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ABSTRACT: The interface between polystyrene and poly(methy1 methacrylate) homopolymers was 
investigated as a function of the concentration of added symmetric diblock copolymer of PS and PMMA, 
denoted P(S-b-MMA), using neutron reflectivity. It was found that as the number of P(S-b-MMA) chains 
added to the interface between PS and PMMA was increased, the width of the gradient between the PS and 
PMMA segments broadened. In particular, the width of the interface between PS and PMMA homopoly- 
mers is 50 A and, with the addition of P(S-b-MMA), increases to -85 A. At an amount corresponding to 
approximately half the thickness of the lamellar microdomain periodicity in the bulk, the interface becomes 
saturated with the copolymer. Further addition of copolymer chains to  the interface results in a marked 
increase in the off-specular scattering, which is associated with either an ordering of the copolymer chains 
at the interface or an increase in the curvature of the interface. Studies were also performed on mixtures 
of homopolymers and copolymers. Here, the interface between the lamellar microdomains of the P(S-b- 
MMA) is found to increase from 50 A for the pure copolymer to 75 8, as PS and PMMA homopolymer is added 
to the copolymer. The broadening of the interface seen in both sets of experiments is due to a significant 
penetration of the homopolymer into the interfacial region. These results are consistent with the reduction 
in the interfacial tension between the homopolymers with the addition of the diblock copolymer. 

Introduction 
The extent to which immiscible polymers mix at an 

interface depends upon the segmental interaction pa- 
rameter and the statistical segment lengths of the poly- 
mers. The more favorable the interactions between the 
segments, the larger the extent of interpenetration of the 
segments will be. For a constant segmental interaction, 
the larger the statistical segment length, the broader will 
be the interface formed between the two polymers. 
Numerous theoretical treatments have appeared in the 
literature treating the interfacial characteristics of two 
immiscible polymers.l-1° Experimentally, however, the 
investigation of the interface requires techniques that can 
probe the variation in the segment densities or concen- 
trations over size scales that are less than the size of the 
molecules. Small-angle X-ray and neutron scattering 
techniques have been used in the past where the scattered 
intensity a t  high scattering vectors is damped according 
to the magnitude of the interface formed between the 
phases. However, there are severe limitations on the 
precision to which the interface can be measured by 
scattering techniques since the scattering is inherently 
weak and subtraction of the scattering associated with 
thermal density fluctuations is often of the same magnitude 
as the coherent scattering of interest. Recently, dynamic 
secondary ion mass spectrometry"-13 and neutron reflec- 
ti~ity'~-' '  have emerged as techniques with the spatial 
resolution comparable to or less than the size of polymer 
chains, and, consequently, quantitative examination of 
the interfacial behavior is now possible. In cases where 
the interaction parameter and statistical segment lengths 
are known, the experimentally measured interfacial widths 
are much larger than theoretical predictions. Nonetheless, 
the interface between immiscible polymers is small. This 
translates into a limited amount of segmental interpen- 
etration and weak adhesion between the two polymers.18 
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One means by which the adhesion between immiscible 
polymers can be improved is by the use of diblock 
c o p ~ l y m e r s . ~ ~ J ~  In this case one of the blocks preferentially 
resides in one of the homopolymers and the other block 
in the second homopolymer. Thus, the diblock copolymer 
forms a bridge between the two homopolymers, thereby 
improving adhesion. The behavior of diblock copolymers 
at the interface between immiscible polymers has been 
treated theoretically with specific predictions as to the 
segment density profiles of the homopolymers and co- 
polymers at the interface. As with the simple homopoly- 
mer interface question, the number of experimental efforts 
dealing with this problem has been limited by the 
resolution capabilities of the techniques available. In an 
elegant electron microscopy study JBrdme et al.lg were 
able to show that diblock copolymers preferentially 
segregated to the interface. More recent studies using 
forward recoil spectrometry," dynamic secondary ion mass 
spectrometry,21.22 neutron re f le~t iv i ty ,~~ and electron mi- 
c r o ~ c o p y ~ ~  have provided a more quantitative picture of 
the interfacial behavior of diblock copolymers. 

