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Neutron scattering on polymer blends of deutero-poly(methyl methacrylate) (D-PMMA) and 
poly(styrene-co-acrylonitrile) with 19 wt% acrylonitrile (PSAN-19) exhibits excess scattering for scattering 
vectors Q ~<0.2 nm-~ if the volume fraction of D-PMMA is less than 0.5 and greater than 0.05. The range 
of occurrence and the amount of excess scattering depends to a certain degree on the procedure of sample 
preparation. If the excess scattering is eliminated by linear extrapolation from large to small Q in the Zimm 
representation, the residual scattering intensity in the small and intermediate Q-range can be interpreted 
by the mean field approach of de Gennes with a concentration-dependent effective interaction parameter. 
The scattering intensity in the intermediate Q-range can be described with the coil scattering function of 
Debye using effective radii of gyration and interaction parameters obtained from Q~0 extrapolated 
scattering data. In the intermediate Q-range the scattering curves of D-PMMA in the bulk and in the 
investigated blends show small differences outside the limits of experimental error. These differences are 
interpreted as an environmental influence of the conformation of the PMMA chain. 
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I N T R O D U C T I O N  

In previous papers 1-3 neutron scattering measurements 
were used in the investigation of polymer blends. In these 
studies one of the components was present in the dilute 
state so that the evaluation of the scattering data could 
be performed according to the well established theory of 
scattering by dilute systems. On the other hand our 
knowledge of blends in which both components are 
present in the concentrated state was based on extra- 
polating from measurements of the dilute state, with the 
consequent poor reliability of such conclusions. 

In this paper we give measurements on binary polymer 
blends in which both components are present in the 
concentrated or semidilute state. 

THEORETICAL B A C K G R O U N D  

General considerations 
In order to describe the scattering intensity of binary 

polymer mixtures where the two components have 
different monomer volumes, v A and v B, we subdivide the 
scattering volume into small cells (scattering units) of 
volume v o. Vo can be considered to be the volume of 
the unit cell of a reference lattice. It is assumed that the 
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chains of both components can be incorporated into this 
lattice despite the different spatial requirements of their 
monomer units. It is further assumed that each lattice 
cell is occupied by one 'monomer unit' of a new kind: 
its volume is Vo irrespective of whether it belongs to 
polymer A or B, This implies further that the mixtures 
are considered to be incompressible. We define dimen- 
sionless concentration functions, ~(~ ' ) ,  which give the 
average number of monomers of species i on lattice site 
~'. The average value oftI)~(~') will be given by the volume 
fraction of component i but there will be local deviations, 
Aq~(~'), from this average. 

According to the incompressibility assumption (each 
lattice site is occupied by one monomer unit) the 
following relation holds for the sum of both concentration 
functions: 

OA(-~ ) + ~B(X') = 1 

For such a system the coherent differential cross-section 
(dE/d~)(Q) per unit volume is given by4: 

~E(Q)=l/vo(bAV°-b,V°~2S(Q) (la) 
\ VA VB/ 

with the structure factor 

S(Q) =- (N- 1 )((I)A(O)(1)A( - -  0 ) >  = (N-1)<(I )B(O)(I )B(  __ 0 ) >  



Q = (4n/2)sin(8/2) is the absolute value of the scattering 
vector, where 0 is the scattering angle and 2 is the neutron 
wavelength. O~((~) is the Fourier transform of the 
concentration function O~(2); the angular brackets 
denote a thermal and spatial average, b~vo/V~ is the 
scattering length of a unit cell occupied by a monomer 
unit i, where b~ is the scattering length of a monomer 
unit i. The quotient Vo/Vz takes into consideration the 
different monomer volumes. N is the number of lattice 
cells in the scattering volume. 

With the contrast factor K = (bA/V A --  bB/VB) 2, equation 
(la) can be rewritten in a more familiar form: 

dE 
d~ (Q) = v°KS(Q) (lb) 

S(Q) can be considered to be the scattering power per 
lattice cell. The structure factor S(Q) describes the 
concentration fluctuations in a homogeneous incompres- 
sible polymer blend of components A and B. As has been 
shown by de Gennes using the mean field random phase 
approximation, S(Q) is given by the following relation4'5: 

S(Q)- 1 = 1/[O( N*)wP A(Q)] 

+ 1/[(1--O)(N*)wPB(Q)]--2F(O, T) (2) 

where • is the volume fraction of component A, 
(N*)w = (Ni)wVi/Vo is the mass average polymerization 
degree of component i expressed in number of lattice sites 
occupied. N~ is the usual polymerization degree. P~(Q) is 
the form factor of the unperturbed chains of component 
i(P~(O) = 1). 

The generalized Flory-Huggins parameter F(O, T) in 
equation (2) accounts for the thermodynamic interactions 
per unit volume v o between the segments A and B. If 
F is independent of 0, it is identical to the Flory- 
Huggins parameter )~. However, as we are specifically 
interested in a possible O-dependence of Z, we consider 
the more general case of a O-dependent Flory-Huggins 
parameter. With the general thermodynamic theorem 
S-I(O)=?2AGm/~O 2 between the scattering function 
S(Q) for Q ~ 0  and the Gibbs free energy Gm of mixing 
per lattice site, which in the Flory-Huggins model 4'6 is 
given by: 

AG m • 1 - -0  
- l n ( I ) + -  

kBT <N*> w <N*) w 
In (l - 0 ) + 0 ( 1  - 0)Z(0 ) 

(3a) 

one obtains for F(O): 

r(o) = - ½ a ~ [ O ( l  - o ) z ] / a o  ~ 

a2z 
= Z ( 0 ) - ( 1 - 2 0 ) c  X - ~ ( 1  - 0 )  

d(1) 
(3b) 

S(Q) at small Q values 
For small Q values the form factor Pi(Q) can be 

approximated by: 
1 2 2 Pi(Q)= 1 + j(,Rgi)~ Q (4) 

where (R2i>z is the z-average square radius of gyration 
of component i. Inserting equation (4) into equation (2), 
S(Q) can be rewritten: 

0 ( 1 - 0 )  = 1/(N)w(1 + ~(/~2)~Q2)_ 20( 1 - 0)F(0)  (5) 
S(Q) 
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where 
1 - O  • 

<N)w 1 -  + (6) 
(N*)w <N*)w 

<N)w is the mass average polymerization degree of the 
mixture. 

1 

× [(1 • N* 2 • N* 2 --  )(  B ) w ( R g A ) z +  ( A ) w ( R g B ) z ]  (7) 

is the z-average square radius of gyration of the system. 
According to equation (5) one obtains a straight line 

when plotting the data O(1-O)/S(Q) against Q2 (the 
so-called Zimm representation). The slope m of the 
straight line is given by: 

m = (,q~ }z/(3 ( ~ ) w )  (8) 

and the intersection with the ordinate by: 

O(1 -O)/S(Q=O)= 1 / (N)w-  20(1 - O)F(O) (9) 

This means that for known polymerization degrees 
( N * ) .  and (N*)w with the aid of equation (6) the 
z-average radius of gyration (/~2)z and the generalized 
Flory-Huggins parameter F(O) can be determined from 
the slope and the intersection of the Zimm representation 
of S(Q). 

