
Macromolecules 1995,28, 2519-2525 2519 

Composition and Temperature Dependence of the Segmental 
Interaction Parameter in Statistical CopolymedHomopolymer 
Blends 

D. W. Schubert,*9t V. Abetz,*?* M. Stamm? T. Hack,? and W. Si016 
Max-Planck-Institut fur Polymerforschung, Postfach 3148, 55021 Mainz, Germany, Institut 
fur Organische Chemie, Johannes Gutenberg-Universitat Mainz, Postfach 3980, 55099 
Mainz, Germany, and Rohm GmbH, Postfach 4242, 64201 Darmstadt, Germany 
Received July 9, 1994; Revised Manuscript Received December 22, 1994@ 

ABSTRACT: The polymer blend system of deuterated polystyrene (PS(D)) and a statistical copolymer 
poly(cyclohexy1 acrylate-stat-n-butyl methacrylate) (P(CHAI-,-stat-nBMA,)) was investigated by small- 
angle neutron scattering (SANS) and neutron reflectometry (NR). The Flory-Huggins-Staverman 
interaction parameter x was determined as a function of temperature and copolymer composition in the 
one- and two-phase regions by SANS and NR, respectively. By a combination of both methods compatible 
and incompatible blends could be investigated. I t  is shown that theoretical treatments of the two regimes 
are consistent. The phase diagram is calculated where a switching from an upper critical solution 
temperature to a lower critical temperature behavior is predicted. 

Introduction 
The understanding of compatibility between different 

polymers is one of the major problems in the field of 
polymer blends. Much experimental and theoretical 
work has been done in order to get insight into the 
quantities controlling the phase behaviour of polymer 
b lend~. l -~  

Only a few examples are known, where two ho- 
mopolymers are miscible. Statistical copolymers, on the 
other hand, may be tuned to show miscibility with 
homopolymers or other statistical  copolymer^.^ Well- 
known examples are blends of poly(styrene-stat-acry- 
lonitrile) and poly(styrene-stat-maleic anhydrideP or 
blends of poly(methy1 methacrylate) and poly(styrene- 
stat-a~rylonitrile)~ for the first and second kinds of 
blends, respectively. In both of these examples none of 
the basic homopolymers are compatible with the other 
component. The induced compatibility can be under- 
stood in terms of the different contributions of segment 
interaction to the Flory-Huggins-Staverman X-param- 
eter and is called the Ax effect, as first described for 
ternary polymer solutions by Patterson.lo Miscibility 
can also be achieved by a combination of monomers A 
and B in a statistical copolymer P(AB), when at least 
one of them is miscible with the other component C, 
which is used in the present system. 

While scattering techniques like small-angle X-ray or 
neutron scattering (SAXS, SANS) as well as light 
scattering have been applied in numerous cases for the 
study of phase behaviour and decomposition kinetics of 
polymer blends, the technique of neutron reflectometry 
(NR) has only been applied in some selected cases for 
the determination of segmental interaction in polymer 
blends.l1-l3 Examples are blends of poly(viny1 chloride) 
with poly(methy1 methacrylate) (PMMA)14 or poly(viny1 
methyl ether) with polystyrene (PS).15 In those cases 
initial stages of interdiffusion at an interface can be 
followed, since NR has good sensitivity only for interface 
widths typically smaller than 15 nm.12 It thus is in 
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particular also an ideal technique for the investigation 
of incompatible polymer blends where the equilibrium 
interface width is typically in the range between 1 and 
15 nm depending on the compatibility of the compo- 
nents. Examples of those investigations by NR are the 
systems PS versus PMMA16 or PS versus poly(styrene- 
stat-p-br~mostyrene),~' where in the latter case compa- 
tibility can be tuned by the degree of bromination in 
the statistical copolymer. 

