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ABSTRACT: Monte Carlo simulations were used to model mixtures of symmetric diblock copolymers and
a fixed volume fraction (10%) of homopolymer. However, the homopolymer molecular weights were varied
from 2, 5, and 10 times that of the corresponding block in the copolymer. It isfound that, when the homopolymer
molecular weight becomes significantly greater than that of the corresponding copolymer block, the
homopolymer forms aggregates. These aggregates are highly localized in space and form bridges between
adjacent lamellar microdomains. The presence of these aggregates does not, however, perturb the underlying
lamellar morphology. These results are shown to be in qualitative agreement with transmission electron
microscopy studies on thin films of homopolymer/diblock copolymer mixtures of similar, relative molecular

weights.

Introduction

Investigations into the phase behavior of block copol-
ymers continue to reveal new and complex morphologies
for the microphase-separated melts. In particular, the
chains can form ordered arrays opf spheres, cylinders, or
lamellae or continuous networks, such as double-dia-
mond'2 or interconnected lamellar3* structures. Since
the morphology greatly influences the behavior of these
materials, block copolymers can be tailored to display a
range of rheological, mechanical, and optical properties.
The morphology of the system can be further controlled
by blending block copolymers with homopolymer chains.
Recent experimental®-1% and theoreticall®!! studies have
revealed the conformation of A homopolymers in the
lamellar phase of AB diblocks. The results show that the
homopolymers are confined to the A domains and can
swell the copolymer chains laterally. In these studies,
however, the length of the homopolymer was less than or
comparable to the length of the A block in the copolymer.
In modeling these systems,!®!l only a single lamellar
microdomain was considered. Furthermore, the self-
consistent field calculations were solved only in one
dimension, yielding polymer density profiles perpendicular
to the lamellar axis. While these approximations are
necessary in such analytical descriptions, significant
structural details can be lost.

In this paper, a Monte Carlo computer simulation is
used to examine the phase behavior of mixtures of AB
symmetric, diblock copolymers with A homopolymers. We
focus our attention on cases where the homopolymer
concentration is relatively low (10%), but the chains are
significantly longer than the A block in the copolymer.
These results are then compared to experimental studies
on mixtures of polystyrene, PS, with symmetric, diblock
copolymers of PS and poly(methyl methacrylate), PMMA,
denoted P(S-b-MMA).

Computer simulations provide a significant advantage
in these studies since no a priori assumptions are made
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about the geometry of the system. Rather, the molecules
are allowed to self-assemble into the preferred micro-
structure.!? Thus, the model can provide significant
geometric information about the three-dimensional con-
formation of the homopolymers, as well as the morphology
of the diblock copolymer microdomains. Furthermore,
the graphical output from the simulations allows a
visualization of these complex structures. The computer-
generated images also facilitate direct comparison between
simulation results and experimental micrographs. As will
be shown below, both methods yield similar images of an
unusual microphase morphology in homopolymer/diblock
blends.

Simulations

Larson!213 developed Monte Carlo (MC) simulations to
model the behavior of amphiphilic chains in oil/water
mixtures. The methodology is equally applicable to AB
diblocks in a solvent composed of A and B monomers. We
extended the model by introducing the A homopolymers.
Since the simulations are identical in all other respects,
only a brief summary of the technique is provided. Inthe
model, the molecules are confined to a cubic lattice. The
cube in our simulations is 20 lattice sites on each side.
Periodic boundary conditions are imposed on all sides of
this box. The homopolymer and diblock copolymer chains
occupy a sequence of adjacent or diagonally adjacent sites.
The length of the diblock is fixed at 8 sites, with four A
and four B sites. Homopolymer lengths of 8, 20, and 40
A sites were considered. The volume fractions of diblock
and homopolymer are fixed at 85% and 10%, respectively.
(Thus, as the length of the homopolymer is increased, fewer
of these chains are placed in the box in order to maintain
the specified volume percent. Specifically, there are 20
homopolymers of length 40, 40 of length 20, and 100
homopolymers oflength 8.) A small volume fraction (5%)
of solvent or A monomers, which occupy single sites, was
included in the modeling. Since there are no void sites in
this simulation (as sites are occupied by either solvent or
chain sites), these single sites are necessary for the chains
to undergo structural rearrangements.

Three types of molecular movements are allowed in the
simulation: the positions of two solvent sites can be
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Table 12
no. of steps
w (20 X 20 X 20 lattice)

0.0308 30 000 000
0.0615 75 000 000
0.0923 75 000 000
0.1231 150 000 000
0.1385 300 000 000
0.1538 300 000 000

e Starting from T = « (w = 0), w is systemically increased (system
is “cooled”) as shown.

interchanged, while the chains can underge kink and
reptative moves. The Metropolis algorithm is imple-
mented to determine if a specific move is to be executed.
In particular, if a move causes the same type of sites to
exchange positions (an A interchanges with an A or B with
B), the move is accepted with unit probability. If, however,
the move results in an A site changing positions with a B
site (or vice versa), the move is accepted with a probability
of e, where w = (W/kgT) is the only energetic parameter
in the system. W is the net energy of mixing, kg is
Boltzmann’s constant, and 7T is the absolute temperature.
Thus, @ corresponds to an inverse dimensionless temper-
ature and is equivalent to the Flory—-Huggins x parameter.