Q-dependence of the F-parameter 
So far we have assumed implicitly that Z is a local 

interaction parameter and therefore, that the generalized 
Flory-Huggins parameter F in equation (2) is indepen- 
dent of Q. We will now consider the more general situ- 
ation of a non-local interaction parameter z(r). In this 
case F and )~ in equations (3) and (5) become Q- 
dependent. For small Q values F(Q) can be approximated 
byT: 

F(Q, 0) = F(O)[I - 61r2(0)Q 23 (10) 

where ro2(O) is a parameter of the range of interaction. 
Inserting equation (10) into equation (5) yields: 

0 ( 1 - 0 )  1/(]~)w(1 1 -2 2 - +3(Rg)Q ) - 2 0 ( 1 - 0 ) F ( 0 )  (11) 
S(Q) 

where 
(/~2) = </~gZ)z + 0 ( 1 -  O)(N>wF(O)rg(o) (12) 

is the apparent square radius of gyration determined from 
the slope of the Zimm straight line. 

S(Q) for intermediate Q values 
In the intermediate Q-range the small angle approxi- 

mation of equation (4) no longer holds and the special 
form of P(Q) has to be taken into consideration. As a 
first approximation we will use the Debye function to 
describe the form factors of both chains, although there 
is experimental and theoretical evidence 8,9 that the form 
factor of PMMA significantly deviates from the Debye 
function for QRg>> 1. In the discussion of the experimental 
results we will examine the consequences of this assump- 
tion in greater detail. 

Assuming a Schulz-Flory distribution of the molecular 
mass the Debye function is given by the following 
expression 1 o: 

p ( o ) = 2  ~ -  1 +(1-~- U~) -1/U 
(13) 

(U + 1 )~2 
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with 

(R~)z Q2 (14) 
~ - l + 2 U  

where the non-uniformity U = (Mw/Mn)- 1 can be deter- 
mined by g.p.c, measurements. 

For 4>> 1, P(Q) can be approximated by: 

2 
P(Q)= (15) 

(1 + u)(1 + 4) 
The validity of this equation depends on U. For U =  1 
it is the exact representation of equation (13). For very 
sharp fractions (U ~0) ~ must be equal to or larger than 
10 if the allowed error is 1%. Inserting this approxima- 
tion into equation (2) and using the same non-uniformity 
for both components one obtains: 

¢ ( I - -O )_ I+U [O( I+¢B)  (1--¢)(1+¢A)7 
s(g) 2 L (N~w + (N-~Dw J 

- 2{I}(1 - {I})F (16) 

Inserting relations (6), (7) and (14) yields: 

{I}(1-O) I + U _ (  1 1 -2 2 "~ 
S{Q) - 2(bT)w\ + I+Tu (Rg)~Q ) -2 , (1-{ I ) )F  

{17) 

With U = 1 equation (5) is recovered which in this case 
is valid in any range of Q. 

Equation (17) shows that for similar non-uniformities 
of both components the coherent scattering intensity at 
intermediate Q-values (4 >> 1) can be completely described 
by the quantities (N)w, ( / ~ ) z  and F, determined in the 
small angle regime. In other words, using equation (17) 
to describe the scattering data at Q>> 1/(/~g)z will allow 
us to determine the validity of our assumption that the 
form factors Pi(Q) in equation (2) can be replaced by 
Debye's function equation (•3). 

In the preceding papers 1-3 only the low concentration 
approximation of scattering was considered. As a 
parameter of thermodynamic interaction the second 
osmotic virial coefficient AE was used. For a small content 
of component A in the mixture, A2 is obtained from: 

K'CA 1 
-- +2A2c A 

S(0) (MA) w 

where CA is the mass concentration (in g ml-1), MA is 
the molar mass of A and K' is a constant. Comparison 
with equation (2) yields the relation: 

1 
lim F -  1 , 2 (~-- Azvo(NB )weA) 
O~0 (N*)w 

where qA is the density of component A. Hence it follows 
that the ~(-values reported in the preceding papers are 
exactly equivalent to F at small or vanishing concentra- 
tion of one of the components. 

EXPERIMENTAL 

Synthesis and characterization 
Acrylonitrile and styrene were radically polymerized 

at 142°C and about 9 x 105 Pa in a continuously stirred 
reactor using ethyl benzene as solvent x 1,~ z. The product 
was dried at about 4 x 103 Pa and 200°C, then purified, 

first by a head-to-tail, then by a sharp precipitation 
fractionation. The content of acrylonitrile was deter- 
mined by elementary analysis. The polymer used in this 
investigation was poly(styrene-co-acrylonitrile) contain- 
ing 19wt% acrylonitrile (PSAN-19). 

To obtain perdeuterated methyl methacrylate (D- 
PMMA), acetone cyanhydrin was first produced from 
perdeuterated acetone 13. The cyanhydrin was de- 
hydrated by concentrated sulphuric acid and esterified 
with perdeuterated methanol. The deuteration degree of 
the monomer was determined by n.m.r, to be >98%. 

The molecular mass distribution, the different mean 
values of the molecular masses and the molecular 
heterogeneity were determined by g.p.c. (Tables I and 2). 
The g.p.c, measurements were carried out for pure 
D-PMMA and pure PSAN-19 in tetrahydrofuran with 
the freeze-dried polymer foams and with the scattering 
samples after the annealing procedure which is described 
below. As can be seen from these data the sample 
treatment has no influence on the molecular masses and 
their distributions (Table 1). 

The molecular masses of D-PMMA and PSAN-19 
were further determined by light scattering and visco- 
simetry, respectively, in butanone. The light scattering 
measurements were carried out at 25°C. The viscosi- 
metric measurements were made in Ubbelohde-capillary 
viscometers at 30°C (Table 2). The conversion from M, 
to Mw has been performed according to the relation1*: 

M,=(1--~)(M,/2)+(I +cQ(Mw/2 ) (18) 

where c~ is the exponent of the Mark-Houwink equation. 
The tacticity of D-PMMA was investigated by 13C 

n.m.r. The measurements were carried out by dissolving 
80 mg of the substance to be investigated in 2 ml CDC13. 
All spectra were recorded at 100.6Hz. From a com- 
parison of the s-methyl, the quaternary and the 
carbonyl-C atoms with the corresponding spectra of 
isotactic, syndiotactic and atactic PMMA, the tacticity 
of D-PMMA was determined 11'15 (Table 3). As these 
data show, the D-PMMA is highly syndiotactic. 

Sample preparation 
Weighed amounts of both polymer components and 

the pure components for the blank samples were 

Table 1 Molar mass average Mw and M. and non-uniformity of the 
pure polymers before and after sample preparation (including annealing 
for 3 h at 140°C) as determined by g.p.c. 

Mw (gmo1-1 ) M, (g mo1-1 ) U=Mw/M,-1 

Polymer Before After  Before After  Before After 

D-PMMA 224000 229000 121000 124000 0.85 0.85 
PSAN-19 248000 252000 127000 132000 0.95 0.91 

Table 2 Molar mass average Mw determined for the pure polymers 
with different experimental methods 

Polymer Method Mw (g mol- 1) 

D-PMMA g.p.c. 224 000 
Light scattering 226 000 

P S A N -  19 g.p.c. 248 000 
Viscosimetry 220 000 
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Table 3 Tacticity of D-PMMA determined by triad analysis of the 
mac n.m.r.-signal of the quaternary C atom. For comparison, the 
compositions of isotactic, syndiotactic and atactic PMMA are also 
given 

Isotactic Atactic Syndiotactic 
Triad PMMA PMMA PMMA D-PMMA 

Isotactic 0.85 s 0.219 0.023 0.042 
Heterotactic 0.13~ 0.53m 0.26m 0.326 
Syndiotactic 0.003 0.250 0.71~ 0.632 

dissolved in dioxane at a combined concentration of 
~ 2.5 %. The solution was rapidly frozen in a cold mixture 
of methanol and dry ice and was freeze-dried for about 
100h at increasing temperature (10-50°C). 

