission 
factors T. The coefficients C1 and C2 are given by 

and 

where N,,, is the number of monomers per unit volume of com- 
ponent i in the mixture with thickness t,, N, is the number of 
monomers per unit volume of component i in the mixture that 
are fully protonated, and ui,inc is the incoherent scattering cross 
section of component i. 

At this point it is worth noting that the incoherent scattering 
does not contribute significantly to the scattering a t  smaller 
scattering vectors or, in other words, small errors in the incoherent 

Table I1 
Characteristics of PMMAn 

Drotio deuterio protio deuterio 
triad sequences diad content 

70 rr 54 73 70 r 75 86 
70 mr 43 26 70 m 25 14 
% mm 3 1 

Om and r indicate meso and racemic, respectively. 

scattering will not affect the scattering used to evaluate x. 
However, at larger scattering vectors where the total scattering 
is small and is comparable to the incoherent scattering, small errors 
in the level of the incoherent scattering can severely limit 
quantitative interpretation of the data. 

Results and Discussion 
SANS measurements  on mixtures of P E O  and PMMA 

provide a means of evaluating not only the interaction 
pa rame te r  be twen these two  polymers b u t  also the con- 
formation of the P M M A  i n  the bu lk  and i n  the mixtures. 
It is worthwhile t o  concent ra te  first  on t h e  P M M A  hom- 
opolymers for several reasons. First ,  both t h e  protio and 
deuter io  polymers s tud ied  he re  have  nar row molecular 
weight distributions. Most  studies to date have dealt with 
polydisperse materials and, as such, t h e  polymers prepared 
in  this  work provide a unique  means of probing bo th  local 
and global characterist ics of th i s  polymer i n  the absence  
of polydispersity effects. Second, t h e  polymers prepared  
i n  th i s  work cannot be considered "strictly" a tact ic  poly- 
mers.  Synthesis of narrow molecular weight distribution 
polymers requires the use of low t empera tu res  and the 
tacticity of t h i s  polymer m a y  be different f rom PMMA 
studied by  others. Data on t h e  tacticity of the protonated 
and deuter ia ted  P M M A  used i n  th i s  s t u d y  are given i n  
Table 11. As can be seen, the two polymers are very closely 
matched. These  data must be considered when comparing 
t h e  results i n  th i s  s t u d y  wi th  o the r  publ i shed  data. 

PMMA Homopolymer. A series of five d i f fe ren t  
mixtures of protio and deuterio P M M A  were investigated 
wi th  the number  fraction of PMMAD varying f rom 0 to 
1. Scat te r ing  measurements  were per formed at 80 "C to 
be  consistent with the measurements of t h e  PEO/PMMA 
mixtures.  Th i s ,  however, is some 35 "C below the glass 
transit ion tempera ture  of the P M M A .  Evaluation of the 
single-chain structure factor in  concentrated H/D mixtures 
has been discussed b y  numerous   author^'^-'^ and will not 
be reiterated here. The most important assumptions made  
i n  these  a rgumen t s  is  that the H/D mixtures  a r e  incom- 
pressible and the interaction parameter  between the pro- 
tonated and deuteriated polymers, xHD, is zero. While t h e  
former assumption is reasonable i t  has recently been shown 
that xHD is not ~ e r ~ . ~ + ~ ~  T h i s  will be  discussed i n  more  
detai l  later.  

B y  use of modified versions of e q  1 and 2 the absolute 
coherent elastic scattering, [ (dZ/dQ)(q)],  was de te rmined  
for  the different H/D mixtures.  These were normalized 
by  the product 4H(1 - 4H) where 4H is the volume fraction 
of the protonated polymer and (aH - a$ where  a, is the 
coherent  sca t te r ing  cross section of component  i. The 
results of this analysis for the three different H/D mixtures 
a re  shown i n  F igure  1. It is ev ident  that the normaliza- 
tions mentioned reduced the data from the different H/D 
mixtures  to one  curve. 