In this article the effect on the interface between 
immiscible homopolymers of polystyrene, PS, and poly- 
(methyl methacrylate), PMMA, is examined as a function 
of the amount of the corresponding diblock copolymer, 
denoted P(S-b-MMA), introduced to the system. It is 
shown that as the amount of copolymer is increased the 
interface between the PS and PMMA segments broadens. 
This broadening continues up to a point where the interface 
becomes saturated with the diblock copolymer. As the 
amount of copolymer a t  the interface is increased beyond 
this saturation point, the copolymer begins to form ordered 
structures or develops marked curvature. In addition, it 
is shown that the addition of homopolymers to P(S-b- 
MMA) results in a broadening of the interface between 
the PS and PMMA lamellar microdomains. This broad- 
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the National Institute of Standards and Technology. The 
collimated neutron beam from the reactor is monochromated 
using pyrolytic graphite to obtain neutrons with a wavelength X 
= 2.35 A. The mosaic spread of the graphite monochromator is 
0.667', yielding AX/X = 0.01. Two cadmium slits (0.5 and 0.075 
mm separated by - 1.6 m) located before the specimen reduced 
the angular divergence of the incident beam to -0.02'. A 1-mm 
slit (330 mm after the specimen) restricts the acceptance angular 
of the detector to -0.18'. A 3He gas-filled detector is used to 
measure both the incident and reflected beams. 

Other neutron reflectometry measurements were performed 
on the SPEAR instrument at  the Manuel Lujan, Jr., Neutron 
Scattering Center (LANSCE) at  the Los Alamos National 
Laboratory. Because the LANSCE target moderator reflector 
system is a 20-Hz pulsed source of neutrons, SPEAR is operated 
as a time-of-flight neutron reflectometer where the neutron's 
energy (or wavelengths, A) is determined by its velocity. Thus, 
a reflection measurement consists of detecting neutrons reflected 
from the sample as a function of neutron wavelength while 
maintaining the sample a t  a fixed angle of incidence, 0, with 
respect to the incident beam. A typical angle of incidence for 
these experiments was 1.1' where the incident and reflected 
beams define a vertical scattering plane. Since SPEAR'S frame 
overlap chopper allows one to choose a neutron wavelength frame 
of either 1 < X < 16 A or 16 < A < 32 A, this yields an accessible 
range of wavevectors (at an incident angle of 1.1') 0.004 A-l < 
k,,0<0.12A-~wherek,,o= 21rsin (O)/X. Thesubscriptz,Oindicates 
scattering vectors in the z-direction, normal to the surface, in 
vacuum, or in air (0). For the current experiments, the short- 
wavelength frame was all that was necessary. The neutrons are 
counted by using an Ordela Model 1202N linear position-sensitive 
neutron detector oriented to detect neutrons in the scattering 
plane. As defined by the detector resolution, the electronic timing 
resolution, and the moderator pulse width, the resolution for 
these experiments varied from 0.03 < Gk,,o/k,,o < 0.05 for 0.008 
A-1 < k,,o < 0.06 A-1, respectively. With SPEAR for these 
experiments in this configuration, the minimum measurable re- 
flectivity is - lo+. Typical counting times were approximately 
45 min to obtain the statistics shown in the figures. 

Analysis of the reflectivity profile was performed by assuming 
a scattering length density profile normal to the film surface, 
dividing this profile into a series of layers forming a histogram, 
and then using a recursion relationship to calculate the total 
reflectance. Multiplication by the complex conjugate of the 
reflectance then yields the reflectivity. Any roughness at  the air 
surface or at the Si interface was explicitly taken into account 
in the calculation of the reflection coefficient. The standard 
Debye-Waller correction term was not used. More detailed dis- 
cussions of the manner in which the reflectivity is calculated can 
be found el~ewhere1~~27-31 and will not be discussed here. 