The polymer foams obtained with this procedure were 
hot-pressed under vacuum for about 15 min at 170°C at 
a constant pressure of 16 MPa. The samples were then 
cooled below the glass transition temperature at a cooling 
rate of about 5°C rain- ~ and constant pressure. Finally 
the samples were heated up again to 140°C, annealed for 
3 h at this temperature and than quenched in order to 
freeze-in the chain conformation. During the annealing 
procedure sufficient pressure was applied to guarantee a 
constant sample form. 

To test the influence of the preparation method on the 
scattering curves, some of the samples were additionally 
annealed for either 80 or 500h at 140°C as well as for 
10h at 160°C and then for another 10h at 140°C (see 
Tuhle 4). 

S A N S  experiments 
SANS experiments were performed using the D l l  

and D17 small angle diffractometers at the high flux 
reactor in the Institute Laue-Langevin (ILL), Grenoble, 
France ~6'~7. The D l l  measurements were made with a 
sample-to-detector distance of 10m and a neutron 
wavelength of 2 = 1.0 nm (A2/2 = 0.1 ). The D 17 measure- 
ments were carried out at sample-to-detector distances 
of 3.46 m and 1.4 m using a neutron wavelength of 1.5 nm 
(A2/2 = 0.1 ). This combination provided access to a range 
of scattering wave vectors of 0.03 rim- 1 < Q < 1 nm - 1. In 
all cases the neutron beam area at the sample was defined 
by a 1.2 cm diameter cadmium pinhole. Scattered neutrons 
were collected on a detector with area 64 c m x  64 cm. 

Data evaluation 
The two-dimensional scattering data were circularly 

averaged by ILL-supported routines is to obtain the 
one-dimensional form of scattering intensity versus 
momentum transfer Q. After subtracting the scattering 
contributions due to empty sample holder and electronic 
background, the resulting intensities were divided by the 
transmission factor and the sample volume. The correc- 
tions for counter efficiency were made with a water 
standard of I mm thickness. The same water standard 
was used to carry out the calibration to units of absolute 
scattering intensity (cm- 1). 

The total (single and multiple) scattering probability 
per solid angle from a water sample with thickness D is 
given by 

9(2)[ 1 -- exp( - D(dY~/dff~)w]/4n 

where (dE/df2)w is the total scattering cross-section of 
water. The factor g()~) takes into account changes in 
the detector efficiency for inelastically scattered neutrons. 
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At 2 =  1 nm and 1.5nm the following 9-factors were 
used19'2°: g(l nm)=0.96,  g(1.5 nm) =0.79. 

The background scattering contributions to the total 
measured scattering intensities of the mixtures have been 
estimated from the SANS intensities obtained from the 
blank samples of D-PMMA and PSAN-19. From the 
Q-independent tail of the scattering curves of the blank 
samples the incoherent contributions to the scattering 
intensities of the mixtures were calculated using the 
methods reported by Hayashi et al. 2~ and O'Reilly 
et al. 22. 

The coherent background scattering contributions 
were calculated according to Gawrisch et al. 23 and 
Akcasu et al. 24, using the relation: 

cola coil-- 
/cob((1), Q ) =  [(I)JID.PMMA + (i  - - O ) ~ N . 1 9 ]  2 (19) 

The coherent scattering intensities of the deuterated and 
protonated blanks, IC°h(Q), are obtained as the difference 
between the total scattered intensity and the flat 
incoherent background of the corresponding blank 
samples. This treatment of the coherent background 
implicitly assumes that all the samples (blanks and 
mixtures) have the same forward scattering. The problem 
of the subtraction of the coherent background is discussed 
in greater detail in Appendix A. 

After the correct subtraction of the background 
scattering, the remaining reduced scattering intensity per 
unit volume is given by the differential cross-section 
defined in equations (la) and (lb). In order to be able 
to express dE/dO in terms of the form factors of two 
polymeric components A and B, the copolymer PSAN-19 
is treated as a homopolymer consisting of average 
PSAN-19 monomer units. Table 5 lists the physical 
properties of the D-PMMA and PSAN-19 monomer 
units which were used for the data analysis. The scattering 
length b and the molar mass M of the average PSAN-19 
monomer unit have been calculated according to: 

p(PSAN) = xp(S) + (1 - x)p(AN) (20) 

where p is b or M and x=0.689 is the number fraction 
of styrene monomers in the average PSAN-19 chain. 0 
has been determined by density measurements 1 at 25°C 
and v has been calculated from 0 and Mo(v=Mo/ONo,  
where No=Avogadro ' s  number and M o = m o l a r  mass 
of the monomer). For a deuteration degree of the 
D-PMMA monomers of 98% one obtains a contrast 
factor K =2.78 × l021 cm -4 .  

As can be seen from the data in Table 5, the volumes 
of the monomer units of the D-PMMA and the average 
PSAN-19 chain are very similar. This means that the 
description of both components with the same lattice is 
well justified for this system. The lattice reference volume 

Table 4 Annealing procedure of the samples 

Experiment Procedure 

D17 measurements (Table 7) 

Dl l  measurements (Table 7) 

Special annealing of the 
sample with ~=0.173 

Special annealing of the 
sample with ~=0.358 

3 h at 140°C or 
2 h at 200°C 

10 h at 160°C + 10 h at 140°C 

80h at 140°C or 
500h at 140°C 

80h at 140°C 
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Table 5 Physical properties of the D-PMMA and PSAN-19 monomer units used for the data analysis 

Scattering length, b Molar mass, M Density, Q Volume, V 
Polymer Sum formula (10-12 cm) (g mol - 1) (g cm- 3) (10- 22 cm 3) 

D-PMMA CsDsO 2 9.795 108.17 1.278 1.406 
H-PMMA CsHsO 2 1.467 100.12 1.183 1.406 
PS CsH s 2.296 104.15 1.050 1.646 
AN C3H3N 1.801 53.06 
PSAN-19 CsH s (68.9%)+C3HaN (31.1%) 2.14 88.26 1.068 1.374 
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Figure 1 Small angle neutron scattering (SANS) from mixtures of D-PMMA and PSAN-19. Conditions: instrument, D l l ;  sample to detector 
distance = 10m; 2= 1.0nm; T=25°C. Annealing procedure: 10h at 160°C plus 10h at 140°C. Volume fractions of D-PMMA: (a) 0 ,  0.042; O, 
0.085; /k, 0.173; x,  0.264; +,  0.358. (b) $, 0.556; O, 0.661; II,  0.770; 1:], 0.883 

Vo was chosen as the arithmetic average of the monomer 
volumes VA and vB (Vo = 1.393 x 10 -22 cm3). This leads to 
polymerization degrees (N*)w ((N~')w=M~w/(QivoNo)) 
of 2120 for D-PMMA and 2630 for PSAN-19. 

RESULTS AND DISCUSSION 

SANS data 
In Figures la and b structure factors S(Q)/O(1-¢b) of 

the mixtures are shown in the Zimm representation at 
small Q-values. A comparison of the figures shows that 
very different scattering profiles are obtained for volume 
fractions • of D-PMMA less than and greater than 0.5. 