In this study we examine the X-parameter in blends 
containing 50 wt % deuterated polystyrene (PS(D)) and 
50 wt % poly(cyclohexy1 acrylate-stat-n-butyl methacry- 
late) (P(CHA-,-stat-nBMA,)) as a function of the com- 
position x of the statistical copolymer. PS(D) is used in 
order to achieve good contrast for neutron scattering 
experiments. This system shows a strong variation of 
miscibility with the composition of the copolymer. Whiie 
poly(cyclohexy1 acrylate) is miscible with PS(D) in a 
large temperature range at all concentrations, poly(n- 
butyl methacrylate) is miscible with PS(D) only in the 
case of small molecular weights, i.e., if the entropy of 
mixing is able to balance the strong repulsive enthalpic 
interactions. 

Here we use a combination of two different experi- 
mental techniques in order to examine both the miscibb 
and immiscible polymer blends. While the misriblc 
blends were studied by SANS, in the case of immisciblt 
blends NR was used for the determination of thp 
interface between the two polymers. From both expwi 
ments we can obtain the segmental interaction param- 
eter x, which thus can be determined over a wid? 
composition range. 

Experimental Section 
Samples for Small-Angle Neutron Scattering. Pb(D)-1 

was obtained via anionic polymerization (Max-Planck-Insii-cxt 
fiir Polymerforschung). The copolymers were specifically niac1.i 
by radical polymerization (Rohm GmbH, Darnistadti. T h c  
composition of the copolymers was determined by '1-1 hT.3: 
the absolute molecular weights (weight-average mdecu!ac 
weight M,) were obtained by light scattering in tetrahybro- 
furan. Polydispersities were determined by gel permeatix 
chromatography (GPC) using PMMA calibration for the co- 
polymers and PS calibration for PS(D). The molecular char- 
acteristics are given in Table 1. 
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Table 1. Molecular Characteristics of the Polymers 
polymer M,(kg/rnol) M d M .  N 

PS(D)-l 99 1.07 885 
PS(D)-2 720 1.13 5670 
PnBMA 150 1.03 1355 
PCHA 465 2.85 4344 
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The degrees of polymerization N are calculated from M, 
based on the monomer volume of styrene. This means that 
the chemical degrees of polymerization were corrected by a 
factor accounting for the different monomeric volumes of 
styrene (99.378 cm3/mol), cyclohexyl acrylate (142.989 cm3/ 
mol), and n-butyl methacrylate (131.847 cm3/mol). The cor- 
responding volumes were calculated from tabulated densities 
a t  20 

To obtain blends of a concentration @ = 0.5, the components 
were dissolved in THF (5 w t  %) and cast into a Petri dish. 
The solvent was evaporated at  room temperature under 
normal pressure for 24 h. Then the samples were put into an 
oven and dried at 130 "C under normal pressure for 24 h. 
Afkerward the oven was put under vacuum for another 24 h. 
Pellets with a thickness of around 0.6-1 mm and a diameter 
of 13 mm were obtained by melt pressing (TB + 40 K, 5 IrN) 
for 0.5 h. 

The glass transition temperature, TK, of the blends at 50% 
composition is almost independent of the copolymer composi- 
tion (TK sz 55 "C, as obtained by differential scanning calorim- 
etry with a heating rate of 10 Wmin). 

Sample for Neutron Reflectometry. PS(D)-2 and F'n- 
BMA synthesized via anionic polymerization with narrow 
molecular weight distributions as  determined by GPC were 
obtained from PSS (Mainz). The molecular characteristics are 
given in Table 1. 

Each polymer was dissolved in toluene at  a concentration 
of about 2 wt % and then deposited by spin c o a t i  a t  a velocity 
of 2000 rpm onto float glass plates (100 x 100 mma). This 
method provides very smooth films with thicknesses of about 
100 nm. The roughnesses of the single films were character- 
ized by phase interference microscopy and X-ray reflectom- 
etry.ll Subsequently, a PS(D)-2 layer was floated off onto 
water and picked up by a -MA film st i l l  deposited on a glass 
substrate. The bilayer film was dried for 2 days under vacuum 
at  m m  temperature. 