At the start of the simulation, w is set equal to zero
(corresponding to infinite temperature) and the molecules
are randomly dispersed on the lattice. The systém is then
slowly cooled by increasing « incrementally, with a
sufficiently large number of MC steps between each
increment so that the system can achieve thermal equi-
librium at each stage of the simulation. (The detailed
cooling scheme is listed in Table 1.)

As the temperature is lowered, the probability of
interchanges between the A and B units decreases and,
consequently, the mixtures will phase separate, At the
final value of w = 0.1538,!4 Larson observed lamellae and
ordered arrays of cylinders and spheres that characterize
the morphologies of microphase-separated .diblocks.!?
Thus, the prescribed cooling scheme will also locate our
results in the microphase-separated regime.!5.

Upon completion of the simulation, the cubic lattice is
subdivided into layers parallel to a face of the cube and
the microphase-separated morphology in each layer can
be examined. Parts a and b of Figure 1 show two slices
for the case where the homopolymer is 8 lattice sites long
(twice the A blocklength). The actual slice has dimensions
of 20 X 20 units. The 80 X 80 figure is filled by periodic
images. The symbol B represents the A sites, and the
blank region denotes the B sites of the diblock copolymer.
Dark dots are the location of the A homopolymer, and the
small number of A solvent sites are represented by the
empty squares. The figures clearly show a lamellar
morphology. Asexpected, small concentration variations
of each component are seen in going from slice to slice; but
overall, the homopolymer is uniformly dispersed fromslice
to slice and is incorporated within the A lamellar micro-
domains.

To further characterize the system, we focused on one
A microdomain. (Recall that one microdomain is com-
posed of two opposing A “brushes”.) Using aleast squares
fit, the plane that cuts through the middle of the A layer
is determined, and the homopolymer density profile
normal to this plane is obtained. As shown in Figure 2,
the short homopolymer is localized in the center of the
layer, i.e., between the two A brushes. This observation
agrees qualitatively with the conclusions obtained from
self-consistent field calculations!®! and with recent neu-
tron reflectivity measurements.?
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Figure 1. (a, top) One slice in a cubic lattice for a Monte Carlo
simulation modeling an AB symmetric, diblock copolymer of 8
total units mixed with an A homopolymer of 8 units in length.
Blank spaces are the B segments of the copolymer, @ represent
the A segments of the copolymer, ® are the A homopolymer
segments, and [ are sites occupied by A solvent molecules. The
simulation was for a 20 X 20 X 20 lattice. The 80 X 80 slice shown
here was produced by periodic imaging. (b, bottom) Same as
Figure 1a, but showing a different slice in the cubic lattice.

Parts a and b of Figure 3 show slices through the lattice
for the case where the homopolymer is 20 sites long; i.e.,
the homopolymer is 5 times the length of the copolymer
blocks. AscanbeseeninFigure 3a, the system still displays
a lamellar morphology. However, the results in Figure
3a,b clearly show that the A homopolymers form aggre-
gates. In fact, the aggregates form bridges between two
different A layers of the diblock lamellar morphology. The
fact that this structure is not present in Figure 3aindicates
that the aggregates are confined or localized within the
sample. In the case where the homopolymer is 10 times
the length of the blocks (40 sites), the homopolymer
aggregation is equally dramatic, as seen in Figure 4b.
Anotherslice in the sample (Figure 4a) is essentially devoid
of homopolymer sites, again indicating that this aggre-
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Figure 2. Distribution of homopolymer segments normal to the
lamellar surface for the mixture in Figure 1. Zero corresponds
to the center of the A lamellae.

gation is highly localized in space.
To quantify this localization, the pair correlation
function of the homopolymer units can be calculated by

3( nH(i) )

4@ -G~ 1P

where (ny(i)) is the average number of homopolymer units
located at a distance between i — 1 and i from a given
homopolymer site. Figure 5 shows three gu(i) curves
corresponding to the three different homopolymer lengths,
The sharply peaked curves for the chains of lengths 20
and 40 confirm that the homopolymer is localized to a
small region within the lattice. It must be noted that gy-
(i) is obtained in three dimensions, irrespective of the
orientation of the lamellar microdomains, and serves only
to characterize the average spatial distribution of the
homopolymer segments. The results from both the 20
and 40 site homopolymer simulations clearly show an
exclusion of the homopolymer from the lamellar micro-
domains, a retention of the overall periodic structure, and
an incorporation of the aggregates within the periodic
structure.

Inorder to determine if our results were biased by finite
size effects, we ran a simulation in a box that is 40 X 40
X 40 lattice sites in size. This was done for the case in
which the homopolymers are 40 units long. Parts a and
b of Figure 6 show the same characteristics as Figure 4a,b,
respectively. (The 80 X 80 figures now represent periodic
images of the 40 X 40 results.) Thus, we could conclude
that these results are not an artifact of lattice size.

