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ABSTRACT A theory for analyzing the small-angle neutron scattering data from polymer blends over the 
entire phase diagram is developed. This type of analysis has been applied to polystyrene/poly(vinyl methyl 
ether) and poly(viny1idene fluoride)/poly(methyl methacrylate) amorphous blends, leading to the molecular 
weight, M,, and radius of gyration, R,, for the labeled molecules and the x interaction parameter between 
the components of the polymer blend. The values of M, and R, together with the interaction parameter x 
suggest that the two polymer blend systems studied in this work are miscible. 

Introduction 
Polymer blends have received considerable attention 

recently because of the current emphasis on modifying 
existing synthetic polymers rather than synthesizing new 
ones. This increased interest is evidenced by the number 
of recently published review on the compatibility and 
phase separation behavior of polymer blends.'-5 

Several techniques have been developed in the past for 
studying polymer  mixture^.^ Over the last decade 
small-angle neutron scattering has been predominantly 
used for investigating homopolymers. Recently, this 
technique has been extended to polymer blends in order 
to quantitatively determine thermodynamic parameters.&12 
The experiments consist of mixing a deuterated polymer 
with a second protonated one and studying this solid so- 
lution in a manner analogous to the classical light scat- 
tering of polymer solutions. The familiar Zimm analysis 
gives information about the weight-average molecular 
weight, M,, the radius of gyration, R,, and the virial 
coefficient, A2, which is related to the Flory x interaction 
parameter per monomer unit. These three values provide 
an understanding of the thermodynamics governing the 
miscibility of polymer mixtures. 

The applicability of Zimm analysis to polymer mixtures 
has been limited, however, to the dilute regime. Thus, the 
investigation of the polymer mixtures has been limited to 
the edges of the phase diagram. In the present work we 
introduce an analysis for the evaluation of neutron scat- 
tering data which allows us to investigate dilute as well as 
concentrated solid solution polymer mixtures. The theo- 
retical analysisM has been tested with results obtained from 
two polymer blend systems at different compositions and 
temperatures. 

Scattering Theory 
Over the past few years several theoretical treatments 

have been developed for the small-angle neutron scattering 
data obtained from c6ncentrated solutions for homoge- 
neous multicomponent'"'' and for multiphase systems.18*22 
Here we present a new version and combine existing 
theories in a way to provide us with an analytical tool for 
the study of polymer blends. 

'We dedicate this paper to our esteemed colleague, Walter 
Stockmayer, whose pioneering work in the physical chemistry of 
polymer solutions and in the theory of scattering has been an in- 
spiration for our studies. 
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We consider a homogeneous mixture of two polymers, 
A and S. The A polymer chains consist of hydrogen-con- 
taining chains, designated H, but will be partially replaced 
by the corresponding deuterated species, D. The H, D, 
and S components have a degree of polymerization ZH, ZD, 
and Zs, respectively. 

The elastically scattered intensity from such a mixture 
that has been corrected for contributions due to incoherent 
scattering is generally expressed in terms of the Rayleigh 
factor4 and is related to the Fourier transformation of the 
monomer density correlation function as follows: 

R(g)  = CCakajSkj($) (1) 

where the subscripts k and j represent the three species 
present (here k, j = H, D, S), and ak and uj are the coherent 
scattering lengths assuming that all subunits have the same 
volume, and q the amplitude of the scattering vector, is 
given by (47r/X) sin ( 8 / 2 ) ,  where X is the wavelength of the 
incident beam and 8 the angle between the incident and 
the scattered beam. The scattering function, skj($), is 
determined by the relation 

skj(s') = ( l [ % ( f l  - (nk)l[n,(O) - (nj)I exP(-i@? dr) 
( 2 )  

The nk(fl is equal to unity if there is a monomer unit of 
species k in the volume element d? and zero otherwise. 
(nk) and (nj)  are the values of nk and nj averaged over the 
entire sample. We define 

6nk(?) = n k ( i )  - (nk) (3) 
By using eq 3, which represents the local density fluctu- 
ations, we write eq 2 as 

