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Summa ry 

The Flory interaction coefficient • of binary polymer blends of high 
concentration may be determined from the study of l ight ,  x-ray, or neutron 
scattering at q=O. Neutron scattering measurements are particularly effec- 
t ive for these measurements since scattering intensity may be enhanced 
through deuteration of one component. 

Scattering Measurements at Low Concentration 

The scattering of radiation by an isotropic condensed two-phase system 
arises from fluctuations in density and concentration. The concentration 
fluctuations were described by Einstein1,2 as 

RTCB (1) 
Rc = K (@~A/BCB)T 

where R c is the concentration fluctuation contribution to the Rayleigh fac- 
tor at q=O [q=(4~A)sin(e/2) where L is the wavelength of the radiation and 
e the angle between the scattered and incident ray]. The Rayleigh factor@ 
is defined as 

R= Isp2 (2) 

where I s and I o are the scattered and incident intensit ies, p is the sample- 
to-detector distance and V s is the scattering volume, c B is the con- 
centration of phase B and ~A is the osmotic pressure between phase A in 
solution and in pure phase A.@ 

*To whom correspondence should be sent. 

tThe Rayleigh factor has dimensions of cm -l and is identical with the d i f -  
ferential scattering cross-section (B~/@~) conventionally used by neutron 
scatterers. 

~The result should be symmetrical in the choice of labelling phases A and B 
and is not dependent on which is arb i t rar i ly  designated as the solvent. 
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The equation was originally derived by Debye3 for l ight scattering for 
which 

2~2n2 n2 (@n ~2 (3) 
K = K L = ~ ~-~A'T,P 

where n is the refractive index of the solution, N o is Avagadro's number, 
and Lo the wavelength of l ight in vacuum. However, the equation is also 
valid for x-ray scattering for which 4 

fBpe~2 : Noie 
K = K x = Noie ~-~ j  ~ (pA e - pBe)2 (4) 

where i~ is the Thomson scattering factor for a single electron 
[(e2/m~co2)2 where e and m e are the electronic charge and mass and c o is 
the velocity of l igh t ] ,  pe, pA e and pB e are the electron densities (in 
moles electrons/cm ) of the solution, components A and B, respectively, 
and PB is the gravimetric density of phase B. 

For the coherent contribution to neutron scattering5 

K = K N = (No/mB .2) (aA* - aB*) 2 (5) 

where mB* is the mass per mole of lat t ice cells of component B and aA* and 
aB* are the scattering lengths per lat t ice cel l .  
by 

mB* = m B (Vo/VB) 

aA* = a A (Vo/VA) 
and 

aB* = a B (Vo/VB) 

Note that these are given 

(6) 

(7) 

(s) 

where m B is the molecular weight of the monomer unit of B and v A, v B, and 
v o are the volumes of the monomer units of A and B and of the lat t ice cel l ,  
respectively, while a A and a B are the scattering lengths per monomer unit of 
the two components. Note that K N is independent of Vo, a reasonable result 
since v o is dependent upon the arbitrary choice of the lat t ice.  Alter- 
natively, K N may be expressed in terms of molecular parameters as 

VB 
K N = (No/mB 2) [aA(~ A) -aB]2 (9) 

Debye3 used the v i r ia l  expansion for the osmotic pressure for dilute 
solution in solvent (A) giving 

~A : RT [~B + A2CB2 + "" "] (10) 

where M B is the average molecular weight of component B and A 2 is the 
second v i r ia l  coeff icient. Substitution of (lO) in (1) leads to the 
familiar Zimm equation 6 for q=O 
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KCB _ 1 + 2A2c B ( I I )  
Rc MB 

permitting the experimental determination of M B and A 2 from measurements of 
Rc at q=0 as a function of c B in di lute solution. This equation serves as 
the basis for the determination of polymer molecular weights by l ight 
scattering. 

Kirste et al. 7 have extended this approach to the neutron scattering of 
polymer blends and obtained molecular weights and second v i r ia l  coefficients 
for dilute blends. The second v i r ia l  coefficient is related to the F1ory 
interaction parameter XAB in monomeric so]vents through the relationship for 
a low molecular weight solvent A8 

A 2 : (I/2 - XAB)/pB2VA (12) 

where PB is the (gravimetric) density of component B and VA is the molar 
volume of the solvent. [ I t  is assumed that the monomer volume equals the 
la t t ice cell volume (v A = Vo). ] More generally, for a polymeric solvent 9, 

A 2 : (I/2 - yAXAB)/pB2VA) (13) 

where YA is the number of lat t ice cells occupied by a molecule of component 
A. That is 

YA : VA/(NoVo) (14) 

This is related to the degree of polymerization of component A, z A, by 

ZA : MA/mA : YA(Vo/VA) (15) 

where M A and m A are the polymer and monomer molecular weights of component 
A. It is noted that XAB is the interaction parameter per lat t ice cell so 
that the interaction parameter per molecule of A is YA• Using this 
def in i t ion, the dependence of XAB upon MA is minimized. 

Kirste et al. I0 showed that negative XAB values (corresponding to nega- 
t i v e  heats of mixing) characterized miscible blends, whereas immisc ib i l i t y  
was associated with XAB becoming pos i t ive.  However, the i r  analysis was 
res t r i c ted  to d i lu te  blends, There is much evidence I | -14  that XAB is con- 
centrat ion dependent in blends, so that the i r  character izat ion of blend 
m i s c i b i l i t y  is only appl icable to systems in which one component is present 
at low concentration, The extension to high concentration requires means 
for  determination of XAB under these condit ions. 