These data were analyzed according to a Zimm analysis 
to evaluate the molecular weight and radius  of gyration. 
Z imm plo ts  for the reduced  single-chain sca t te r ing  a r e  
shown in Figure 2. Linearity in  the Zimm plots were seen 
up to values of q2 of 6 X 10" A-2 (q = 0.024 Awl) whereupon 
pronounced  deviations were found. The results of t h e  
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Figure 1. Elastic, coherent small-angle neutron scattering for 
mixtures for mixtures of PMMAH and PMMAD in the bulk state. 
The symbols correspond to PMMAD monomer fractions of (0) 
0.3, (0 )  0.5, and (a) 0.75. 

Table I11 
Results of Zimm Analysis 

1.0 
1.0 
0.74 
0.74 
0.74 
0.48 
0.48 
0.48 
0.30 

0.50 
0.75 
0.21 
0.52 
0.81 
0.21 
0.52 
0.81 
0.52 

139 
136 
130 
117 
123 
129 
137 
136 
133 

103 
105 
91 

108 
99 

110 
115 
112 
117 

Zimm analysis are shown in Table 111, taking into account 
corrections due to the angular range over which the 
analysis was performed as discussed by Ullman.24 Of in- 
terest here are the results in the first three rows corre- 
sponding to total volume fractions of PMMA (both pro- 
tonated and deuteriated) of one. On average a weight- 
average molecular weight, M,, of 136 000 with a radius of 
gyration, R,, of 104 A was found. The molecular weight 
compares quite well to values of 129000 determined by 
low-angle light scattering and 136 300 by size-exclusion 
chromatography. Thus, it is apparent that the two poly- 
mers are segmentally intermixed and there is no evidence 
of clustering. The radius of gyration compares well to 
values of R, reported by Dettenmeier et al.25 and by 0'- 
Reilly et al. for atactic PMMA with a meso diad content 
of ca. 20%.26 

The characteristic ratio, C,, is defined byz7 

C n  = (6R,2/M)(m,/12) (4) 

where mb is the molecular weight per skeletal bond of 
length 1. For PMMA,28 mb = 50 and 1 = 1.53 A. For the 
values of R, and M ,  reported here, C, = 9.8 which com- 
pared to values of 9.2 reported by O'Reilley et al.27 for 
syndiotactic-rich PMMA. Typical values of C, for atacitic 
PMMA where the meso diad content is ca. 20% range from 
7.3 as reported by Jenkins and Porterm to 8.3 as found by 
Dettenmeier e t  al.25 Comparison of values of C, for 
PMMA must, however, be done with caution. Since the 
conformation of the molecule depends strongly on the 
tacticity of the chain, C, will vary with the meso diad 

n nn 1 1 
Y "Y 

0 00 0 04 0 08 0 12 0 16 

q 2 ( x  10-2 \-21 

Figure 2. Zimm plots of the single-chain structure factor of 
PMMA. The symbols correspond to PMMAD fractions of (0) 
0.3, (0) 0.5, and (a) 0.75. 

I I I I I 1 I I 

0 1  0 2  0 3  04 

q( 4-1 ) 

Figure 3. Absolute Kratky plot of PMMA corresponding to the 
average of the single-chain structure factor obtained from 
PMMAD monomer fractions of 0.3, 0.5, and 0.75. The solid line 
corresponds to recent results of Dettenmeier et aLZ5 

content. In addition, errors in both M,  and R, can hamper 
a meaningful comparison of C,. 

The single-chain scattering at intermediate angle reflects 
the conformation of the individual PMMA molecules. 
Both e ~ p e r i m e n t a l ~ ~ , ~ ~ , ~ + ~ ~  and t h e o r e t i ~ a l ~ ~ ! ~ " ~ ~  studies on 
the conformation of PMMA in solution and in the bulk 
state have been published. In Figure 3 is shown an ab- 
solute Kratky plot of the single-chain scattering obtained 
in this study. In this figure Fx(q)  is given by 

where mD is the molecular weight of the deuteriated mo- 
nomer unit and N A  is Avogadro's number. It has been 
assumed that the PMMA is fully deuteriated. Incomplete 
deuteriation will effectively reduce the contrast difference 
and increase Fx(q) .  Along with these data is shown a solid 
curve that corresponds to recent results of Dettenmeier 
et al.25 As can be seen the data from these two studies, 
given the differences in the molecular weights, are in very 
good agreement out to relatively high scattering vectors. 
The agreement a t  the higher scattering vectors is surprising 
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Figure 4. Intramolecular scattering function of PMMAD in a 
50/50 mixture of PMMA/PEO. The individual symbols corre- 
spond to PMMAD monomer fractions of (0) 0.25, (0) 0.5, and 
(0) 0.75. 