For  Q-values greater than 0.1 nm -1 the measured 
intensities of the samples with ~ > 0 . 5  (Figure lb) show 
a straight line behaviour, as one would expect according 
to equations (5) or (17). However, a totally different and 
unexpected scattering profile is obtained for the samples 
containing volume fractions of D-PMMA less than 0.5 
(Figure la). The Zimm representations of these scattering 
intensities show distinct inflections at Q-values of about 
0 .2nm-1,  with a stronger decrease of the reciprocal 
intensities for Q <0 .2nm -x. The q)=0.455 mixture of 
this sample set has an unexpectedly high scattering 
intensity. A second • = 0.455 sample prepared under the 
same conditions did not exhibit such a high scattering 
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Figure i SANS from mixtures of  D - P M M A  and PSAN-19 as in Figure ] but not corrected for coherent background contr ibut ions 

power. It is not shown in Figure 1 because a different 
instrument was used (D17 instead of D l l )  but it is 
considered in Table 7. 

Whenever unusual SANS patterns like those in Figure 
la are observed, one has to consider the possibility of 
an error in subtraction of the coherent background, 
caused, for example, by microvoid scattering. In Fiyure 
2a the scattering intensities of the samples with @ < 0.5, 
not corrected for coherent background contributions, 
are represented in the Zimm form. A comparison of 
Figures la and 2a shows that the subtraction of the 
coherent background has little effect on the profiles of 
these scattering data. As a matter of fact some of the 
scattering curves represented in Figure la show an 
increase of the reciprocal intensity at the smallest 
Q-values, indicating that in this Q-range too much 
coherent background has been subtracted. However, the 
effect of background subtraction decreases so rapidly that 
it has lost any significance for Q-values >0 .14nm -1. In 
particular it has no effect at all on the inflection of the 
scattering data at about 0.2 nm-1 

On the other hand, the more or less pronounced 
increase of the reciprocal intensities at the smallest 
Q-values (Q < 0.12 nm-  x) observed for the samples with 

> 0.5, is most likely due to a wrong subtraction of the 
coherent background. This can be seen from a corn- 

parison of the scattering data shown in Figure lb with 
those of Figure 2b, where no coherent background has 
been subtracted. In both cases the deviation from a linear 
behaviour occurs in the same Q-range (Q < 0.12 nm-  1), 
but in opposite directions. This indicates that the actual 
coherent scattering background of the mixtures is smaller 
than that estimated from the scattering intensities of the 
blanks according to equation (19). As is clear from this 
equation, the contrast between the inclusions which cause 
the coherent background scattering (see Appendix) and 
the polymer matrix increases quadratically with the 
volume fraction of the deuterated material. Therefore one 
expects any error in the background subtraction due to 
differences in the size distributions of the inclusions in 
the blanks and the mixtures, to show up much more 
strongly in the highly deuterated samples. 

The inflection observed in the Zimm plots could also 
indicate that a (partial) demixing of the polymeric 
components takes place. As all the samples - -  even after 
prolonged annealing - -  were highly translucent, the 
demixed phases, if they exist, must be of small domain 
size (significantly smaller than 400nm). Transmission 
electron microscopy (TEM) investigations 25 of the 
mixtures with • < 0.5 did not show any evidence for the 
existence of phase separation on a scale larger than 5 nm. 
As TEM is sensitive only to strongly demixed phases, 
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Figure 3 SANS from mixtures of D-PMMA and PSAN-19 showing the dependence of the excess scattering on annealing conditions. Volume 
fractions of D-PMMA and annealing conditions: (a) (1)=0.173; O, O, 3h at 140°C; A, 80h at 140°C; V, 500h at 140°C; F1, 10h at 160°C plus 
10h at 140°C. (b) (I)=0.358; O, 3h at 140°C; O, 80h at 140°C. (c) @=0.556; <>, 3h at 140°C; $, 10h at 160°C plus 10h at 140°C 

this does not rule out, however, the existence of phases 
with slightly different compositions. 

Further evidence against phase separation is provided 
by the scattering curves shown in Figures la and b. For 
all mixtures the extrapolation of the Zimm plots to Q = 0 
yields intersections with the ordinate larger than 1/(/V)w. 

If there were any tendency to phase separation due to 
the incompatibility of both components, intersections 
smaller than 1/(/V),  would be expected. 

In an attempt to understand the origin of the scattering 
behaviour of the mixtures with low D-PMMA contents 
it is also necessary to investigate whether the scattering 
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Figure 4 SANS from mixtures of D - P M M A  and PSAN-19. Conditions: instrument,  D17; sample to detector distance = 3.46 m; 2 = 1.5 nm; T = 25°C. 
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behaviour is preparation dependent. For this purpose 
samples with largely different annealing conditions were 
prepared (see Table 4). The effect of the different 
annealing treatments is shown in Figures 3a to c for 
mixtures containing D-PMMA volume fractions of 0.173, 
0.358 and 0.556, respectively. For these blends new 
samples as well as new blanks were prepared for the 
different annealing conditions. 

As Figure 3a (O=0.173) demonstrates, the inflection 
in the scattering curve does not vanish but becomes even 
more pronounced with increasing annealing time. In 
Figure 3b the Zimm representations of the 0=0.358 
sample annealed for 3 and 80 h at 140°C are shown. After 
an annealing time of 3 h only a slight inflection can be 
observed. With prolonged annealing of the same sample 
this inflection becomes very pronounced due to a strong 
increase of the scattering intensity at Q values smaller 
than 0.17 nm-1. For both volume fractions, the extra- 
polation of the Zimm plots from the steep part of the 
curves to Q =0 does not yield intercepts smaller than 
1/(bT)w. This again shows that the unusual scattering 
pattern is not due to demixing effects of both polymer 
components. 

For the 0=0.556 samples (Figure 3c) no significant 
effect of the annealing time on the scattering behaviour 
was observed within the experimental accuracy (relative 
systematic errors about +4%). It is noteworthy that 
prolonged annealing does not give rise to a bend in the 
Zimm representation of the scattered intensity for this 
mixture. 

The small angle measurements with D 17 were obtained 
from new samples. With the standard annealing pro- 
cedure (3 h at 140°C) similar results have been obtained, 
as shown in Figures la and b. Since the Q-values are 
somewhat greater, the linear range of the scattering 
curves is larger and the range of excess scattering is 
smaller than in Figure 1. The • = 0.455 mixture exhibited 
no excess scattering in this experiment. 

A more homogeneous scattering behaviour is obtained 
when the samples are annealed at 200°C (Figures 4a and 
b). Clear deviations from a linear profile are observed 
for all the mixtures, irrespective of the volume fraction 
of D-PMMA. A comparison of the scattering curves of 
the samples annealed at 140°C and 200°C shows that the 
absolute intensities and the slopes of the linear parts of 
the intensities are also different. In Figures 5a and b the 
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but not  corrected for background scattering 

scattering intensities of the samples annealed at 200°C 
and not corrected for the coherent background scattering 
are represented. From a comparison of Figures 4 and 5 
it is obvious that coherent background subtraction has 
very little effect on the scattering profiles. In particular 
it has no effect at all on the inflection of the scattering 
curves. 