Results and Discussion 
T h e  neutron reflectivity profile for a trilayer comprised 

of a 191-A-thick film of P(S-b-d-MMA) sandwiched 
between PS and d-PMMA layers is shown in Figure 1. 
T h e  reflectivity results are  shown as a function of the 
neutron momentum normal t o  the  film surface, k , , ~ .  For 
k,,o 5 0.0092 A-l, corresponding t o  the  critical angle of 
d-PMMA, the  neutrons are totally, externally reflected. 
As kr,O increases, the  reflectivity decreases rapidly, with 
a single-frequency oscillation in the reflectivity being 
evident. Analysis and interpretation of the measured re- 
flectivity profile is, by design of the experiment, straight- 
forward. Since the  PS or d-MMA segments of the P(S- 
b-d-MMA), at equilibrium, are  mixed with the PS or  
d-MMA homopolymer segments, respectively, then  the  
trilayer specimen reduces, in essence, t o  a bilayer. The 
labeling of the  homopolymer and copolymer segments is 
identical, and, consequently, this experiment cannot 
distinguish between the  homopolymer or block copolymer 
segments. Therefore, the  neutrons see only a layer of 
normal PS segments on top of a layer of d-PMMA 
segments. In  addition, the layer adjacent to the air  surface 
is normal PS, which has a low scattering length density 
of 1.43 x lo4 A-2. This basically means that the reflectance 

Table I 
Homopolymer and Copolymer Characterization 

polymer MPS MPMMA MwIMn 
P(S-b-MMA) 57 800 56 100 1.10 

P(S-b-d-MMA) 56 300 65 OOO 1.12 
P(d-S-b-MMA) 52 900 48 000 1.07 

PS 127 000 1.05 
d-PS 110 OOO 1.05 
PMMA 107 000 1.05 
d-PMMA 146 000 1.04 

ening increases as the  concentration of the homopolymer 
is increased. T h e  broadening seen in both the homopoly- 
mer  and copolymer interfaces is a direct consequence of 
the extent to which the homopolymer penetrates into the  
interfacial region. 

Experimental Section 
The characteristics of the homopolymers and diblock copol- 

ymers used in this study are given in Table I. The materials 
were purchased from Polymer Laboratories Ltd. The homopoly- 
mers were used as received, whereas the P(S-b-MMA) was 
thoroughly rinsed in cyclohexane to remove residual PS ho- 
mopolymer prior to use. Size-exclusion chromatography was used 
to characterize the molecular weights of all the polymers. 

Specimens for the neutron reflectivity studies were prepared 
in two different ways. For the studies on the copolymer a t  the 
interface between the PS and PMMA homopolymers, a film of 
d-PMMA was spin coated onto a Si substrate from a toluene 
solution. The solution concentration was adjusted to yield a 
d-PMMA film thickness of approximately 1 X lo3 A. A separate 
film of P(S-b-d-MMA) was spin coated onto a microscope slide. 
The sides of the slide were scored with a razor blade, and the film 
was floated off onto a pool of deionized water. The d-PMMA- 
coated substrate was then used to retrieve the P(S-b-d-MMA) 
film floating on the water. This bilayer was then dried a t  80 "C 
for 20 min. A film of PS was then prepared on a microscope 
slide, floated off onto deionized water, and retrieved with the 
bilayer-coated substrate, forming a trilayer specimen. After 
drying at  80 'C, the trilayer was placed in a vacuum oven at  170 
"C for 240 h. The specimen was cooled to room temperature for 
the neutron reflectivity measurements. I t  should be noted that 
during the transfer onto the surface of existing layers creases or 
folds in the transferred layer can occur. For the specimens 
investigated here the occurrence of such defects was minimal, 
representing much less than 1% of the surface. Since the re- 
flectivity measures an average over the entire surface, these 
defects will not impair the interpretation of the data and can be 
ignored. For the investigation of the mixtures of homopolymers 
and diblock copolymers, solutions of the P(d-S-6-MMA) or P(S- 
b-d-MMA) (where the lower case d prior to the block indicates 
perdeuteration) with the desired amount of d-PS and PMMA or 
PS and d-PMMA, respectively, were prepared in toluene. The 
total concentration of the mixture was adjusted to yield the 
desired film thickness. The solution was then placed on a silicon, 
Si, substrate and spun at  2 X lO3rpm. The specimens were dried 
at  80 O C  for 20 min and placed in a vacuum oven at  170 OC for 
10 days to allow the copolymer mixture to form a multilayered 
morphology parallel to the surface of the substrate.11J2*25,26 The 
specimens were then quenched to room temperature for the re- 
flectivity measurements. 