Extension to High Concentration 

Debye and Bueche 15 showed that Eq. ( I )  may be extended to high con- 
centrat ion through use of the Flory-Huggins equation for osmotic pressure8 
which is for  solut ion in monomeric solvent A 

RT 1 
= - ~  [ In CA + (I - ,-~-) CB + XABCB 2] (16) IT a 
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where r and CB are the volume fractions of components A and B. This led to 
a prediction of the variation of R c with concentration exhibiting a maximum 
at a concentration related to VB/V A (and not dependent upon XAB ). The 
method never became popular for molecular weight measurement, partly because 
of the d i f f icu l ty  of clarifying concentrated solutions to render them 
suitable for l ight scattering measurements. 

This approach, however, is a good one for the description of the neut- 
ron scattering from polymer blends, especially i f  the scattering intensity 
is enhanced through increasing (aA* - aB* ) by using a deuterated species 
for one of the blend components. Under these conditions, the contribution 
of the poljnner to Rc is much greater than that arising from small amounts of 
impurities. ~so, for a polymer blend, VB/V A is often of the order of unity 
so that the scattering maximum occurs at appreciable concentrations rather 
than at very low concentrations as with a monomeric solvent. 

For polymeric solvents, Eq. (16) may be generalized as 

RT YA) 
XA = -VAA [In CA + (l ---yB r + yAXABr 2] (17) 

Substitution of (17) in (1) and rearranging gives 

KmB*2 1 1 
= ~ + ~ -  2XAB (18) 

YAr YBCB 

or 
KmB2 1 I 

- + ~ -  2XAB (~.~-) (1 9) 
RcVBNo ZA(~B)r ZBr 

Thus a measurement of R c for known z A and z B permits the determination of 
XAB. This approach is equivalent to that used by Wendorff I I  for the deter- 
mination of XAB for the poly(vinylidene fluoride)/poly(methyl methacrylate) 
blends from the concentration fluctuation contribution to small angle x-ray 
scattering. (Note that Wendorff's interaction parameter is equivalent to 
our YAXAB.) A somewhat similar proposal has been made by Russell. 12 

I t  is noted that for neutron scattering using Eq. (5) for KN, Eq. (18) 
becomes 

( a A *  - a B * )  2 l 1 
Rcvo = }aCA + YBr 2XAB (20) 

This equation is expressed completely in terms of latt ice parameters and is 
symmetrical in A and B. In terms of molecular parameters, i t  becomes 

[aA(FAB) - aB]2 
_ l + l_]____ 2XAB (v~) 

RcVB Zar ) ZBCB 
(21) 
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The term XAB(VB/Vo) represents the interaction coefficient per monomer unit 
of component B. 

I f  one uti l izes the equation for the coherent neutron scattering from a 
two component incompressible system 16-20 

Rc = (aA* - aB*)2SAA(q) (22) 

where SAA(q ) is the interference function between A units given by 

SAA = NAYA 2 [PA(q) + NAQAA(q)] (23) 

where N A is the number of molecules of component A per unit volume, PA(q) is 
the intramolecular interference function within Amolecules and QAA(q) is 
the intermolecular interference function between A units on different 
molecules, by substituting (22) in (20) one obtains 

l l l 
VoSAA = YAr +~-YBCB 2XAB (24) 

which is the same as 

1 = 1 + ]  2XAB (25) 
YACA[PA(q) + NAQA(q)] YAr YBr 

This is equivalent to the deGennes result21 using the random phase approxi- 
mation for the case of q=O. 

Use of Three Component Systems 

The application of these equations is related to measurements on con- 
centrated binary solutions. In such cases, i t  is not possible to indepen- 
dently measure the molecular weight or radius of gyration of a component of 
the blend. However, this may be done using three component scattering 
theoryl8, 20 where one species, A, is part ial ly deuterated (D and H) to mole 
fraction x and the other, B, is not.22-25 In this case, scattering theory 
gives 

Rc(q) = x(l - x) (aD* - all*)2 NAYA2PA(q) 
(26) 

+ (aA* - aB*)2 NAYA2[PA(q) + NAQAA(q )] 

Since VD=VH, this equation is equivalent to 

Rc(q) = x(1 - x) (a D - all)2 NAZA2PA(q) 
(27) 

- -  v A 
+ [aA - aB(v-B-)] 2 NAZA2[PA(q) + NAQAA(q)] 

w h e r e ~ i s  the average scattering length for component A given by 

a--A= xa D + (l - x)a H (28) 

Here a and a H are the scattering lengths of deuterated and hydrogenous spe- 
cies oV A, N A is the total number of molecules per cm 3 of both species of A 
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having degree of polymerization z A (assuming ZA=ZD=ZH). Differences in 
interaction between H and B and D and B are neglected, so i t  is assumed that 
PA=PH=PD and QAA=QHH=QDD=QHD . 

By measuring I~(q) as a function of x at constant NA, Eq. (27) may be 
resolved into contributions from the two terms.17,20,22-25 The variation of 
the f i r s t  term with q characterizes the q dependence of PA(q) which yields 
the radius of gyration, (Rg)A, of A through 

PA(q) = l -~(Rg)A2q2 + . . .  (29) 

while the magnitude of the f i rs t  term at q=O characterizes z A related to the 
molecular weight of A. The second term of Eq. (27) permits the deter- 
mination of the denominator of the lef t  side of Eq. (25), so i f  z B is known, 
XAB may be calculated. 

This approach has been used in our laboratory for the study of blends 
of polystyrene with poly(vinyl methyl ether) and poly(vinylidene fluoride) 
with poly(methyl methacrylate) which will be described in a forthcoming 
publication. 26 Values of XAR obtained23, 24 are consistent with those 
obtained by other techniquesLTl-13 
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