since relatively small changes in the incoherent scattering 
can substantially alter Fx(q). The results of these two 
studies are, also, in agreement with the rotational isomeric 
state calculations of Yoon and Precise com- 
parison with these theoretical calculations cannot be made 
due to the differences in the meso diad contents of the 
polymers studied here and that used in the calculations. 
However, the dominant feature of Fx(q), namely, the 
pronounced maximum a t  q = 0.08 A-l, is clearly evident. 
I t  is also clear that PMMA cannot be approximated by a 
Debye coil at scattering vectors greater than 0.06 A-1 since 
FJq)  continually decreases. For a Debye coil, of course, 
Fx(q) would be constant a t  these higher scattering vectors. 

PEO/PMMA Mixtures. In order to extract the sin- 
gle-chain structure factor from the scattering of a polymer 
mixture it is necessary to use a ternary mixture comprised 
of homopolymer A, protonated homopolymer B, and 
deuteriated homopolymer B. By keeping the total ratio 
of A to B constant and varying the ratio of protonated B 
to deuteriated B, it has been shown by several a ~ t h o r s ' ~ ~ ~ '  
that the single-chain characteristics of component B can 
be determined. Essentially the total scattering is divided 
into an intramolecular component, P(q), and an intermo- 
lecular component, Q(q). By assuming that the mixture 
is incompressible, that xm = 0, and that Qm(q) = QDD(q) 
= QHH(q), the total elastic coherent scattering cross section 
measured is given by 
[(dZ/dQ)(q)] = ~ ( 1  - x)(aD - a ~ ) ' N p P ( q )  + 

(a - a . J 2 N p [ P ( q )  + NQ(q)1 (6) 
where x is the number fraction of molecules of type B (in 
this case, PMMA) that are deuteriated, Z is the degree of 
polymerization, N is the total number of polymers of type 
B per unit volume, and aA is the coherent scattering length 
of component A (here, PEO). The average scattering 
length of component B is given by 

(7) 
It  has also been assumed that the only difference between 
the H and D molecules is the isotopic labeling. In par- 
ticular, the degrees of polymerization and the tacticities 
of the H and D polymers are assumed identical. For the 
PMMAH and PMMAD used in this study ZH = 1250 and 
Z D  = 1259, thereby making this assumption of identical 

d = xaD + (1 - X ) a H  

'200r--l 

qiA" ) 

Figure 5. Intermolecular scattering function of PMMAD in a 
50/50 mixture of PMMA/PEO. The individual symbols corre- 
spond to PMMAD monomer fraction of (0) 0.25 and (0) 0.50. 
The data for the 0.75 PMMAD monomer fraction is indistinct 
from those of the other compositions. 
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Figure 6. Zimm plots of the intramolecular scattering function 
of PMMAD in a 50/50 mixture of PMMA/PEO. The data shown 
correspond to PMMAD monomer fractions of (0) 0.25 and (0) 
0.5. 

molecular weights quite reasonable. There are slight 
differences in the tacticities of the two polymers which may 
invalidate the assumption that p H ( q )  = pD(q). However, 
these differences were not evident in the H/D studies on 
pure PMMA discussed previously. 