Small-Angle Neutron Scattering Measurements. Mea- 
surements were performed at  the SANS instrument of R i s ~  
National Laboratory, Denmark. The sample was placed in a 
self-built oven, which was originally designed for temperature 
jump experiments. The sample in the oven can be purged with 
nitrogen, while the oven itself is placed in the vacuum tube of 
the neutron beam line. By keeping the sample at pressure 
slightly above 1 atm (by a balloon filled with nitrogen), the 
appearance of trapped air bubbles in the molten sample a t  
higher temperatures could be su pressed. The wavelength of 
the neutrons was i = 10.4 1, and the distance of the 
two-dimensional 3He detector from the sample was 6 m. This 
corresponds to a range of the scattering vector from 0.05 to 
0.3 nm-'. Temperature control was achieved to fl K. Since 
all the samples were isotropic, data were radially averaged 
for reduction of the experimental noise. Data were corrected 
for electronic background, scattering by the sample holder, 
transmission, and sample volume as  well as  for incoherent 
scattering by subtraction of the scattering profiles of the pure 
components by standard procedures. Calibration of the scat- 
tering profiles were done with the well-known differential 
scattering cross section of a water sample. 

Neutron Reflectometry Measurements. The NR mea- 
surements presented in this work were carried out a t  TORE- 
MA 11, GKSS, Geesthacht, Germany, where the wavelength is 
fured to  0.43 nm (graphite monochromator) and the angle of 
incidence of the neutrons at  the sample is varied in the range 
between 0.1" and 1.5". The beam collimation is achieved by 

incident 

air 

PnBMA 
0 2  

substrate 

Figure 1. Schematic diagram of a neutron reflection experi- 
ment from a layered sample. Parameters are explained in the 
text 

two slits of width 0.45 and 0.70 mm at a distance of 174 cm. 
The reflected beam is detected with a position-sensitive RFs 
detector. Reflectivities down to approximately were 
reached with typical run times of 12 h. Figure 1 shows a 
schematic picture of the sample and the characteristic para- 
meters which define the refractive index profile. Details of 
data analysis will be described below. 

Results and Discussion 
Small-Angle Neutron Scattering. The free energy 

F of a system containing long-wavelength concentration 
fluctuations with small amplitudes is given by the  
following funrtional:19~2~ 

where a is the average segment length, r the radial 
coordinate for isotropic volume, 6 the volume fraction 
of component 1, Fms the Flory-Huggins-Staverman 
free energy of mixing, k Boltzmann's constant, and T 
the temperature. FFHS is given by:19-23 

where x is the Flory-Huggins-Staveran segmental 
interaction parameter and Ni the degree of polymeri- 
sation of component i. In this equation we neglect a 
possible concentration dependence of the X-parameter. 
This is reasonable here, because all blends under  
investigation have the same concentration. Since we 
are  discussing in the case of the SANS experiments only 
measurements in the single-phase region, we deal 
always only with weight averages of the degree of 
polymerization N and  z-averages of the segmental 
length a. The polydispersity itself mus t  not be taken 
into account in the single-phase region. In the case of 
phase separation, however, fractionation effects may 
become important, and for that reason polydispersity 
has to be taken into account.24 Equation 1 is valid for 
qR, 1, withR, = (1/6Wa2 being the radius of gyration 
and q being the scattering vector (q = (4n/A) sin(d), 
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Figure 2. Zimm plot of SANS data of a P(CHAo,36-stat-nBMAo,~~)~S(D)-l blend at various temperatures. The solid lines represent 
linear fits based on eq 3. 

where 1 = wavelength of the neutrons and 26 = 
scattering angle). 

The inverse structure factor is the Fourier transform 
of the second derivative of the free energy functional 
and can be written in the Zimm approximation (qR, < 
1) as: 

(3) 

In the limit q = 0 eq 3 becomes identical to the second 
derivative of the normalized Flory-Huggins-Staver- 
man free energy with respect to concentration. 

The structure factor S(q) is related to the measured 
intensity I ( q )  in SANS experiments at small q by the 
following general relation: 

I (q)  = Ku,S(q) (4) 

where K is the contrast factor (K = ( B h l  - Bdud2), Bi 
the neutron scattering length of monomer i, and ui the 
volume of monomer i. Typical Zimm plots at different 
temperatures are shown in Figure 2 for P(CHAo.36-stat- 
nBW.GJ/FS(D)-l. The segment length a, obtained 
from the slope of the fitted straight lines in the different 
Zimm plots of the different samples studied, varies in 
a rather broad range (k0.2 nm) around an average value 
of 0.84 nm. However, variations in the slope of a linear 
fit in the Zimm plot using eq 3 do not significantly 
change the %-parameter obtained from the intercept at 
q = 0; i.e., the intercept is not very sensitive to changes 
in a. This is due t o  the close neighborhood between the 
intercept and the data points, where the data must be 
fitted in order to fulfill the condition (qR, < 1). 