All Si substrates were cleaned in chromic acid, thoroughly 
rinsed in water, degreased in isopropyl alcohol vapors, and dried. 
The substrates used for the copolymer mixture study were 10 cm 
in diameter with a thickness of 5 mm. Those used for the 
investigation of the homopolymer interface were 5 cm in diameter 
with a thickness of 5 mm. Thick substrates are required to 
eliminate bowing of the substrate when mounted in the reflec- 
tometer. I t  should be noted that the cleaningprocedure described 
above will not remove a thin oxide layer on the Si. X-ray re- 
flectivity measurements performed on similar substrates yielded 
a thickness of the oxide layer of 10-15 A. The presence of this 
oxide layer will not be of significant consequence to these studies 
though. 

Some of the neutron reflectivity measurements were performed 
on the BT-7 diffractometer at  the reactor experimental hall of 
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Table I1 
Interfacial Widths 

10-1 t 5l I ISi 

. "-6 I I I I 
I U  - 0.000 0.010 0.020 0.030 0 040 0.050 0.060 

k,,,,( 8;' 1 

Figure 1. Neutron reflectivity profile for a PS/d-PMMA ho- 
mopolymer bilayer where a 191-A layer of P(S-b-d-MMA) was 
placed at the homopolymer interface. The inset shows the 
scattering length density profile used to calculate the reflectivity 
profile shown as the solid line. The air/polymer interface cor- 
responds to a z value of zero. 

a t  the air/PS interface is low and the roughness a t  this 
interface is of no consequence. In like manner, placing 
the d-PMMA layer with a scattering length density of 6.8 
X 104A-2 adjacent to the Si with a scattering length density 
of 2.099 X 104 A-2 makes the analysis insensitive to the 
presence of an oxide layer, which would have a scattering 
length density of 3.48 X 104 A-2. The oxide layer looks 
effectively as a roughness between the d-PMMA and Si 
interface. 

Analysis of the reflectivity data requires the scattering 
length densities and thicknesses of the PS and d-PMMA 
layers and the Si substrate, the roughness between the 
d-PMMA and Si substrate, and the form of the interface 
between the PS and d-PMMA layers. The scattering 
length densities were assumed equal to the bulk values, 
and the thicknesses were measured independently by 
optical ellipsometry. The oscillations in the reflectivity 
profile are due solely to the thickness of the d-PMMA 
layer, and by measurement of the scattering vector 
difference between successive minima, Ak,,o, at  high k , , ~  
(-0.02 A-9, the thickness of the d-PMMA layer can be 
directly obtained from a/Ak,,o. The roughness at the 
d-PMMA/Si interface was determined from independent 
X-ray and neutron reflectivity measurements of d-PMMA 
on Si. This was assumed to remain constant for all 
specimens with an effective width, a ~ ,  as defined below of 
20 A. Variations in this will, of course, introduce errors 
in the width of the interface between the homopolymers, 
but this is not of significant consequence. Thus, the only 
variable or unknown in the analysis is the width of the 
interface between the PS and d-PMMA layers, 

Shown as the solid line in Figure 1 is the reflectivity 
profile calculated by using the scattering length density 
profile shown in the inset. The model can be described 
by a 1126-A layer of PS on top of a 1305-A layer of 
d-PMMA, with an error function describing the width 
between the PS and d-PMMA. The width of the interface, 
QI, defined by the product of the inverse of the slope at  
the midpoint of the gradient times the scattering length 
density difference between PS and d-PMMA is 74 f 4 A. 
a1 is related to u, the standard deviation of the interface 
from its average value or the typical Debye-Waller 
parameter by a1 = 2u. It should be emphasized that it is 
impossible to define exactly the functional form of the 
interface. For example, a hyperbolic tangent function will, 
also, yield a suitable fit to the data. Linear gradients or 
squared cosine gradients, though, will not yield adequate 
agreement with the data.26 However, the major focus of 

thickness of thickness of 
P(S-b-d-MMA) P(S- b-d-MMA) 

layer: A QI, A layer? A 01, A 
0 50k 2 239 84k5 
80 66 * 3 34 1 265 f 20 
85 66 3 372 299 f 25 
191 74 4 cob 50 f 2 

aLong period of the P(S-b-d-MMA) in the bulk is 512 A. 
Consequently, a 'monolayer" thickness corresponds to 256 A. * De- 
notes a pure P(S-b-d-MMA) film. 

this work is to evaluate the width of the interface and not 
attempt an absolute definition of the functional form. By 
definition, a1 is not sensitive to the functional form of the 
interface. 