Skj(?)) = ( l6nk(f ldnk(O) exp(-i$fl d3?) 
= (sn,(g).snj(o)) (4) 

6 n H ( g )  + 6nD($) + 6nS(g) = 0 ( 5 )  

s S S ( 9 ' )  = s H H ( a )  + sDD(q ' )  + 2 s H D ( q ' )  (6) 
SHS($) = - ~ H H ( $ )  - SHD(~)  (7 )  
~ D S ( G )  = -SDD(G) - SHD(~') (8) 

For an incompressible system 

By combination of eq 5 and 4 we get 

From eq 1, 6, 7 ,  and 8 we obtain 

0 1984 American Chemical Society 



568 Hadziioannou and Stein 

R(G) = (UH - a ~ ) 2 s ~ ~ ( G )  + (OD - ~ s ) ~ ~ D D ( ? )  + 

Each pair correlation function can be divided into two 
parts. The first part, Pk or j ( @ ,  arises from interactions 
between monomer units within a polymer molecule and 
the second, Qk.(G), originates from intermolecular pair 
interactions. $herefore, we can write Skj(G) as 

SHH(G) = N H ~ H ~ [ P H ( ~ )  + NHQHH(@)I (10) 

SDD(?) = N$D'[PD(G) + NDQDD($)I (11) 

2(aH - aS)(aD - @S)SHD(?) (9) 

SHD(G) = NHZHN$DQHD(G) (12) 

where NH and ND are the total numbers of H and D 
macromolecules per unit volume, respectively. Assuming 
Z = ZH = ZD, the only difference between protonated and 
deuterated species is the coherent scattering lengthy 
density. They have the same single-chain scattering 
function; that is 

P H ( G )  = pD(?) = P(?) 
This implies that the interaction coefficients between H 
and S, xHS, and between D and S, xDS, are identical and 
that the interaction coefficient between H and D is zero 
so that the molecular conformation of the H and D poly- 
mers is identical. This is approximately but not exactly 
true as discussed later. The intermolecular correlation 
functions of deuterated and hydrogenated molecules are 
also assumed to be equivalent such that 

QHD(?) = QDD(?) = QHH(?) = Q(G) 
Incorporating all of these resulta into eq 10-12 and finally 
combining them with eq 9, we obtain 

R(G) = P ( [ N H ( ~ H  - as)' + N D ( ~ D  - ~s)~IP(G) + 
[NH(~H - as) + N D ( ~ D  - as)I2Q(G)1 (13) 

For specifically symmetrical systems, the scattering in- 
tensity depends only upon the magnitude of ?. Since our 
experiments are performed at  the relaxed state of the 
polymeric materials, we have a spherical symmetric system. 
Consequently, hereafter we will express our equations in 
scalar quantities of q. This equation can be rewritten in 
terms of the average length of the labeled component 

d = xaD + (1 - X ) a H  

where x = ND/(NH + ND). Thus 

R(q)  x(1 - x)(aD - aH)2NPP(q) + 
(a - as)2Np[P(q) + NQ(q)l (14) 

It  is seen that Zs, Ps(q),  and Qs(q) involving species S do 
not explicitly appear in the expression. This is a direct 
result of the incompressibility assumption. If there is no 
labeling ( x  = 0 or 1) or if radiation other than neutrons 
is used where the labeing procedure is not applicable, then 
only the second term remains and is not possible to sep- 
arate P(q) and Q(q). In this case, interaction in terms of 
single molecular parameters is not possible except in dilute 
solution, where P(q)  >> NQ(q). 

A particular case of interest is that where only the la- 
beled species is present; that is, Ns = 0. Then from the 
incompressibility assumption we have the following result: 
P(q)  = -NQ(q).13-17 The second term of eq 14 vanishes, 
and the result is 

R(q) = ~ ( 1  - x)(uH - u D ) ~ N S P ( ~ ) .  (15) 

By this relation the weight-average molecular weight, M,, 
and the radius of gyration, R,, can be obtained by meas- 
uring the scattering intensity, which is maximized at x = 
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0.5. This is identical with a result previously proposed13-17 
and experimentally d e m ~ n s t r a t e d . ' ~ J ~ J ~  

The second term of eq 14 also vanishes when d = as. 
This condition may be achieved by proper selection of x ,  
provided as is between U H  and aD. Under these conditions 
of contrast matching, M, and R, may also be directly 
determined. 