Figure 3 shows the X-parameter as a function of 
reciprocal temperature for P(CHAo,36-stat-nBMAo,~~)~s- 
(D)-1. A linear fit describes the data quite well: 

x = A + B I T  ( 5 )  

The deviations at low temperatures are probably due 
to the proximity of the glass transition temperature; i.e., 

oqoo2i 0,000 \ 

I -0,008 I 

0.0b24 O,Ob25 O,Ob26 O,Ob27 0,0b28 

1/T [ 1/K] 
Figure 3. X-Parameter as a function of inverse temperature 
for P(CHAo.36-stat-nBMAo,~)~S(D)-l. The solid line represents 
a fit for the temperature dependence of according to eq 5 
with the parameters given in Table 3. 

the system was maybe not completely in thermodynamic 
equilibrium when being measured. Since the measure- 
ments a t  90 and 80 "C were performed after the 
measurement at 100 "C,  the values obtained for the 
X-parameter from these two lower temperature mea- 
surements still resemble the sample at  a higher tem- 
perature and have been skipped from the analysis. The 
fit parameters for the different blends according to eq 
5 are listed in Table 3. 

Neutron Reflectometry. The reflectivity of a mul- 
tilayer system as shown in Figure l is determined by 
the profile of refractive index n assumed to vary only 
in the direction z perpendicular to the interfaces. 
Interface profiles of any form can be approximated by 
a sequence of thin homogeneous layers. By use of a 
matrix for rna l i~m,~~ reflectivities of such a multilayer 
system can then be calculated. Neglecting absorption, 
the refractive index for neutrons traveling in a medium 
of homogeneous scattering density is given by: 
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Table 2. Fit Parameters for the NFt Sample of 
PnBMA/PS(D)’ 

393 0.9 0.9 167.8 86.3 3.2 
410 0.9 0.9 167.8 86.3 3.6 
420 0.9 0.9 167.8 86.3 3.9 
429 0.9 0.9 167.8 86.3 4.3 

a T = temperature. m, uz = variances of the error functions to 
describe roughness of the interfaces air/PS(D)-2 and F’nBWglass, 
respectively. dz = thickness of the PS(D)-2 layers. d3 = thickness 
of the PnBMA layer. I = interface width of the PS(D)-2/PnBMA 
interface. 

1 
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,x 0.01 .- > .- 
U 
0 y 0.001 

0.0001 

0.00001 I I ” . l . . . , . . l  
0.1 0.2 0.3 

k [ l h m ]  
Figure 4. Neutron reflectivity data versus momentum trans- 
fer k for two different temperatures 393 and 429 K of the 
bilayer system PnBMA/PS(D)-2. The solid lines correspond 
to calculated fit curves. Open squares are measured reflec- 
tivities. 

where N A  is Avogadro’s number, ei the density, bi the 
scattering length, and Ai the atomic weight of species i. 
The measured reflectivity is a function of the momen- 
tum transfer k perpendicular to  the surface given by 

k = (2nA) sin 8 (7) 

and related to the angle of incidence 8. Comparison of 
the experimentally observed reflectivity curve with the 
calculated curve gives information about the refractive 
index profiles. Minimizing the deviation between ex- 
perimental and calculated curves gives values for 
interfacial profiles and thicknesses of the individual 
layers with an accuracy of up to 0.1 nm. While NR fits 
in some cases produce nonunique results,12 the fits in 
the present case are perfectly defined since the starting 
values for the layer thicknesses d 2  and d 3 ,  the cor- 
responding indices of refraction n 2  and n 3 ,  and rough- 
nesses of the interfaces airlpolymer layer 2 and glass/ 
polymer layer 3 expressed through the variances u1 and 
02 of an error function profile (see Figure 1 and Table 
2) are measured by X-ray reflectometry on the indi- 
vidual films and substrate, respectively. Those param- 
eters are input into the fit, leaving essentially the 
interface width 1 between the two polymer layers as a 
free parameter which will be discussed below. 