In comparison to the 50 f 2 A interfacial width found 
for PS and PMMA homopolymers or pure P(S-b-MMA) 
diblock  copolymer^,^^?^^ the result of 74 f 4 A represents 
a substantial increase. Therefore, addition of the diblock 
copolymer to the interface between the PS and d-PMMA 
results in a broadening of the interfacial width, which is 
consistent with the expected reduction in the interfacial 
tension. 

Decreasing the thickness of the P(S-b-d-MMA) layer 
between PS and d-PMMA to 85 A yields a reflectivity 
profile that is quite similar to that found in Figure 1 and 
is not shown here. The analysis proceeds as described 
above, with the result that the interfacial width was found 
to be smaller a t  66 f 3 A. This difference of 8 A is well 
outside of any errors. I t  must be kept in mind that re- 
flectivity is most sensitive to the gradient in the scattering 
length density between the two layers, and, consequently, 
the precision is quite high. 

A compilation of the interfacial widths as a function of 
the thickness of the P(S-b-d-MMA) layer is given in Table 
11. The result for the PS/d-PMMA homopolymer inter- 
face was reported previously.26 Here it is clearly seen that 
the addition of the copolymer causes a gradual increase 
in the width of the interface between the PS and d-PMMA 
segments. 

Up to this point, the thickness of the P(S-b-d-MMA) 
layer between the homopolymers has been kept below 256 
A. This corresponds to half of the lamellar period in the 
microphase-separated morphology. In a sense this is 
maintaining a coverage a t  the interface between the ho- 
mopolymers a t  less than a "monolayer" coverage. That is 
to say, the interface between the PS and d-PMMA has not 
been saturated with diblock copolymer chains. Increasing 
the thickness of the P(S-b-d-MMA) layer to 341 Aproduces 
rather dramatic changes in the reflectivity profile. Shown 
in Figure 2 is the reflectivity profile as a function of k l , ~  
Here again the critical angle of the d-PMMA layer is 
observed at k , , ~  -0.0092 A-l. As k , , ~  increases, the re- 
flectivity drops rapidly, as would be expected; however, 
the oscillations characteristic of the d-PMMA layer are 
rapidly damped. Assuming that the simple bilayer model, 
used previously, is still applicable here, the reduction in 
the amplitude of the oscillations would be attributed to 
a broadening of the interface between the PS and 
d-PMMA. When the simple bilayer model was used, the 
scattering length density profile shown in the inset was 
used to calculate the reflectivity profile shown as the solid 
line. The agreement between the two profiles is quite 
good. The surprising feature of the profile is that the 
width of the interface required to fit the data is 265 f 20 
A. For the contrast between PS and d-PMMA the re- 
flectivity results show that the interface is quite broad, 
but the precision to which the interfacial width can be 
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tilted with respect to the surface normal to an amount 
commensurate with the measurement angle away from 
the specular position. In this case, there is a component 
of the scattering vector in the plane of the film and the 
measurements become sensitive to lateral correlations in 
the scattering length density. For the cases where the 
P(S-b-d-MMA) layers were 5256 A there was a small 
amount of off-specular scattering, indicating that there 
were not pronounced density correlations parallel to the 
interfa~e.3~7~~ This, of course, does not mean that the 
mixing of the normal and deuterated segments a t  the 
interface does not give rise to scattering, only that the 
magnitude of the scattering was small. However, in cases 
where the thickness of P(S-b-d-MMA) layers was >256 A, 
the off-specular scattering increases dramatically. This 
result can be interpreted in one of a t  least two ways. First, 
the presence of the diblock at the interface will reduce the 
interfacial tension between the PS and d-PMMA and will 
eventually reach a point where the interfacial tension is 
zero. At this point, marked curvature a t  the interface is 
possible since there is no energy gained by maintaining a 
planar interface. Since the specular measurements rep- 
resent the variation in the scattering length density normal 
to the film surface averaged over the coherence length of 
the neutrons ( N 1 pm), then any curvature a t  the interface 
that occurs over distance scales less than this would appear 
as an interfacial broadening. The curvature of the interface 
would give rise to lateral correlations in the scattering 
length density and, hence, give rise to the large amount 
of off-specular scattering. A second possibility is that the 
interface becomes saturated with the diblock copolymer 
and micelles are formed at  the interface. Shull et aLZ4 
have observed both for PS/poly(vinyl-2-pyridine), P(V2P), 
asymmetric diblock copolymers a t  the interface between 
PS and P(V2P) homopolymers by electron microscopy. In 
that study upon examination of bilayers of P(V2P) ho- 
mopolymers in contact with a mixture of PS with the 
asymmetric diblock copolymer, micelles are shown to 
segregate to the interface between the layers, and, in 
addition, clear evidence is shown for the presence of lateral 
variations in the composition along the interface. Re- 
flectivity alone cannot distinguish between these different 
possibilities. Unfortunately, for the case of PS and PMMA 
under consideration here, attempts to perform similar 
electron microscopy studies have been unsuccessful due 
to the sensitivity of PMMA to the electron beam. 
Nonetheless, the formation of micelles will give rise to a 
substantial amount of small-angle scattering and hence 
off-specular scattering. Again, the specular measurements 
would average over the micelles formed and give the 
appearance that the interface has broadened substantially. 
I t  is not possible, a t  present, to distinguish between these 
two possibilities and other possible mechanisms by which 
a large increase in the lateral density correlations would 
occur. I t  is clear though that there is an optimum thickness 
of the P(S-b-d-MMA) layer that will produce a uniform 
distribution of the copolymer at the interface where the 
interface is saturated with the diblock. The results here 
indicate that this occurs for symmetric diblock copolymers 
at thicknesses of - L/2 where L is the period of the lamel- 
lar microdomain morphology. Defining this precisely as 
L/2 is somewhat speculative since the paucity of data 
points precludes an exact statement. I t  is clear from the 
data, though, that it is close to L/2. 