If interactions are independent of the deuteration ( x ) ,  
then measurements of R(q)  at  several values of x permit 
the determination of P(q)  and Q(q). By performing two 
neutron scattering experiments in which we change only 
the labeled composition x or one experiment with neutrons 
and another with X-rays on the same sample, provided we 
have enough electron density difference between A and S 
molecules, we can separate the two terms in eq 14. 

The first term (R, (q) )  of eq 14 can be presented in the 
following form: 

where KN = (JV/m2)(aH - m is the molecular weight 
of the monomer unit, JV is the Avogadro number, c is the 
concentration in g/cm3, M, is the weight-average molecular 
weight, and R, is the radius of gyration. It is obvious from 
eq 16 that by performing a Zimm-type analysis we are able 
to obtain R, and M,. 

For low concentrations of the labeled molecules in the 
A component, the relationship between P(q)  and Q(q) is 
defined according to Zimm39 by the relation 

where MD is the molecular weight of the labeled molecules 
and A2 is the second virial coefficient, which is related to 
the x interaction parameter as follows: 

A2 = ( 7 2  - Z ~ X ~ P A ~ V ~  (18) 

where 2, is the degree of polymerization of the S compo- 
nent having molal volume Vs and p A  is the mass density 
of the A component. 

When uH = as relation 14 is reduced to 

R(q)  = - aD)2NP[xP(q) + Nx2Q(q)1 (19) 

By substitution of N in the above equation with p N / M ,  
and substitution of the product pa by c, where p is the mass 
density, we obtain 

R(q)  = Ks[MJ'(q) + NcQ(q)l (20) 

R(q)  = KS[MJ'(Q) - 2AzcMw2Pz(q)1 (21) 

The above equation can be rearranged into a Zimm 
equation43 as follows: 

On substitution of eq 17 into (20) we obtain 

From eq 22 we are able to obtain the molecular weight M,, 
the radius of gyration, R,, and the second virial coefficient, 
A2. The above relationship is valid only for low compo- 
sitions of labeled molecules in the labeled component and 
when the interactions between H and D are zero. 

In the case of high concentrations of the labeled mole- 
cules in the A component we can obtain the information 
of the x interaction parameter from the second term of eq 
14, which describes the concentration fluctuations between 
a mean polymer [d  = xD + (1 - x ) H ]  and a second one 
called S. 
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The scattering intensity of q = 0 may be related to the 
interaction parameter xAs between the polymers A and S. 
Through the Einstein relationshipz3 

&(0) = ( R T K s ) / ( a ~ / a c )  (23) 
where R2(0) is the second term of eq 14 at q = 0, R is the 
gas constant, c is the concentration in g/cm3 and ?r is the 
osmotic pressure, which is related to the chemical potential 
through the relation 

= -UP/ VA) (24) 

where VA is the partial molar volume of component A and 
Ap is the difference in chemical potential of the solution 
and solvent, given by 

ACL = RT[ln (1 - V) + (1 - z S / z A ) V  + zAXAS(p21 (25) 

where cp is the volume fraction of the protonated plus the 
deuterated polymer in the mixture and Zs is the degree 
of polymerization of the component S. By using relations 
23-25 and substituting Rz(0) with the second term of eq 
14 a t  q = 0, we obtain after the calculations 

(Vz~[p(o) + NAQ(O)I)-' = (&A)-' + ((1 - V)zs)-' - ~ X A S  

From eq 26 we can calculate xAS 

X A S  = 

(26) 

([Vz~(p(o) + N~Q(0))l-l - (&A)-' - ((1 - V)Zs)-')/2 
(27) 