In this study, total PMMA volume fractions of 0.30,0.48, 
and 0.75 were investigated. For each of these concentra- 
tions the total number fraction of PMMAD was varied 
from 0 to 1 with three intermediate H/D compositions. 
Thus, for each total composition of PMMA, eq 6 can be 
solved simultaneously for the different H/D compositions 
in order to determine P(q)  and Q(q). For example, in 
Figures 4 and 5 are shown plots of NPP(q)  and -MPQ(q), 
respectively, determined by three different combinations 
of the scattering from the different H/D mixtures where 
the total volume fraction of PMMA was kept constant at 
0.48. The superpositioning of both the intermolecular and 
intramolecular scattering functions, as can be seen, was 
found to be quite good. Similar superpositioning was 
found for the other total compositions of PMMA. 

The intramolecular scattering function can be analyzed 
in the usual Zimm manner to obtain the radius of gyration 
and molecular weight of the PMMA. In Figure 5 the 
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Figure 7. Absolute Kratky plots for total PMMA monomer 
fractions of (0) 1.0, (0) 0.5, and (0)  0.30. The data for the 0.75 
PMMAD monomer fraction is not shown. For each composition 
at least three different determinations of N P P ( q )  were averaged 
together. Normalization of the data by $pMMA was necessary to 
account for the reduction in the total signal arising from PMMA 
due to the presence of PEO. 

inverse of the intramolecular scattering function, shown 
in Figure 4, is plotted as a function of q2.  The results of 
the Zimm analysis for each of the mixtures investigated 
are given in Table 111. It is seen from these data that, to 
within experimental errors, the molecular weight of the 
PMMA remains constant as the total concentration of 
PMMA varies. These data are also consistent with the 
molecular weights obtained for the pure PMMA H/D 
mixtures. This is strong evidence that PEO and PMMA 
are segmentally mixed and that at  80 "C, the temperature 
of the measurements, PEO and PMMA, are miscible. The 
data in Table I11 also show that the radius of gyration of 
the PMMA does not change significantly. At the higher 
PEO concentrations there appears to be a slight increase 
in the R,; however, this is at  the limit of experimental 
errors and cannot be considered significant. 

Having determined the intramolecular scattering func- 
tion, any changes in the molecular conformation of PMMA 
due to specific interactions with the PEO can be deduced 
by examining an absolute Kratky plot. In Figure 7 are 
shown plots of Fx(q)  vs. q for the different PMMA con- 
centrations studied along with that of the pure PMMA. 
It should be noted that Fx(q) was normalized by the total 
volume fraction of PMMA; i.e., the Fx(q) in Figure 7 is 
actually Fx(q)/+pmA where +PMMA is the volume fraction 
of PMMA. Division by +pMMA is necessary since there is 
a loss in scattering arising from PMMA due to the presence 
of PEO. As can be seen from these data, F+q) for PMMA 
does not change significantly for these mixtures up to a 
scattering vector of ca. 0.25 At higher scattering 
vectors pronounced deviations of the single chain structure 
factor of the PMMA in the mixtures from that in pure 
PMMA are seen. Unfortunately due to low level of total 
scattering in comparison to the magnitude of the inco- 
herent scattering a quantitative assessment of these dif- 
ferences is difficult. In addition, the slight tacticity dif- 
ferences between the H and D polymers may be giving rise 
to the observed differences. 

All information relevant to the magnitude and sign of 
the Flory-Huggins interaction parameter is contained in 
Q(q). In particular, 
XAB = 

I[$ZA(P(O) + NQ(0))l-l - ( 4 ~ Z ~ l - l  - ((1 - + A ) Z B ) - ~ ] / ~  
(8 )  
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Figure 8. Zimm plots of the intermolecular scattering function 
for a 50/50 mixture of PMMA/PEO. Data for PMMAD monomer 
fractions of 0.25 (0) and 0.5 (0) are shown. These plots were used 
specifically to evaluate -PPQ(q) at q = 0. 
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Figure 9. Total interaction parameter between PMMA and PEO, 
xm, plotted as a function of the total monomer fraction (H + D) 
of PMMA. The open circles are the data of Lefebvre et al.38 

Since P(0) = 1 and the characteristics of both the polymers 
in the mixtures, Le., Z*,ZB and $A, are known, then de- 
termination of Q(q)  at q = 0 yields the Flory-Huggins 
interaction parameter xAB directly. A reasonable as- 
sumption for the functional form of Q(q) is an expontential 
in q2. Thus, at small values of q,  a Zimm type of analysis 
should be applicable. For the Q(q)  data of the +PMMA = 
0.48 mixture shown in Figure 5, the plot of Q ( q ) - I  vs. q2, 
shown in Figure 8, was obtained. As with the Zimm plots 
for P(q)  linearity of the plots were seen for q2 5 6 X 
A-2 whereupon the data began to deviate from the Zimm 
or exponential behavior. However, reasonable extrapola- 
tions to q = 0 were possible. 