Studies on the P(S-b-d-MMA) and P(d-S-b-MMA) 
copolymer films on Si substrates have quantitatively shown 
that the width of the interface between the PS and PMMA 
microdomains is 50 f 2 A, identical with that of the PS 
and PMMA homopolymers.26*2s Thus, to be consistent 
with the results shown here, addition of homopolymer to 
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Figure 2. Neutron reflectivity profile for a PS/d-PMMA bi- 
layer where a 341-A-thick P(S-b-d-MMA) layer was placed at 
the interface. The scattering length density profile shown in the 
inset was used to calculate the solid line in the figure. As in 
Figure 1, the position of the air/polymer interface corresponds 
to zero in the inset. 
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Figure 3. Width of the interface, ax, between PS and d-PMMA 
segments as a function of the thickness of the P(S-b-d-MMA) 
layer placed between the two homopolymers. The dashed vertical 
line corresponds to a thickness of half the period of the lamellar 
microdomain morphology of P(S-b-d-MMA) in the bulk. 

determined is l0w.3~ However, the basic conclusion is 
clear: that having an excess of the copolymer at  the 
interface results in what appears to be a significant 
broadening of the interfacial width. A similar result was 
found for a specimen where the initial thickness of the 
P(S-b-d-MMA) layer was 372 A. In this case an interfacial 
width of 299 f 25 A was found. 

I t  is instructive to plot the combined set of interfacial 
widths as a function of the thickness of the initial P(S- 
b-d-MMA) layer between the PS and d-PMMA homopoly- 
mer layers. This is shown in Figure 3. As can be seen, a 
gradual increase in the width of the interface between the 
PS and d-PMMA segments is seen up to a P(S-b-d-MMA) 
layer thickness of -256 A (indicated by the dashed vertical 
line in the figure). Again, this corresponds to half of the 
repeat period of the lamellar microdomain morphology in 
the bulk. Above this value, the interface appears to be 
saturated and the apparent interfacial width becomes quite 
large. 

I t  is difficult to believe that the broadening observed 
with the thicker P(S-b-d-MMA) layers characterizes the 
actual segment density profiles across the interface. In 
fact, in addition to the specular reflectivity, it is necessary 
to examine the off-specular scattering where the direction 
of the scattering vector is not normal to the surface but 
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Table I11 
Characteristics of Copolymer/Homopolymer Mixtuns 

copolymer X," Xpsa X p ~ ~ l p  A A UI, A 
LpS? L P h m , b  

10-2 t '@I 

lo$h O.dl5 0.d30 Od45 Ob60 0 t75 
k,,O( 8;' 1 

Figure 4. Neutron reflectivity profile for a mixture of 90% P(d- 
S-b-MMA) with 5 % d-PS and 4.5% PMMA as a function of the 
neutron momentum normal to the specimen surface, k , , ~ .  The 
scattering length density profile shown in the inset was used to 
calculate the solid line in the figure. In the inset, zero corre- 
sponds to the air/polymer interface. 

the diblock should produce an interfacial broadening. This 
simply represents the extreme case where the thickness 
of the copolymer layer is large in comparison to the 
thickness of the homopolymer layers. 