The scattering intensity can be expressed in more general 
terms by using the results of the "random phase 
approximation" (RPA)24 in terms of the intramolecular 
interaction function [ P ( q )  and Pso(q)] at 8 conditions and 
the interaction parameter xAS 
(VzA[p(q )  N ~ Q ( q ) l ) - l  = 

1 
l +  - ~ X A S  (28) 

Thus, by using the second term of eq 14 and either relation 
27 or 28, we can measure the XAS interaction parameter 
a t  zero scattering vector (q = 01, where P(0) and Pso(0) 
are equal to unity. By performing only two experiments 
and not four, as in a Zimm-type analysis, we can learn 
about the state of the miscibility in polymer mixtures over 
the entire phase diagram. This is illustrated by the results 
in the following sections on two different polymer mixtures. 

Experimental Section 
Materials. The polymers used in this study were protonated 

polystyrene (PSH), synthesized by anionic polymerization, deu- 
terated polystyrene (PSD) (both from Polymer Laboratories), 
poly(viny1 methyl ether) (PWE)  (Scientific Polymer Products), 
poly(viny1idene fluoride) (PVF,), protonated atactic poly(methy1 
methacrylate) (PMMAH), and deuterated attactic poly(methy1 
methacrylate) (PMMAD) (supplied through the courtesy of E. 
I. du Pont de Nemours and Co). The molecular characteristics 
of a polymers are presented in Table I. 

Specimen Preparation. Two series of mixtures were inves- 
tigated: one with PS and PVME and another with PMMA and 
PVF,. The PS/PVME mixtures were prepared by dissolution 
in benzene at low concentration (<2%) followed by freeze-drying. 
Disk-shaped specimens of 10-mm diameter and 1-mm thickness 
were obtained by molding the PS/PVME powder blend under 
vacuum at 100 O C .  

Cast films of PVF,/PMMA blends and PVF, were prepared 
from NJV-dimethylformamide solutions of the polymers according 
to a procedure described earlier.25 The cast films were stacked 
together and melt pressed under vacuum at 225 "C for 10 min 
and then rapidly quenched in ice water. This procedure avoided 
crystallization of the PVF,. Specimens that were discolored or 

'&AP(q)  (1 - V)zSpSO(q) 
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Table I 
Molecular Weights and Polydispersities for the 

Polymers Used in This Study 
Mn Mw M w  IMn 

PSH 77 000 81 000 1.05 
PSD 78 000 71000 1.09 
PVME 46 500 99000 2.12 
PMMAH 36 600 91500 2.50 
PMMAD 36 400 102000 2.80 
PVF, 375 000 555 000 1.48 

that contained bubbles were discarded. 
Scattering Techniques. The small-angle neutron scattering 

experiments were carried out at the National Center for Small 
Angle Scattering Research (NCSASR) located at Oak Ridge 
National Laboratory (ORNL). The 30-m SANS facility was used 
with a pinhole collimation, a wavelength of 4.75 A, and a two- 
dimensional position-sensitive detector (64 X 64 cells) placed 15 
m from the sample. Each experiment was carried out in four steps, 
three for the background measurements using the fully hydro- 
genated (H), deuterated (D), and S polymers separately, and a 
fourth for the polymer mixture, the sample, of the hydrogenated, 
deuterated, and third components (H/D/S). The coherent 
scattering intensity as given in eq 14 was obtained by subtracting 
the scattering obtained for the pure H, D, and S weighted by their 
respective mole fractions from the total scattering of the ternary 
mixture (H/D/S). The detector sensitivity was determined with 
pure water, where the scattering is incoherent and thus essentially 
independent of angle. The calibration of the instrument was 
performed by using a standard hydrogenated polystyrene M,, = 
71000 mixed with the homologous deuterated (18.3%) polystyrene. 

The high-temperature experiments were performed by using 
a heating cell specially designed for the SANS instrument. The 
specimen was held between two quartz windows. Corrections due 
to the quartz scattering were performed. 
Results and Discussion 

The cloud point curve for PS/PVME was determined 
previously by Nishi e t  al.4J6 and recently in our labora- 
tory.27 The PVF2/PMMA cloud point curve in the melt 
has also been studied p r e v i ~ u s l y . ~ ~ ~ ~  Both systems exhibit 
lower critical solution temperature (LCST) behavior. For 
the PS/PVME blend the minimum of the binodal was 
observed around 100 OC and was higher for lower molecular 
weights of the polystyrene component. In the PVF2/ 
PMMA blend the minimum in the cloud point curve oc- 
curred about 350 "C. 