The discussion on the SANS curves obtained from 
samples which were annealed at 140°C is not applicable 
in every respect to the curves in Figures 4 and 5. 
In particular the ordinate intercepts of the curves in 
Figures 4 and 5 are so near to zero that in these 
measurements the formation of larger aggregates cannot 
be excluded. 

Anomalous scattering effects have been repeatedly 
observed in SANS, X-ray and light scattering investi- 
gations on moderately concentrated polymer solutions 
in good, low molecular mass solvents. Koberstein et al. 26 
as well as Wendt and Springer 27 described the non- 
linearity in the Zimm plots in terms of 'excess scattering' 
contributions, not related to the single chain form factor. 
No explanation of the physical origin of this excess 
scattering is given. Dautzenberg 28 explains the anomalous 
scattering behaviour by the assumption of a molecular 
network, which is formed as soon as the polymer con- 
centration is sufficiently high for a significant overlapping 

of the chains to occur. Thus the deviation from a linear 
form of the Zimm plots is explained by intermolecular, 
rather than intramolecular, scattering contributions. 
Schwahn et al. 6 obtained no excess scattering in SANS 
experiments on blends from polystyrene and poly(vinyl 
methyl ether). 

As already mentioned, the scattering data have to be 
extrapolated to Q = 0 in order to determine the general- 
ized Flory-Huggins parameter and the radius of gyration. 
It therefore needs to be clarified whether the extra- 
polation should be carried out from the steep or the fiat 
part of the Zimm curves. In other words we have to find 
out if the inflection in the Zimm representations is caused 
by a special non-Gaussian chain form factor (intra- 
molecular effects) or by non-thermodynamic inter- 
molecular scattering contributions. Only if the whole 
scattering intensity is due to intramolecular or thermo- 
dynamic effects can it be described by equation (2) over 
the whole Q range. In this case the extrapolation must 
be carried out from the steep part of the Zimm curves. 

In Table 6 the radius of gyration, Rg, values obtained 
by fitting a straight line through the measuring points of 
the steep and fiat regions of the Zimm representations 
are listed. The average degrees of polymerization of the 
mixtures calculated by equation (6) were used for this 
purpose. For the @=0.77 and 0.883 mixtures annealed 
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at 200°C no straight line could reasonably be fitted 
through the measuring points at the smallest Q values. 
For 0=0.455 and 0.556, negative intercepts were 
obtained. Therefore no Rg value was evaluated for these 
samples. For all the other samples the extrapolation from 
the steep part of the Zimm curves yielded very large Rg 
values. The values are about three times as high as those 
measured in the diluted systems 3, D-PMMA dissolved 
in PSAN-19 (16.0nm) and PSAN-19 dissolved in 
D-PMMA (17.6 nm, extrapolated z-averages*). 

On the other hand all radii of gyration determined by 
extrapolating the scattering data from the fiat part of the 
Zimm representations are in fairly good agreement with 
the values measured in the bulk state 2'8 for the single 
components PMMA (14.8 nm) and PSAN- 19 (15.4 nm)*. 
This is in accordance with the results expected from 
theoretical considerations 4. These data indicate with 
great certainty that the inflection in the Zimm curves is 
not related to single chain scattering contributions. 

To confirm this conclusion further an additional test 
was carried out by measuring the chain conformation of 
the D-PMMA molecules in a thermodynamically concen- 
trated but optically dilute system. For this purpose a 
mixture containing 35 mass% PMMA (1% of which was 
perdeuterated) and 65% PSAN-19 was prepared accord- 
ing to the usual procedure described above. The 
protonated sample had a molar mass of 250 000 g mol-1 

* To aid comparison the radii of gyration from the cited literature were 
corrected in the following way: The original data were interpolated for 
matching the molecular weights of the samples in this paper (225 000 
for PMMA and 234000 for PSAN-19). The data were then corrected 
for the different non-uniformities according to29: 

2 (Rg } ...... = (R2},f( c, )/f(U2) 

with 

l+2U F(1/U+3+~)(1 +1]' 
f (U)  I + U  F(1/U~))  \ U  / 

The meaning of ~: is given by the relation R ~ M I + L  U 1 is the 
non-uniformity of the samples in this paper (0.85 for PMMA and 0.93 
for PSAN-19), U z is the non-uniformity of the samples in the cited 
papers. 
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and a tacticity similar to D-PMMA. Figure 6 shows 
a comparison of the Zimm representation of the scatter- 
ing intensities of this sample and the concentrated 
mixture with 0=0.358. Both samples were annealed for 
about 3h at 140°C. Totally different scattering curves 
were obtained. Most important, however, no inflection 
occurred in the Zimm representation of the optically 
dilute system. The radius of gyration, (Rg}z=14.9nm 
determined from the slope of the straight line, is in good 
agreement with the value determined in the bulk state s 
(14.8 nm). 

According to the above experimental evidence we can 
conclude that the inflection observed in the Zimm 
representation is not caused by intramolecular but rather 
by intermolecular scattering contributions. This means 
that the radii of gyration and the generalized Flory- 
Huggins parameters need to be determined by extra- 
polating the scattering data from the fiat part of the Zimm 
representations, dismissing the data at small Q values. 
This extrapolation has been performed linearly. Kober- 
stein's extrapolation procedure 26 has been tried but it 
did not yield the best reproduction of scattering data in 
any case. 

Table 6 Radius of gyration, Rg, evaluated from the steep and flat part 
of the Zimm plots 

Annealing Volume Rg (nm) R, (nm) 
condition fraction, @ (steep part) (flat part) 

10h at 160°C 
+10h  at 140°C 

2 h at 200:C 

0.085 39 14.6 
0.128 45 13.1 
0.173 47 13.1 
0.264 49 12.2 
0.358 53 12.0 

0.085 39 16.1 
0.173 45 16.1 
0.264 50 16.0 
0.358 46 15.8 
0.455 negative intercept 16.1 
0.556 negative intercept 16.7 
0.661 46 16.2 
0.770 16.4 
0.883 - 16.7 
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Figure 6 SANS from mixtures of PMMA and PSAN-19. × ,  qb(D-PMMA)=0.358, qb(PSAN-19)=0.642; ~ ,  qb(D-PMMA)=0.0031, 
tl)(H-PMMA)=0.307, O(PSAN-19)=0.690 (optically thin) 
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Table 7 Radii~fgyrati~nR~(=~/2)ande~ectiveinteracti~nparametersF(seeequati~n(3))fr~mneutr~nscattering~xperiments~nmixtures 
of D-PMMA and PSAN-19 evaluated according to equation (5). ( /q)~ calculated according to equation (6) with (N*)w=2120 (D-PMMA) and 
(N*)w=2630 (PSAN-19) 

D17 measurements D l l  measurements D17 measurements 
Mass Average (after annealing at 140°C) (after annealing at 140°C) (after annealing at 200°C) 
fraction of Volume polymerization 
D-PMMA, w fraction, d> degree, (.~)w Rg (nm) - F( x 103) Rg (nm) - F( x 103 ) Rg (nm) - F( x 103) 