Figure 4 shows two different NR measurements and 
the reflection curves calculated with a model for the 
refractive index profile defined by the characteristic 
parameters shown in Table 2. 

The interfaces air/PS(D)-2 and PnBWglass are 
described by error functions which are characterized by 
their variances u1 and 0 2 .  For the interface between 
the two polymers, a tanh refractive index profile is used, 

which is based on the profile for the volume fraction q5 
of one component in the interfacial region according to 
eq This profile is expected only for simple cases at 
the interface of polymer blends,12 while generally devia- 
tions are expected. These originate, for instance, from 
a concentration dependence of x or the limited validity 
of the used approximations in deriving eq 8.26,27 

To obtain the true interfacial thickness It, an initial 
roughness lo of the interface before the annealing 
process is taken into account.28 Assuming superposition 
of the two effects, the experimental interface width 1 
can be obtained by convoluting the initially rough profile 
characterized by lo  and the true interface profile It, 

where 10 = 1.2 nm is taken to be constant during the 
annealing process. Initial, true, and experimental 
profiles can be approximated by the form of eq 8. It 
should be noted that the error function is quite similar 
t o  the tanh profile in eq 8. There is only a factor of 
approximately 1.2 between the variance u and the 
characteristic parameter 1. Regarding u1 and 02 in Table 
2, one can see a constant roughness during the anneal- 
ing process which is of the same origin as lo. Confor- 
mational effects or thermal fluctuations at the interface 
as discussed recently26 are neglected here. The mea- 
surements at different temperatures were done by 
annealing the sample at a specific temperature for a few 
hours and then quenching it to room temperature, 
where NR experiments were performed. It was checked 
that an equilibrium for the interface width was reached 
under these conditions by experiments at different 
annealing times. 

The interface width obtained from NR can be directly 
related to the Flory-Huggins-Staverman X-interaction 
parameter. A theoretical approach within the mean- 
field picture to describe the interface of an incompatible 
polymer blend is the minimization of the functional for 
the free energy:20 

Parameters have the same meaning as in eq 1 with the 
exception that z now is a coordinate perpendicular to 
the interface. The prefactor in the gradient term is 
larger by a factor of 3/2 as compared to the one in eq 1. 
This is due to the fact that eq 10 is an approximation 
for a small interface width, where qR, > 1; i.e., it 
describes interface thicknesses in the range of the radii 
of gyration or even smaller. The boundary conditions 
in eq 10 to be satisfied are 

4 = 0; a@/az = o for z = -w (11) 

4 = 1; a4Iaz = 0 for z = +w (12) 

and 

For the case of Ni - m, the hyperbolic tangent profile 
(eq 8) is an exact solution of eq 10 with the condition of 
eq 13. 

I, = (13) 
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sample) both UCST and LCST (lower critical solution 
temperature) have been discussed re~ently.3~ 

A fit of eq 5 t o  the data presented in Figure 4 yields 
A and B (see Table 3). 
The PParameter as a Function of Copolymer 

Composition. The interaction of a copolymer blend 
can be described in the same manner as for blends of 
homopolymers using an effective interaction parameter. 
This effective interaction parameter contains all differ- 
ent binary interactions between the different compo- 
nents and can be expressed t h r ~ u g h : ~  

X = XXS-nBMA + (1 - x)XS-CHA - 
dl - x ) x C ~ - , , B ~  (15) 

where x is the fraction of nBMA in the copolymer and 
xi-j  denotes the segmental interaction between mono- 
mers i and j .  

Using 

0,00230 0,00235 0,00240 0,00245 0,00250 0,00255 

1/T [1/K] 
Figure 5. %-Parameter as a function of inverse temperature 
for P n B W S ( D ) - 2  (a = 0.64 nm (W), a = 0.84 nm (0)). The 
solid lines correspond to linear fits according to eq 5, respec- 
tively. 