Polystyrene/Poly(vinyl methyl ether) (PSIPVME) 
Blend. Previously scattering studies on this blend con- 
sidered only the dilute regime of two c0mponents.l' Using 
a three-component system (H, D, and S) from a scattering 
point of view, we studied two different compositions of 
PS/PVME, 75/25 (w/w) and 50150 (w/w), in the con- 
centrated regime. In Figure 1 we present typical scattering 
intensities as a function of q obtained for two different 
compositions of labeled polystyrene, maintaining the same 
total composition of PS/PVME, namely, 75/25 (w/w). All 
intensities have been corrected for the empty beam, 
background, and incoherent scattering. In Figures 2 and 
3 we present the N P P ( q )  and nrZPQ(q) intra- and in- 
termolecular interference functions, respectively, obtained 
for the 75/25 (w/w) PS/PVME blend as a function of q ,  
eq 13. From the slope and the intercept of the plot 
[ N P P ( q ) ] - '  vs. q2 (Figure 4) we obtain the radius of gy- 
ration of the labeled molecules and from the intercept, the 
molecular weight. The interaction parameter x was ob- 
tained from the second term of eq 14 at q = 0 using relation 
27. The results are presented in Table I1 for the total 
compositions of 75/25 (w/w) and 50150 (w/w). 

The molecular weights and radii of gyration of PSD in 
the blend are relatively independent of the composition 
and approximately equal to the values obtained in the 
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Figure 1. Scattering intensity vs. scattering q for the PS/PvME 
blend with 75/25 (w/w) composition in which 5% (0) and 20% 
(0) by weight of the PSH has been replaced with PSD. 
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Figure 2. Intramolecular interference function NzLP(q) is 
presented as obtained from the scattering data on the PS/PvME 
blend with 75/25 (w/w) composition (Figure 1) and eq 13. 
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Figure 3. Intermolecular interference function fPzLQ(q)  is 
presented for the PS molecules in the PS/PvME blend with 75/25 
(w/w) composition. 

PSH/PSD mixture. The interaction parameter x is con- 
centration dependent and negative. In view of the negative 
x, one should expect that R, in the blend is larger than in 
the bulk state. That values of the molecular weight and 
radius of gyration of the PSD in the blend are comparable 
with those of the PSD in the PSH in the bulk state to- 

0.6 

- 
? 
2 0.4 

t 

0 40 80 120 

q2 x 105 ( ~ - 2  ) 

Figure 4. Value of [NPP(q)]-' vs. q2 is presented as in a single 
Zimm plot. The intercept is related to the molecular weight of 
PS molecules, and the combination of the slope and the intercept 
is related to the radius of gyration of PS. 

Table I1 
Values of M,, R,, and x for PVMEIPS 

Blends Measured by SANS 
composi- 

tion, R,, .A M ,  X 
w/w + 5 %  + l o %  i 25% 

PVME/PS 25/75 80 80000 -4.1 X 

PSH/PSD 82/18 79 7 8 0 0 0  
PVME/PS 50/50 8 2  7 4 0 0 0  -3.2 X 

Table I11 
Values of x for PVME/PS Blends 

compo- SANS 
sition, SANS vapor Zimm 
w/w this work sorptiona plot b 

PVME/PS 25/75 -4.1 X -1.7 X 
PVME/PS 50/50 -3.2 X -1.5 X 
PVME/PS 9515 -4.0 x 10.' 

a Reference 34. Reference 11. 

gether with the fact that the interaction parameter x is 
negative indicate that we have a miscible blend of PS and 
PVME. We emphasize at this point te fact that M,, R,, 
and the x interaction parameter are all necessary for de- 
ciding the state of miscibility. 