The Flory-Huggins interaction parameters for the 
PEO/PMMA mixtures were obtained at  the three dif- 
ferent compositions and are plotted in Figure 9 as a 
function of the monomer fraction of PMMA in the mix- 
ture. There are several features of these data that are 
striking. First, the magnitude of xm for the PEO/PMMA 
mixture is quite small. In fact, based on the results of other 
studies xAB, at  higher PMMA concentrations, is compa- 
rable to that expected from the interactions between protio 
and deuterio PMMA. This point will be discussed in more 
detail later. Second, there is a clear concentration de- 
pendence of xm. In fact, xAB is negative for low PMMA 
concentrations and increases to near zero at PMMA mo- 
nomer fraction of 0.75. Independent studies of Lefebvre 
et al.38 on similar mixtures yielded a value of xAB at  0.9 
monomer fraction of PMMA of 1 X This result 
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corresponds to the open circle in Figure 9. As can be seen, 
the value of xAB obtained in their study fit quite well with 
the values of xAB obtained here. These combined results 
suggest that xAB varies from negative to positive values as 
the concentration of PMMA increases. This would indi- 
cate that enthalpic contributions to xAB may be dominated 
by the entropic contributions. If this were not the case 
then it would be difficult to account for the changing of 
sign in xAB. Measurements of the temperature dependence 
of xAB showed that for a PMMA monomer fraction of 0.74, 
over an 80 "C temperature range, the value of xAB, to 
within experimental errors, remained constant.39 Domi- 
nance of xAB by enthalpic contributions would be indicated 
by a strong temperature dependence. The invariance of 
the scattering with temperature indicates that the entropic 
contributions to xAB are more important. Theoretical 
arguments of Bawendi and Freed40 have shown that if the 
degrees of polymerization of the two polymers are different 
then a composition dependence of an interaction param- 
eter based strictly on entropic contributions is expected. 
Their calculations based on a lattice model yield 

(9) 

where z is the coordination number of the lattice and Di 
is the number of statistical segments comprising polymer 
i. Di will be a constant K times the degree of polymeri- 
zation. According to these authors, these values will be 
K N 4 and 2 = 6. Therefore, dXAB/d4B = 6.6 X lo4. The 
value determined experimentally is 8.9 X in reasonable 
agreement with their prediction. Theoretically, however, 
the crossover between positive and negative values of XAB 
should occur at a volume fraction of 0.5. Experimentally, 
this is not found which may reflect slight enthalpic con- 
tributions to xAB. Regardless of the origins of xAB it is clear 
from these results that xAB is quite small, which is in 
keeping with an assumption made previously in a study 
of the crystallization of these mixtures. 

From the values of xAB determined in this study the 
melting point depressions for mixtures of PEO and PMMA 
can be calculated. At  a volume fraction of PMMA of 0.5 
a melting point depression of approximately 5 "C is found. 
This small depression of the melting point can easily be 
obscured by problems mentioned previously in the intro- 
duction. Therefore, the previous observation that the 
melting point depression for the PEO/PMMA mixtures 
was smalllo is fully consistent with the results of this work. 