Table 3. Composition Dependence of the Enthalpic (B) 
and Entropic Part (A) of the Interaction Parameter 

According to Equation 5 ’ 

method XnBMA 

SANS 0.00 
SANS 0.39 
SANS 0.61 
SANS 0.64 
SANS 0.67 
NR 1.00 

a = 0.64 nm 
a = 0.84 nm 

A 
0.107 0.008 
0.095 f 0.005 
0.062 f 0.007 
0.067 f 0.007 
0.054 f 0.005 

-0.0357 f 0.0009 
-0.0626 f 0.0016 

B (K) 
-57 f 3.6 
-45.6 f 1.8 
-25.8 f 2.5 
-26.8 f 2.0 
-20.8 f 2.0 

17.7 f 0.4 
30.5 f 0.7 

For the general case we calculate the influence of N1 
and N2 on the interface width (eq 141, using the 
hyperbolic tangent profile (eq 8) as a trial function to 
minimize eq 10. This yields 

It should be noted that other authors (for example, ref 
19) obtain different prefactors in eqs 13 and 14 instead 
of 114. This is due to the different prefactor of the 
square gradient term in eq 10 (as compared to eq 11, 
where care has to be taken with respect to the used 
range and approximations. Equations 13 and 14 are 
thus valid for qR, > 1 as mentioned before. 

From eq 14 it follows, that the X-parameter strongly 
depends on the mean segment length a.  From the 
SANS measurements there is no clear evidence for a 
dependence of the mean segment length on the copoly- 
mer composition, due to the large error in the Zimm 
plots. A value given in the literature for this system is 
a = 0.64 nm.29 However, this value is smaller than a 
value given for poly(methy1 methacrylate) a = 0.74 & 
0.3 nm30 and for polystryene a = 0.68 nm.31 To account 
for the uncertainty in the segment length, we calculated 
the Flory - Huggins - Staverman interaction parameter 
x for a = 0.64 nm and for a = 0.84 nm using eq 14. The 
results for different temperatures are shown in Figure 
5. 

The temperature dependence of the interaction pa- 
rameter can be well described by eq 5.  The data show 
a clear indication for the presence of an upper critical 
solution temperature (UCST) for PS(D)-l/PnBMA ob- 
tained by extrapolation of the data to higher tempera- 
tures. For a similar blend with much smaller molecular 
weights and large polydispersities (as compared to  our 

XCHA-nBMA = + B3/T (16) 

we obtain 

with 

A(x) = A, + x(A1 -A2 - A3) + x2A3 

B(x) = B2 + x(B1 - B2 - B3) + x2B3 (18) 

There is a good agreement between fits of eqs 18 to the 
data accessible by NR and SANS (Table 3). We thus 
can evaluate A and B as a function of the copolymer 
composition x, as shown by the solid lines in Figure 6 
for a = 0.64 nm and a = 0.84 nm. 

Taking into account the uncertainty in the mean 
segment length a, the fit functions of parts A and B of 
Figure 6 according to eq 18 are given for a = 0.64 nm 
by eq 19a and for a = 0.84 nm by eq 19b: 

A(x) = (0.106 f 0.004) + (0.05 f 0 .02)~  - 
(0.19 f 0.02)x2 

B(x) = -(57.3 f 2.2) + (6.5 f 8 . 5 ) ~  + 
(68.8 f 8 . 3 ) ~ ~  (19a) 

A(x) = (0.105 f 0.005) + (0.09 f 0.02)~ - 
(0.26 f 0.02)~~ 

B(x) = -(56.7 f 1.7) - (13.0 f 6 . 7 ) ~  + 
(99.9 & 6 . 5 ) ~ ~  (19b) 

The agreement of the parabolic behaviour for A and B 
in theory and experiment justifies an analysis of the 
different X-parameters involved in eq 15. They are 
listed in Table 4. 