A preliminary study of the temperature effect on the 
PS/PVME mixture showed us that as we increased the 
temperature, R,  was slightly decreasing, M, was constant 
to the error limit, and the x interaction parameter in- 
creased, approaching zero from negative values. These 
preliminary data indicate that as we increase the tem- 
perature, we approach the binodal. More detailed ex- 
periments are under way for several blend compositions 
and temperatures as close as possible to the binodal. 

Previous work using vapor sorption measurements% and 
SANS in a two-component dilute blend system1' has 
shown, also by studying the x interaction parameter, that 
a miscible blend has been obtained. In Table I11 we 
present values of x obtained by us, Kirste et  aLl1 by an- 
alyzing the SANS data through the Zimm plot technique, 
and Kwei et al.34 using the vapor sorption technique. We 
conclude from these values (Table 111) that the different 
techniques show a composition dependence of the inter- 
action parameter x as well. The values of x measured by 
other investigators do not compare directly with ours due 
to the different molecular weights of the PVME used for 
the blends and the different conditions of the preparation. 
Recently, ScheltenU studied the temperature dependence 
of the x's of the concentrated solutions of the PSD with 
PVME using SANS. The values of x's obtained are in 
good agreement with ours considering that the amorphous 
polymer blend system has been prepared above the glass 
transition (T,) and then cooled rapidly to below room 



Macromolecules, Vol. 17, No. 4, 1984 

1 5 .  

1 

? - 
10 - 

0 

N z 
N 

5 .  

Interactions between Components of Blends 57 1 

' 

2o 

a 

2 5 -  

N 
N 
N 

0 10 20 30 40 
qx103(8;1) 

Figure 5. Scattering intensity vs. q for the PVF2/PMMA blend 
with 50/50 (v/v) composition in which 8.2% (0) and 20.7% (0) 
by weight of the PMMAH has been replaced with PMMAD. 

Table IV 
Values of M,, R,, and x for 

PVF , /PMMA Blends Measured bs SANS 
compo- 
sition, R,, A M ,  X 
w/w + 5 %  + l o %  * 25% 

PVF, /PMMA 25/75 119 4 5 0 0 0  -6.3 X 
PVF /PMMA 50/50 110 5 0 0 0 0  -1.7 X10-4 
PMMAH/PMMAD 80/20 115 54 000 

temperature. If the Tg is above room temperature, then 
the structure of the blend will be frozen upon passing 
through T,. Thus in this case the measured x will corre- 
spond to a temperature near T, (which will depend upon 
the composition of the blend). 

Poly(viny1idene fluoride)/Poly(methyl meth- 
acrylate) (PVF,/PMMA) Blends. This type of mixture 
has been extensively studied in the past.26v2"33~3"38 Here 
we present the results obtained from the neutron scattering 
experiments performed with specimens having two dif- 
ferent total compositions, 25/75 (v/v) and 50/50 (v/v) 
(PVF,/PMMA). In Figure 5 we present the scattering 
intensities for a 50/50 (v/v) PVF2/PMMA mixture in 
which we vary the labeled PMMA composition. Analyzing 
these scattering intensities with eq 13, we obtain the 
scattering functions N P P ( q )  and WPQ(q) presented in 
Figures 6 and 7, respectively. The values of M ,  and R, 
measured by using a Zimm-type plot (Figure 8)39 and the 
interaction parameter x obtained from the experimental 
data using the analysis described in the theoretical section 
are presented in Table IV. 

The molecular weights and the radii of gyration of 
PMMAD in the blend are independent of the comparison 
and approximately equal to the values measured in 
PMMAH/PMMAD in the bulk. These molecular di- 
mensions together with the negative interaction parameter 
x demonstrate that the PVF,/PMMA blend in the 
amorphous state is miscible. 

2oT---I 

0 10 20 30 40 
qx103(~-1 ) 

Figure 6. Intramolecular interference function N p P ( q )  is 
presented as obtained from the scattering data of the PVF2/ 
PMMA blend with 50/50 (v/v) composition (Figure 5) and eq 
13. 