Magnitude of the Interaction Parameter. Since the 
magnitude of xAB is quite small a question that arises is 
whether or not the assumption that xm = 0 is reasonable. 
Direct calculation of xHD is not possible. However, an 
estimation of xHD based on a carbon to hydrogen ratio can 
be made from the xm's measured for other p o l y m e r ~ . ~ ~ - ~ ! ~ ~  
For example, for polystyrene with a C:H ratio of 1:l xHD 
is found to be 1.7 X whereas for polybutadiene with 
a C:H ratio of 2:3 xHD is 5.2 X loT4. PMMA, counting the 
oxygens as carbon atoms, has a C + O:H ratio of 7:8 and, 
therefore, a value of xHD - 2.0 X would be predicted. 
Since xAB ranges from 1.0 to -5.0 X it is clear that 
mixtures of PEO with protonated and deuteriated PMMA 
cannot be considered as simple binary mixtures. Rigorous 
analysis of these data would require the use of ternary 
solution theory as discussed by Benoit et al.9,42 However, 
given the relatively small magnitudes of xAB measured and 
the experimental inaccuracies it is doubtful that mean- 
ingful measures of the three different x's, i.e., the inter- 
action parameters between PEO and PMMAD, PEO and 
PMMAH, and PMMAH and PMMAD, could be obtained 
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Figure 10. Zimm plot of a 50/50 PMMA/PEO mixture where 
the PMMA is fully deuteriated. The slope to intercept ratio of 
these data yields (I?,:). 

Table IV 
Apparent Radii of Gyration and Interaction Parameters for _ _  

PMMAD/PEO Mixtures' 
PMMAD 

monomer fraction (R.,2)'/', A Xln x 104 
0.3 71 -2.5 
0.50 86 -2.1 
0.75 93 -9.5 

a u  = 0.456; u = 0.374. 

from these data. I t  is necessary to examine more closely 
the scattering from PMMAH and PMMAD above the glass 
transition temperature of the polymer to ensure thermo- 
dynamic equilibrium in order to precisely determine x H ~  

A measure of the interaction parameter between PEO 
and PMMAD can be made from the scattering observed 
for the PEO/PMMAD mixtures. Recently, Lapp et al.43 
presented a means of measuring the interaction parameter 
in miscible polymer blends by examining the apparent 
radius of gyration (RapP)lI2. By use of their nomenclature, 

(1 - u)(l + u) + 24A(U - u )  

1 + u(24A - 1) - 2 A w ( 1  - u2)4A(1 - 4 A ) X  
(Ra ,2 )  = ( R z 2 )  

(10) 

where (Rap2)l12 is the apparent radius of gyration measured 
for the mixture containing a volume fraction 4A of com- 
ponent A ,  A, is the average weight-average molecular 
weight (A, = + and u is the heterogeneity pa- 
rameter given by nw,A - nw,B. The relationship between 
(R:) and the mean-square radius of gyration of either 
component is given by 

where u = (nz,A - nz,B)/(nz,A + nz,B). Therefore, if the 
molecular weight distributions of the two polymers are 
known and the radius of gyration of only one of the com- 
ponents in the bulk is known, then, by measurement of 
the apparatus radius of gyration, x can be obtained from 
eq 10. 

An example of a Zimm analysis to measure (I?,;) for 
the 50/50 PEO/PMMA mixture is shown in Figure 10. As 
can be seen, over a large range in the scattering vector the 
Zimm plot is linear, thereby permitting an easy measure- 
ment of (Rap2). Values of (R,,2)lI2 determined for the 
different concentrations of PMMAD in the mixtures are 
given in Table IV. As can be seen, the apparent radius 
of gyration increases with the concentration of PMMAD. 
Use of the radius of gyration determined in pure PMMA 
and the parameters u and u (shown at the bottom of Table 
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Conclusions 
Small-angle neutron-scattering studies on mixtures of 

PEO and PMMA have conclusively shown that the in- 
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very small in magnitude. This result is consistent with 
previous melting point depression studies. In addition, xAB 
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fraction. The change in sign of x and the temperature 
invariance of x indicate that xAB is dominated by entropic 
contributions. Absolute Kratky plots have also shown that 
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scattering function of PMMA are observed in the mixtures. 
However, experimental precision and slight tacticity dif- 
ferences of the H and D PMMA preclude interpretation 
of this finding. The results of this study indicate that PEO 
and PMMA. are miscible on the segmental level; however, 
entropic rather than enthalpic contributions dominate the 
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