Neutron reflectivity measurements were performed on 
both P(d-S-b-MMA) and P(S-b-d-MMA) symmetric 
diblock copolymers where PS and PMMA homopolymers 
were mixed with the diblocks. The labeling of the ho- 
mopolymers and the diblocks was kept the same so that 
discrimination between the segments of the copolymers 
and homopolymers was not possible. I t  should be noted 
that equal amounts of the PS and PMMA homopolymers 
with the appropriate labeling were mixed with the co- 
polymer to preserve the lamellar microdomain morphology 
and to minimize any curvature of the interface between 
the PS and PMMA microdomains due to an asymmetry 
in the volume fraction of the components. Independent 
studies on diblock copolymer mixtures with homopoly- 
mers have shown that the multilayered, lamellar mor- 
phology parallel to the surface of the Si substrate is 
maintained and is similar to that seen for the pure diblock 
copolymers.36 

The neutron reflectivity profile for the P(d-S-b-MMA) 
symmetric diblock copolymer mixed with 4.5% d-PS and 
4.5% PMMA is shown in Figure 4. These data and the 
corresponding fits typify the results for all the copolymer 
mixtures. In contrast to the profiles seen for the simple 
bilayers, the reflectivity profiles for the copolymer mixtures 
are somewhat more complex. Above the critical angle a t  
least 4 orders of Bragg reflections are seen which char- 
acterize the period of the multilayer morphology. Con- 
sequently, the variation in the periodicity as a function of 
the homopolymer composition can be quantitatively 
determined. The third- and fourth-order reflections are 
very sensitive to the width of the interface between the 
d-PS and PMMA microdomains and serve to place tight 
restrictions on the interfacial widths derived. In addition, 
a high-frequency oscillation, characteristic of the total 
thickness of the film, is evident. 

The solid line is the reflectivity profile calculated by 
using the scattering length density profile normal to the 
film surface shown in the inset. Over the entire scattering 
vector range the agreement between the calculated and 
experimental profiles is quite good. As with pure diblock 
copolymer films, the mixture with the homopolymer shows 
a preferential segregation of the PS to the air surface and 
PMMA to the substrate interface. In fact, the thicknesses 
of the PS and PMMA layer a t  these two interfaces are half 

P(S-b-d-MMA) 1.0 0 0 268f 2 244f2 50f2 
P(S-b-d-MMA) 0.91 0.045 0.045 291f 2 249f2 55+2 
P(S-b-d-MMA) 0.83 0.085 0.085 308f4 273f4 74h3 

P(d-S-b-MMA) 0.91 0.045 0.045 228f 1 209i 1 57f2 
P(d-S-b-MMA) 0.83 0.085 0.085 245f 2 227*2 64*3 

P(d-S-b-MMA) 1.0 0 0 210f 1 188* 1 50*2 

0 Xi is the weight fraction of component i where C denotes diblock 
copolymer and PS or PMMA represent either PS or d-PS and PMMA 
or d-PMMA. The labeling of the homopolymer corresponds to that 
of the copolymer; i.e., d-PS and PMMA were mixed with P(d-b- 
MMA). Li is the thickness of the i component lamellar microdomain. 
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Figure 5. Long period or period of the multilayer for the mixtures 
of P(d-S-b-MMA) with d-PS and PMMA (0) and mixtures of 
P(S-b-d-MMA) with PS and d-PMMA (0) as a function of the 
total weight fraction of homopolymers. The offset in the period 
corresponds to the different molecular weights of the copolymers. 

the thicknesses of the layers seen in the bulk or, in this 
case, in the center of the film. This is identical with the 
result for the pure diblock copolymer films and demon- 
strates that the addition of 4.5% PS and 4.5% PMMA 
has not perturbed the ordering of the diblock. The relative 
thicknesses of the d-PS and PMMA layers are determined 
by the intensities of the higher order reflections. For 
example, if the thickness of the d-PS layer was equal to 
that of the PMMA layer, then, by symmetry, even-order 
reflections would be absent. The model calculations show 
that the thickness of the d-PS layer is 228 f 1 A and that 
of the PMMA layer is 209 f 1 A. Of major interest, 
however, is the width of the interface between the d-PS 
and PMMA layers. For the mixture studied here an 
interfacial width of 57 f 2 A is found, which is 14% larger 
than that found for the pure copolymer. 