S, 

10 20 30 40 0 
qx103~.a-1) 

Figure 7. Intermolecular interference function WPQ(q) is 
presented for the PMMA molecules in the PVF2/PMMA blend 
with 50/50 (v/v) composition. 

0 40 80 120 
1 o5 ( x2 I 

Figure 8. Value of [NPP(q)]-' vs. q2 is presented as in a single 
Zimm plot. The intercept is related to the molecular weight of 
PMMA molecules, and the combination of the slope and intercept 
is related to the radius of gyration of PMMA. 

Table V 
Values of x for PVF, /PMMA Blends 

x x l o 4  
melting point depression 

v/ v this work ref 35  ref 38 ref 25 and 37 SAXSa gas chromb 
composition, SANS inverse 

PVF, /PMMA 25/75 -6.28 -8.19 -2.50 -6.56 -1.99 -4.09 
PVF /PMMA 50150 -1.64 -8.19 -1.67 -2.46 -4.99 + 1.91 

a Reference 38. Reference 41. 
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The values of the interaction parameter x are also 
composition dependent and compare well with the values 
(Table V) obtained from the melting point depression 

SAXS,38 SANS, and inverse gas chro- 
m a t o g r a p h ~ . ~ ~  We observe a good agreement of the x 
values obtained from different techniques. It is noted that 
one set of melting point depression values of x35 does not 
show concentration dependence. However, the Hoffman- 
Weeks technique for obtaining equilibrium melting points 
was not used in this case, so these values may reflect a 
melting point change arising from differences in crystal 
thickness or perfection as well as those related to the 
chemical potential of the amorphous phase. 

Conclusions 
A method for studying blends over the entire phase 

diagram with neutron scattering and its application to two 
particular amorphous polymer blends (PVME/PS and 
PVF2/PMMA) has been presented. 

This method proved to be useful for studying polymer 
blends. However, improvements need to be made in order 
to take into account the polydispersity, the differences in 
molecular weights, and the nonequal interaction parame- 
ters between the protonated polymer and the third poly- 
mer (H/S) and the deuterated polymer and the third 
polymer (D/S). Recently, we found a surprising difference 
of 40 “C in the lower critical solution temperature (LCST) 
between PVME/PSD and PVME/PSH.n Obviously, this 
difference is due to the nonequality of the interaction 
parameters between xDS and xHS and the nonzero value 
of XHD. 

By calculating the interaction parameters x from the 
solubility parameters (6) of PSH, PSD, and PVME, which 
are 9.10,9.06 and 8.10 ( c a l / ~ m ~ ) l / ~ ,  respectively, we found 
that the difference between XpSH/pVME and XpSD/pVME is 
of the order of 0.02. According to the calculations of 
M ~ M a s t e r ~ ~  using equation-of-state theory, this small 
difference is enough to cause a shift of the LCST as much 
as we observed (-40 “C). Also this small difference be- 
tween xm and xDS cannot be distinguished with the SANS 
technique due to the error limits. The interaction pa- 
rameter between the protonated and deuterated poly- 
styrene is very small, justifying our assumption in the 
theoretical treatment for the analysis of the neutron 
scattering experiments. 

The characteristic ratio for PMMA calculated from the 
SANS measurements is not in good agreement with the 
conventionally accepted value, probably due, in part, to 
the fact that the polymer was of broad molecular weight 
distribution. In this case, the values of M ,  determined by 
solution characterization and by SANS are also not in good 
agreement, possibly arising in part from calibration errors. 
It is noted that the SANS value is lower, so it is unlikely 
that the discrepency is related to aggregation in the blend. 

While ideally, measurements on narrow molecular 
weight d is t r ibu t ion  polymers are desirable, this was not 
done in this study because narrow-distribution PMMAD 
was not readily available. 

For the moment, our experiments in their design and 
analysis are valuable since the difference in x parameters 
is small. But for future work one should measure the xm 
and xDS separately by measuring the scattering intensity 
of the H/S and D/S blends separately and analyzing the 
data with eq 27. Evidently, this experiment can be per- 
formed as a function of composition so that we can find 
the composition dependence of x. 