0.05 0.042 2137 15.2 25.5 15.4 27.8 
0.10 0.085 2156 14.2 22.9 15.0 27.9 16.1 16.4 
0.20 0.173 2194 13.2 25.2 13.0 26.4 16.1 14.9 
0.30 0.264 2234 12.7 22.2 11.7 26.1 16.0 15.2 
0.40 0.358 2278 12.2 20.5 11.7 22.2 15.8 13.5 
0.50 0.455 2325 13.4 16.4 13.5 12.5 16.1 9.8 
0.60 0.556 2376 14.5 13.0 14.4 15.0 16.7 9.6 
0.70 0.661 2432 15.2 11.0 14.5 11.0 16.2 6.4 
0.80 0.770 2492 16.1 7.7 16.1 7.4 16.4 4.7 
0.90 0.883 2558 16.3 5.7 16.7 3.7 
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Figure 7 Effective interaction parameter F (equations (3a) and (b)) 
versus the volume fraction @ of D-PMMA in mixtures of D-PMMA 
and PSAN-19. (a) Samples annealed at 140°C; O, D17 instrument; 
+,  D l l  instrument; O, data from refs 1 and 3 annealed at 130°C. (b) 
Samples annealed at 200°C; D17 instrument 

•-Dependence of the effective Flory-Huggins parameter 
and the radius of gyration 

Effective Flory-Huggins parameter. The @-dependence 
of the effective Flory-Huggins parameter F was deter- 
mined for mixtures annealed at 140°C and 200°C. The 
140°C samples were measured using the D l l  and D17 
diffractometers, while the 200°C samples were measured 
using the D17 diffractometer only. The preparation 
conditions of the different samples are listed in Table 4. 
The effective Flory-Huggins parameters were evaluated 
from the Zimm representations of the scattering intensi- 
ties according to equation (9). They are compiled in 
Table 7, together with the average polymerization degrees 
(bT(@)) w used for this purpose, the latter being calculated 
according to equation (6). 

The F-profiles obtained for both annealing tempera- 
tures are shown in Figure 7. As can be seen from this 
figure, the F-values of the 140°C samples obtained from 
measurements using different instruments are identical 
within experimental certainty. Negative F-parameters of 
very high magnitude (IF(@)i>> 1/(bT(@))w) are obtained 
over the whole @-range, indicating that the system 
D-PMMA/PSAN-19 is highly compatible. The effective 
Flory-Huggins parameters of the samples annealed at 
200°C are significantly smaller than those of the samples 
annealed at 140°C. 

The F-parameters measured in the dilute systems of 
D-PMMA in PSAN-19 and PSAN-19 in D-PMMA 3 for 
annealing temperatures of 130°C are also shown in 
Figure 7a (F = - 0.015 and - 0.0097, respectively). These 
data agree fairly well with F(0) and F(1) obtained from 
an extrapolation of the F-profile determined in the 
concentrated systems. The latter are more reliable due 
to the larger effects in the scattering intensity at higher 
concentrations. 

In Figures 7a and b the solid lines represent linear fits 
of the experimental data. With the boundary condition 
@(1-@)Z(@)=0 for @=0 and 1 it can be shown that 
X(@) is a polynomial of the same order as F(@) (see 
appendix B). Inserting the linear fits for F(@) in equation 
(3) the z-profiles of Figure 8 were determined. As can be 
seen from this figure, the z-parameter increases with 
increasing volume fraction of D-PMMA for both anneal- 
ing temperatures. For the higher annealing temperature 
the x-parameters are of smaller magnitude irrespective 
of the composition of the mixture. 
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Figure 8 Flory-Huggins parameter Z (equation (3a)) versus the 
volume fraction ~ of D-PMMA in mixtures of D-PMMA and 
PSAN-19. The lines drawn for 140°C and 200°C were calculated 
according to equation (3b) from the lines in Figures 7a and b, 
respectively 

Radii of gyration. The radii of gyration Rg( =---g(/~2,~,21/z~, 
determined from the Zimm representations of the 
mixtures of the three sample sets are listed in Table 7. 
This evaluation was performed according to equation (5) 
using (/V)w as calculated with equation (6) and the 
experimentally determined F. In Figure 9 the (Rg(O)) 
profiles of the samples are represented. For comparison, 
the z-average radii of gyration determined in the bulk 
state 2'8 and the dilute mixtures 3 are also shown. The 
dashed lines represent the profile of the average radius 
of gyration (/~g)z, according to equation (7). Note that 
both values on the ordinate are radii of PMMA molecules 
and that radii of PSAN-19 occur at O(D-PMMA)= 1. 

From Figure 9a it can be seen that the Rg profile of 
the concentrated mixtures annealed at 140°C shows a 
clear O-dependence with a pronounced minimum at 
about O= 0.35. Around this minimum the (Rg)~ values 
are smaller than those determined in the bulk state of 
both components. A similar small (Rg)z value is not 
observed for the thermodynamically concentrated but 
optically dilute system (mixture with O(PMMA)=0.31, 
1% of which deuterated). Within experimental certainties 
the radius of gyration of D-PMMA measured in the 
optically dilute system agrees with that determined in the 
bulk state. The radii of gyration Rg(0) and Rg(1) 
extrapolated from the Rg profile for • to 0 and 1 agree 
well with the values determined in the diluted systems. 

As can be seen from Figure 9b, the Rg profiles of the 
mixtures annealed at 200°C do not show a significant 
O-dependence. Within the experimental certainties they 
agree with the radii of gyration expected from the 
measurements in the bulk state. There seems to be a 
trend to slightly lower Rg values in the middle O-range. 
For this sample set too, the extrapolated radii of gyration 
Rg(0) and Rg(1) are in good agreement with those 
determined in the dilute systems. 

According to equation (12) a non-linear O-dependence 
of the apparent radius of gyration can be described with 
a Q-dependent F-parameter. If this view is adopted, from 
the difference between experimental points ((/~)~) and 
the dashed lines (= (/~gz)~) in Figure 9 the quantity ro z in 
equation (12) can be calculated. 

However, the O-dependence of the radii of gyration 
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could also reflect actual changes in the chain conforma- 
tion. Such conformational changes could be caused, for 
example, by the influence of the intermolecular inter- 
actions on the rotational states of both chains. As will 
be discussed later, scattering data in the intermediate 
Q-range provide evidence that this is actually the case 
for the system under consideration. 

Scattering data at intermediate Q-values 
For a binary mixture of two 'Debye chains' with 

identical Schulz-Flory molecular mass distributions, the 
form factor S(Q) at intermediate and high Q-values can 
be described to a good approximation by the quantities 
Rg and F, determined in the small-angle regime (see 
equation (17)). This means that the scattering data at 
intermediate Q-values can be used to check the validity 
of the evaluation procedure of the small-angle data. 

Measurements at intermediate Q-values were carried 
out only for the sample set annealed at 1 4ff'C. In Figures 
lOa to d the scattering intensities are represented in the 

18 

16 

14 

12 

10 

[nm] a 

. . . .  X . . . . . . . . . . . . . . .  4 . . . . . . . . . . . . . . . . . . . . . . .  w . . . . . . . . . . . . . . . . . . . .  • 

+ + 

012 014 or6 018 110 

~1/~2,~ [nm] b 

18 

16 

14 

12 

10 

J 

o12 o14 o16 o18 11o 

Figure 9 Radius of gyration ~ / ( /~)z  versus the volume fraction ~ of 
D-PMMA. Annealing temperature: (a) 140°C; (b) 200°C. Instrument 
used: D, *, D17; +, D11. Q, Values from dilute systems3; m, bulk 
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Figure 10 Kratky plot of SANS data at intermediate Q-values. Volume fractions qb of D-PMMA: (a) 0.042; (b) 0.173; (c) 0.455; (d) 0.770. Drawn 
lines calculated according to equation (17) with (R~) z and F from limQ~o results 

so-called Kratky form (S(Q)Q2/[~(1-(I))] versus Q) for 
four different volume fractions of D-PMMA. The dashed 
lines are the intensity profiles calculated according to 
equation (17) using the (N)w(~), the Rg((I)) and F(O) 
values (D17 measurements), listed in Table 7. As can be 
seen, the small-angle data provide a reasonably good 
description of the experimental data at intermediate 
Q-values. The deviations observed at Q-values larger 
than 0.8 nm-1 are most likely related to errors in the 
subtraction of the incoherent background. It should be 
mentioned that for Q >0.3nm-1 no deviations larger 
than 10% were observed for any of the samples 
investigated. 