The results of similar studies on other mixtures of P(S- 
b-d-MMA) and P(d-S-b-MMA) with the appropriate ho- 
mopolymers are given in Table 111. In general, it  is seen 
that the PS and PMMA thicknesses increase with the 
addition of the homopolymers. Shown in Figure 5 is the 
long period, i.e., the sum of the PS and PMMA layer 
thicknesses as a function of the weight fraction of added 
homopolymer. The variation is essentially linear for both 
P(S-b-d-MMA) and P(d-S-b-MMA). The data are dis- 
placed from one another due to the difference in the mo- 
lecular weights of the copolymers, which produces a 
difference in the period. 

The change in the interfacial width is shown in Figure 
6 as a function of the weight fraction of homopolymer. 
What is very clear from these data is that, as homopoly- 
mer is added to the copolymer, small amounts of the ho- 
mopolymer are sufficient to produce a dramatic increase 
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Figure 6. Interfacial widths, a ~ ,  as a function of the total weight 
fraction of homopolymer added to  the diblock copolymer. Results 
for experiments on both the P(d-S-b-MMA) and P(S-b-d-MMA) 
are shown in the figure. The open circles represent data for 
P(d-S-b-MMA) and the filled circles for P(S-b-d-MMA). 

in the interface width (on the order of 30-50%). Over the 
concentration range studied the interfacial width contin- 
uously increases. Obtaining results at higher homopoly- 
mer concentrations is not possible by reflectivity since 
the orientation of the lamellar microdomains parallel to 
the surface of the film is lost. Both small-angle X-ray and 
neutron scattering are insensitive to interfacial widths of 
the magnitude shown here due to the rapid reduction in 
the intensity a t  higher scattering vectors and the inherent 
problem of subtracting thermal density fluctuation scat- 
tering, which is on the same order of magnitude as the 
coherent scattering of interest. However, in keeping with 
the results on the addition of the diblock to the interface 
between the homopolymers, it would be expected that 
-85 A would represent a maximum value and that further 
addition of homopolymer to the copolymer would not 
produce any further, substantial broadening. 

The results on the copolymer at  the interface between 
the immiscible polymers and those of the homopolymers 
added to the copolymers indicate that the homopolymers 
penetrate well into the interfacial region. This has been 
confirmed in a separate study where the segment density 
distributions of each component a t  the interface were 
e~aluated.~3 In fact, if one considers the interface formed 
between the homopolymers as the probability of finding 
segments of a given type as a function of distance and 
similarly for the diblock copolymers where one considers 
the probability of finding a junction point joining the two 
blocks, then the results shown here suggest that the 
interfacial width for homopolymers in the presence of 
symmetric diblock copolymers is, effectively, a convolution 
of the two segment density distributions at  the interface, 
thereby giving rise to a broader interface. As mentioned 
earlier, the broadening of the interface is, also, consistent 
with the reduction in the interfacial tension between the 
two components. 

In conclusion, it has been shown that the addition of a 
diblock copolymer to the interface between immiscible 
homopolymers results in a broadening of the interfacial 
width. The interfacial width increases up to a point where 
saturation of the interface with the diblock copolymer 
occurs. This corresponds to approximately half of the 
long period of the lamellar microdomain morphology in 
the bulk, which can be viewed as essentially a "mono- 
layer" of the diblock copolymer. At higher copolymer 
concentrations either the interface exhibits marked cur- 
vature or micelles are formed at the interface. Exami- 
nation of the off-specular scattering is in progress to 
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distinguish between these different possibilities. Similarly, 
as homopolymer is added to the diblock copolymers, the 
interfacial width between the lamellar microdomains 
increases as a function of composition and approaches the 
width found for the addition of copolymer to the interface 
between immiscible homopolymers. 
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