The method which we developed for studying polymer 
blends was used for the investigation of two systems, 
PS/PVME and PVF,/PMMA. The conclusion is that 
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both blends are miscible under the conditions of prepa- 
ration. This conclusion is supported by the fact that the 
measured interaction parameters were negative, indicating 
strong specific interactions which ensure the miscibility 
of the two polymers. 
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where d is the sample-to-detector distance, I,(g) is the scat- 
tered intensity, Io is the incident beam intensity, and V, is the 
scattering volume. The R(q') used in light scattering is equiv- 
alent to the differential scattering cross section d2/dQ used in 
neutron scattering. 
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ABSTRACT The cloud-point curve equation is derived for a solution of a polydisperse polymer with a 
concentration-dependent interaction parameter g( TA), and a method for its numerical solution is devised. 
Also, a classification scheme is proposed for critical points based on their multiplicity, and the relationship 
between our and the previously devised categories is probed (particularly between our triple critical point 
and the t r icr i t id  point). Criteria for the existence of critical points of multiplicity m = 2-6 are given in terms 
of chain-length averages, concentration derivatives of g( T,4), and the overall polymer concentration 4. The 
significance of multiple critical points lies in their close association with multiphase equilibria. Such points 
may arise because of the asymmetry of the chain-length distribution and/or because of a strong concentration 
dependence of g(T,4). Two specific cases are analyzed a polydisperse polymer solution with a concentra- 
tion-independent parameter g( T),  and a monodisperse polymer solution with a concentration-dependent 
parameter g(T,&). In the first instance, multiple critical points may appear even in systems with only a few 
components if their characteristics are properly chosen. At most, an s-component system at constant pressure 
may display a critical point of multiplicity 2s - 3, and it may separate into s phases. In the latter case, double 
and triple critical points may appear if the concentration dependence of g(T,$) is at least quadratic. The 
pattern of cloud-point curves for the two analyzed cases is distinctly different. 

1. Introduction 
The first to introduce the concept of a critical point of 

multiplicity higher than one was probably Korteweg.2 
Without much reference to any physical situation, he 
studied the characteristics of certain singular points 
(critical points, or plait points, among others) on a 
three-dimensional surface, as well as their behavior during 
a continuous transformation of this surface. His classi- 
fication of critical points into points of the first and second 
kind (located on convex-convex and convex-concave parts 
of the surface, respectively) has been shown3s4 to have a 
thermodynamic significance, as the phases around such 
points on the free energy ternary surface are (meta)stable 
and unstable, respectively. Furthermore, Korteweg noticed 
that upon transformation of the surface, two real critical 
points may approach each other, merge, forming a double 
plait point, and become imaginary (Le., disappear from the 
surface). A homogeneous double critical point was defined 
as a confluence of two critical points of the f i s t  kind, while 
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a heterogeneous double critical point designated merging 
of critical points of the first and second kind. 

Extensive thermodynamic interpretation of the above 
singular points was given by van der Waals3 and 
Schreinemakers? although only in terms of mathematical 
criteria and general patterns of resulting phase diagrams. 
Meijering5 with HardyG then analyzed in detail the phase 
behavior of ternary and quaternary regular solutions and 
concluded that these systems may contain only homoge- 
neous double critical points since all critical points in such 
solutions have to be stable or metastable. Tompa,' on the 
other hand, studied three-phase separation in solvent- 
polymer (1)-polymer (2) ternary systems where the two 
polymers differed merely by their chain lengths but did 
not interact with each other. Assuming simple Flory- 
Huggins thermodynamics (with a concentration-inde- 
pendent parameter x ) , ~  he discovered that the phase 
separation proceeded via a heterogeneous double plait 
point mechanism. The validity of this claim was later 
proven conclusively by applying Korteweg's instability 
criterion to this caseag The same mechanism is in effect 
for three-phase separations in some solutions of ternary 
polymer mixtures'O and of polydisperse polymers in gen- 
eral. The types of double critical points encountered and 
the manner in which multiphase separations proceed in 
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