For the case of infinite degree of polymerization the 
spinodal is defined by x ( x , T )  = 0. The spinodal tem- 
perature T, is then accessible from eq 17: 

Ts = - B(x)/A(x) (20) 
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as expressed in eq 15. One can see from Table 4 that 
the X-parameter for PnBMA and PCHA decreases with 
increasing temperature, which means that enthalpic 
interactions between the different segments become 
more favorable with increasing temperature. So, blends 
of PnBMA and PCHA should show an UCST behavior. 
The UCST behavior can be further understood, if the 
van der Waals volumes of both ester side groups are 
compared with each other. They deviate by about less 
than 20% from each other.33 This leads to  an UCST 
behavior of such a system, with the entropy being the 
driving force of miscibility as has been described in a 
more general way b e f ~ r e . ~ , ~ ~  We also predict a one- 
phase region at high temperatures (UCST) for a blend 
of PS and PnBMA of infinite molecular weight. It has 
been recently confirmed that UCST behavior is present 
for low molecular weight blends of those materials,32 
thus confirming this prediction. 

2624 
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Figure 6. A and B (Table 3) as functions of copolymer 
composition. The solid lines correspond to parabolic fits based 
on eq 18 (NR data: a = 0.64 nm (A), a = 0.84 nm (v); SANS 
data (W). For details see text. 
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Figure 7. Spinodal temperature of PS(D)/P(CHAI,-S~U~- 
nBMAx) as a function of the fraction x of nBMA in the 
copolymer calculated for the case of infinite degree of polym- 
erization using eqs 19 and 20 (a = 0.64 nm (solid lines) and a 
= 0.84 nm (segmented lines)). 

Table 4. Interaction Parameters for the Different 
Monomer Interactions According to Equation 15 

(Calculated from Equation 19) 
a = 0.64 nm 

A B (K) A B (K) 
a = 0.84 nm 

XS-nBMA -0.035 18.0 -0.060 30.1 
XS-CHA 0.106 -57.3 0.105 -56.7 
XCHA-~BMA -0.193 68.8 -0.258 99.9 

Using eqs 19 and 20, one can calculate the phase 
diagram for the symmetric blend (Figure 7). 

It is interesting to note that this analysis predicts a 
stronger incompatibility for blends where the copolymer 
contains 10-20% of CHA, as compared to blends of PS- 
(D) and pure PnBMA. This is caused by the AX effect 

Conclusions 

By a combination of SANS and NR experiments from 
blends of PS(D) and P(CHA-,-stut-nBMA,) the ther- 
modynamics of mixing is investigated. By a variation 
of the copolymer composition the miscibility is largely 
changed. SANS experiments allow the determination 
of the Flory-Huggins-Staveran X-parameter of blends 
in the one-phase region, while a measurement of the 
interface width in incompatible polymer blends by NR 
can be used to obtain a temperature-dependent X-pa- 
rameter also in the two-phase region. Both techniques 
together thus can cover the whole composition and 
miscibility range. x turns out to be a linear function of 
1/T in the accessible temperature range. From the 
copolymer composition dependence of X, the individual 
interaction parameters between the different monomers 
of the copolymer and styrene as well as the intrinsic 
interaction parameter between the different comono- 
mers are obtained and a prediction of the phase diagram 
becomes possible. As a result the transition from a 
LCST behaviour with a miscible regime at low temper- 
atures and a two-phase regime at high temperatures 
to an UCST behavior is predicted, when the nBMA 
content is increased. Thermodynamics of this blend 
system is thus quite comprehensively understood within 
a mean-field approach. However, the determination of 
the X-parameter from neutron reflectivity measure- 
ments needs the knowledge of the mean segment length 
of the system, which contains a rather large uncertainty 
in this case. Similarly other contributions to the 
interface width, e.g., from capillary waves and confor- 
mational effects, are not well understood and are 
neglected in present theories. But despite these prob- 
lems the drawn picture of the phase behavior of this 
blend system should represent a reasonable approxima- 
tion. While the temperature and copolymer composition 
dependence of x can be phenomenologically described, 
a detailed molecular understanding of the segmental 
interaction is, of course, still missing. The measurement 
of monomer interaction parameters of different systems 
will help for that purpose. 

The systematic study of a blend system with “adjust- 
able” segmental interaction via statistical copolymeri- 
zation of compatible and incompatible monomer com- 
ponents thus provides further insight into the problem 
of polymer miscibility. The combination of SANS and 
NR for those blends yields additional and new informa- 
tion in particular also for the two-phase region. 
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