These results show that the evaluation method applied 
to the small-angle data - -  namely the dismissing of the 
scattering intensities at the smaller Q-values - -  results in 
Rg and F-values which allow a consistent description of 
the intermediate Q data. Furthermore they demonstrate 
that the scattering intensities at intermediate Q-values 
can be described with a Debye form factor for both 
chains. As already mentioned, neutron scattering data of 
PMMA in the bulk state deviate significantly from a 
Debye-like scattering behaviour, showing a maximum 

830 in the Kratky representation' at Q~0.5nm -~. A 
maximum at about the same Q-value was also found in 
mixtures of poly(ethylene oxide) and PMMA 31. 

As can be seen from Fioure 10 the scattering data of 
the mixtures do not provide any evidence for the existence 

of a maximum in the Q-range investigated. To make 
sure that maxima (if they exist) are not suppressed 
by the large magnitudes of the interaction parameters 
F(~), a 'corrected' bulk structure factor was calcu- 
lated for ~=0.042 according to equation (18), where 
(N*)wPA(Q) = (N*)wPB(Q)= (N*)wP(Q) was inserted 
in equation (2): 

(I)(1 - , )/Sco,r(Q ) = [ ( N*  )wP(Q )] - '  - 2(I)(1 - (I))F((I)) 

(z8) 
The PMMA structure factor measured in the bulk state 8 
and F((I))=-0.0255, as determined for the ~=0.042 
mixture (see Table 7) were inserted in equation (18) for 
(N*)wP(Q) and F(0.042), respectively. As can be seen 
from Figure 9 the PMMA chain extension in the bulk 
and in the (I)= 0.042 mixture is the same within the limits 
of experimental certainty. Therefore one would expect 
the Kratky representations of the 'corrected' structure 
factor and the (I) = 0.042 mixture to be the same, assuming 
that the PMMA chain has a 'Debye conformation' in 
both systems. As is discussed in ref. 4, the 'Kratky 
plateau' can be considered to be a measure of the average 
monomer density of a chain, i.e. it should depend on the 
chain's extension only. This conclusion is only slightly 
affected by the contributions of the PSAN-19 form factor 
to the measured structure factor of the (1) = 0.042 mixture. 
As the chain extensions of D-PMMA and PSAN-19 are 
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not too different, deviations resulting from these contri- 
butions should be considerably smaller than 5%. 

In Figure 11 the Kratky profiles of the 'corrected' 
structure factor and the structure factors measured in the 
bulk state of PMMA and in the @=0.042 mixture are 
represented. As can be seen, the maximum in the 
scattering curve of the bulk data is considerably modified 
by the introduction of the interaction parameter F(O). 
For Q < 0.5 nm- 1 the 'corrected' structure factor of the 
bulk data is in excellent agreement with that of the 
structure factor of the ~=0.042 mixture. As already 
mentioned, the accordance of the Kratky profiles at small 
Q-values simply reflects the fact that the PMMA chain 
has the same extension in both environments. For 
Q-values larger than 0.5 nm- 1 the Kratky profiles of the 
'corrected' bulk data and the • = 0.042 mixture start to 
deviate from each other. Whereas the bulk data decrease, 
giving rise to a maximum at about 0.5 nm- 1, the mixture 
data increase slightly over the entire Q-range. 

The question arises as to whether this deviation 
indicates an actual difference in the local conformation 
of the PMMA chain in both environments or whether 
it is related to a systematic error in the subtraction of 
the incoherent background. As is indicated by the error 
bar in Figure 11 the experimental errors of the mixture 
measurement cannot account for the differences in the 
structure factors. To investigate the influence of the 
incoherent background subtraction on the Kratky profile, 
the scattering data of the ¢=0.042 mixture were 
re-evaluated by subtracting an 'incoherent background' 
which was arbitrarily chosen to match the Kratky profiles 
of the mixture and the 'corrected' bulk data at large Q 
values. As can be seen from Figure 12 this procedure 
leads to significant deviations in the Q-range from 0.4 to 
0.7nm-1, indicating that the differences in the corre- 
sponding Kratky profiles, shown in Figure 11, are most 
likely not related to an incorrect subtraction of the 
incoherent background. 

This would mean that the local chain conformation of 
PMMA in the bulk state is different from its conforma- 
tion in the concentrated mixtures of D-PMMA/PSAN- 
19. This, however, is in contradiction to the generally 
accepted assumption that the chain conformation is the 
same in the bulk and in concentrated mixtures. As 
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mentioned earlier such conformational changes could be 
caused, for example, by the influence of the inter- 
molecular interactions on the statistical weights of the 
rotational states of the chain molecules. That inter- 
molecular interactions might actually have an influence 
on the chain conformation, despite excluded volume 
effects, can also be concluded from X-ray investigations 
of the chain conformation of PMMA dissolved in 
different low molecular mass solvents 3°. As can be seen 
from Figure 13, the Kratky representation of the scattered 
intensity shows a pronounced minimum at Q = 2.5 nm- 1 
(~=3.5 °) for PMMA dissolved in a 0 solvent. With 
increasing quality of the solvent this minimum flattens 
out significantly, so that for the best solvent investigated 
(benzene) the Kratky profile almost has the form of a 
plateau. The disappearance of the pronounced minimum 
for good solvents is in agreement with the observation 
that in the good, high molecular mass solvent PSAN-19, 
the PMMA form factor does not show a maximum either. 

In the framework of this picture it may be imagined 
that the chain conformation also changes with the 
composition and the thermal treatment of the mixtures. 
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This would mean that the ~-dependence of the radius of 
gyration of the 140°C samples does not necessarily 
indicate a Q-dependence of the F-parameter. It could 
also be due to changes in the actual conformations of 
the chains. 

However, it has to be stressed that this hypothesis is 
speculative as long as there is no clear proof that the 
chain conformation in the bulk and in the concentrated 
mixtures is really different. In order to obtain the 
necessary information, measurements at Q-values larger 
than 1 nm-1 have to be carried out. In this Q-range 
possible differences in the local conformations of the 
chain molecules can be detected. However, on conven- 
tional diffractometers, such as the D17, these measure- 
ments suffer from the uncertainties in the subtraction of 
the incoherent background. Therefore the 'wide angle' 
measurements will have to be carried out on a diffracto- 
meter with spin analysis capabilities which allow experi- 
mental determination of the incoherent background a2. 
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APPENDIX A 

Subtraction of the coherent background 
We will assume that the coherent background is due 

to inclusion of particles such as solvent residues, catalyst 
residues or voids. No contributions due to density 
fluctuations are taken into account. It will further be 
assumed that the particle density of the sample containing 
inclusions can be derived from the particle density of an 
inclusion-free sample by means of a mask function V(.~'), 
defined as: 

and 

ifa monomer unit occupies lattice site A" 

if an inclusion particle occupies lattice site A" 

1/vj v(~) d)( = # 

where # is the volume fraction of the inclusions 
(V = scattering volume). 

The description of the inclusions by means of a mask 
function means that no interfacial effects, such as a change 
of the chain conformation in the interface area, are taken 
into account. 

With the mask function V(.~) the particle density q(A') 
of the sample containing inclusions can be written: 

Q(A') = Qf()()- Qf(X)V(X) + Qv V(.~ ) (A1) 

where Qf(A') is the particle density of the inclusion-free 
sample and Qv is the homogeneous particle density of the 
inclusions. 

In the lattice model the particle density Qf(.~) of a 
binary incompressible mixture can be written: 

Qf(X') =/)o 1 [ ~  (I)A(xY) -'~- L~BO (I)B(~')I (A2) 

where ~A(A') and ~n(A') are dimensionless density 
functions defined in the Theoretical Background section. 
VA and vB are the monomer volumes of both components 
and v o is the volume of a lattice cell. The density functions 
~A(X) and ~R(X') can be written in the form: 

where * and (1 -~I)) are the average values of*A(X) and 
• B(A') and A(1)A(X ) and AeB(X ) are the local deviations 
from these mean values. According to the incompressi- 
bility c o n d i t i o n  A ( I ) A ( _ , ~ ) = - A * B ( A ' ) = A * f ( A ' ) .  That 
means ef(A') can be rewritten: 

(A3) 

From equation (A3) one obtains for the scattering 
amplitude 33 of the inclusion-free samples: 

Af(O~)=v°lV~bAV° +(1-~)bB~] 1)A 

+ Vot(bA V°-b.  v°~ A(I:)f(0) (A4) 
k VA VB/ 

with the delta function 6~0)=Sexp(i(~A')dA" and the 
Fourier transform of A~r(X): 

A~f(()) = ~A~r(-~') exp(iQA') dA" 
J 
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Note that for Q :# 0 the differential cross-section per unit 
volume of a homogeneous binary mixture can be written: 

dE(Q) 1/V(Af(O.)Af(-Q)) V-1UO 2 
dfl 

IAs) 
\ VA VB/ 

where V is the scattering volume containing N 
lattice sites. The angular brackets denote a thermal 
and spatial averaging. The dimensionless quantity 
Vo2(AOf(0)/~(1)f(-Q)) can be considered to be the 
scattering power of these N lattice sites. Therefore the 
scattering power S(Q) per lattice site is given by: 

S(Q)=N-lvo2(Af~f(O)A~f(-O)} (A6) 

Inserting equation (A6) into equation (A5) one obtains 
the following equation for the differential cross-section 
per unit volume of a binary incompressible mixture not 
containing any inclusions (see equations (la) and (lb)): 

d~f (Q) = Vo 1 b A UA VB,/ S(Q) = v o - 

(A7) 

where S(Q) for a binary mixture in the mean field random 
phase approximation is given by equation (2). 

The scattering amplitude for a system containing 
inclusions can be derived from the density function of 
equation (A 1): 

A(O,)=af(O_)iAf(Q)*V(O,)+bvevV(O,) (as) 

where * denotes the faltung product defined as 

Af(Q)* V(Q)= JA (~i) V(Q - O) d (_] 

With 3(0)*V(0)= V((?)one obtains: 

Af(Q)*V(O)=Voi {[ObA ~ +(1--aP)bn ~:JV(Q) 

+ bA - b .  A*f(0)*V(0) 
U A 

Inserting this expression into equation (A8) yields: 

h(O):af(O)--UolI[(I)(bAU°--bv vO) 
c l  \ 

::) } -'}- b A - b  B A(I)f(0)* V(0 ) (A9) 
VA 

Inserting the scattering amplitude: 

of the inclusion-free blank samples (AOfa/B(Q) = 0 accord- 
ing to the incompressibility assumption) into equation 
(A9) one obtains: 

A(Q ) = Af(Q)- [OAA(Q) + (1 -- O)Aa(0)] 

--Vol(bA\ vAVO-b.~:)AOf(O)*V(O) (AIO) 
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where we have assumed that V(0) is the same for the 
blank samples and the mixtures. 

As expected, relation (A10) shows that generally the 
contribution of the faltung product to the coherent 
background cannot be corrected by subtracting the 
scattering contributions of the blank samples. Only in 
the special case of very large inclusions (significantly 
larger than the extension of the chain molecules) does 
the situation become simple again. Then V(Q) has the 
form of a relatively sharp peak around Q=0 and the 
faltung product can be replaced to a good aj~proximation 
by the product ~V(O,)d(Q)A~r(O_)=pA@f(Q). 

Using this approximation the scattering amplitude for 
0~a0 can be written: 

A (Q_, ) = (1-- i,,l)vo l(b A V° -- bB ~)AOf(Q ) 
\ l) A 

- 

(. \ UA 

U 0 

As can be seen from equation (All) the effect of the 
inclusions in this case is to reduce the magnitude of the 
scattered amplitude of the inclusion-free mixture by the 
volume fraction p of scattering volume occupied by the 
inclusions. 

For the differential cross-section one obtains: 

dE (~ ~2) 2 
dl.l (Q) = (1 _/x)2Vo A s(o)+(Vvg)-i  

~A 

x [(I)b A v° +(1-O)buV°-bvV°]  2 
L UA UB lYV/ 

× ( V ( ( ~ ) V ( -  Q) }  (A12) 

Notice that the cross-term (A(I)f(0)V ( -  4)) vanishes for 
0 :# 0 as the locations of the inclusions are not correlated 
to the locations of the chain molecules in the inclusion- 
free sample. 

With the differential cross-sections of the blank 
samples: 

/ Vo Vo \2 ~Xn tQ'A,B=(Vvg'-'tDA/.vA/:--DVvv ) (V(O_'V(--O)) 
equation (A12) can be written as: 

d ~  ( Q ) = ( 1 - / x ) 2 v °  , - 

F /dE "~1/2 /dE "~ 1/2-]2 

(A13) 

as was assumed in the treatment of the coherent 
background subtraction described in the Experimental 
part. On the other hand the term (1 - /0  2 is not taken 
into consideration in this procedure. As the volume 
fraction/~ of inclusions is normally very small (/~<< 1 ) this 
effect should be negligible in most cases. 

It should be mentioned that the faltung product cannot 
be responsible for the 'excess' scattering contributions 
observed in some of the mixtures. As can be seen from 
equation (A9) this term is independent of the volume 

P O L Y M E R ,  1992,  Vo lume  33, Number  24 5 1 6 5  



Structure and thermodynamics in blends." K. Hahn et al. 

fraction • and therefore it should be the same for all 
mixtures, in contradiction to the experimental results. 

APPENDIX B 

For 1-" a linear polynomial is assumed: 

F = a o + a ~  (B1) 

Then according to equation (3b) 

(I)(l-(I))~(((l))= -ao(~k2-~lt~D3Jr-Cl(~-.~-C2 (B2) 
3 

is obtained. C1 and C 2 a r e  the integration constants. 
From the boundary condition ~(1-tI))z(O ) =0  at O= 0 
and O= 1 one obtains C2=0 and C~=ao+(al/3). This 
yields: 

a 1 
X(O)=go+glO with go=ao+ 3 and ga=~-  (B3) 
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