There are, however, limitations to the quantitative
analyses that we can make with this model. Namely, we
cannot accurately measure the width of the lamellar
spacing. There are fluctuations in the width of the layer
as we go from one plane to another in the box. Averaging
over the values for each of the 20 planes yields relatively
large error bars. These large error bars mask any
differences that arise from increasing the length of the
homopolymer. This fact prevents us from making more
quantitative comparisons with the experimental system.
(Experimental values for the lamellar spacings are given
inref 9.) However, we can nonetheless draw qualitative
conclusions from these studies, which we describe below.

When the A homopolymer becomes significantly longer
than the A block of the diblock, it is entropically
unfavorable for the long chains to be confined in the A
layer; however, it is energetically unfavorable for the chains
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Figure 3. (a, top) One slice from a cubic lattice for a Monte
Carlo simulation of a mixture of A homopolymer with 20 lattice
sites with an AB diblock copolymer having 8 total lattice sites.
The designation of the sites isthe same as in Figure 1. (b, bottom)
1Same as in Figure 3a, but showing a different slice in the cubic
attice.

to extend into the B region. The aggregation of the
homopolymers into domains allows the homopolymers to
assume a more Gaussian configuration rather than being
highly confined and extended within the lamellar micro-
domains of the copolymer. By aggregating, the chains are
also shielded from unfavorable interactions with the B’s,
inmuch the same way that aggregated hydrophobic chains
are shielded from an aqueous environment. Comparing
the results for short and long homopolymers (at a fixed
volume fraction of 10% ), we can conclude that there isa
critical ratio of the homopolymer length to the length of
the comparable species in the diblock at which the
homopolymers start to undergo this aggregation behavior.

Experiments

Transmission electron microscopy (TEM) measurements were
performed on mixtures of a symmetric diblock copolymer of
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Figure 4. (s, top) Oneslice of a cubic lattice from a Monte Carlo
simulation of a mixture of A homopolymer of 40 sites in length
with a symmetric, diblock copolymer of 8 total lattice sites. The
site designations are the same as in Figure 1. (b, bottom) Same
as in Figure 4a, but showing a different slice in the cubic lattice.

polystyrene, PS, and poly(methyl methacrylate), PMMA, denoted
P(S-b-MMA), with PS homopolymer. The copolymer molecular
weight was M,, = 9.1 X 10¢ (M/M, = 1.05), with a PS volume
fraction of 0.47. Two different PS homopolymers were used:
with M, = 5.0 X 10* (M/M,, = 1.05) and M,, = 5.0 X 10° (M,,/M,,
= 1.06). Mixtures composed of 10% PS and 90% P(S-5-MMA),
by weight, were dissolved in toluene and spin coated onto the
substrate. The specimen was then annealed at 160 °C for 120
h under vacuum to orient the lamellar microdomains parallel to
the film surface. This procedure has been described pre-
viously.16-18

In order to perform the TEM studies, the samples had to be
microtomed normal to the surface of the specimen to obtain an
edge view of the lamellar multilayer. To this end, the substrates
used in this study consisted of a 2-mm-thick sheet of polyimide
onto which 500 A of Au was evaporated. This provided a pure
Au surface onto which the copolymer film was placed yet allowed
the films to be easily microtomed so that true cross sections of
the morphology could be obtained.’®* To enhance the contrast
of the lamellar microdomains, the thin cross sections were exposed
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Figure5. Radial distribution function of homopolymer segments
where the total copolymer length in 8 lattice sites and the
homopolymer has a length of 8, 20, or 40 lattice sites. Note the
localization of the homopolymer as the molecular weight increases.

to RuQ; vapor for 15 min, which preferentially stained the PS.
One note in passing is that studies were performed as a function
of exposure time to the RuO, vapors. Extended exposure was
found to induce artifacts in the morphology. The time of 15 min
was determined to be optimal in balancing the enhanced contrast
and sample damage. TEM studies were performed on a Zeiss
CEM 902 operated at 80 kV.

Discussion of Experimental Results

Figure 7 shows the micrograph of a mixture of 10% PS
(M, = 5 X 10%) with P(S-b-MMA). First, the dark band
across the middle of the micrograph is the 500-A layer of
Au. Adjacent to this, a layer of PS is seen, followed by a
lighter layer of PMMA. This is then followed by alter-
nating layers of PS and PMMA forming the multilayered
morphology. Asseen, a PS microdomain is located at the
air surface as would be expected from the lower surface
energy of PS in comparison to PMMA. Under the
conditions of these experiments, the total film thickness
is given by nL, where n is an integer and L is the period
of the lamellar microdomains. This is in keeping with
previous findings,16:20

In Figure 7, the PMMA layers are much thinner than
the PS layers, even taking into account the increase of the
PS microdomain due to the addition of the PS homopoly-
mer. This results from a degradation of the PMMA in the
electron beam, which is followed by a shrinkage of the
PMMA domains. In addition, the narrow bridges that
span from one PS layer to another have been found to
result from the staining procedure and are not charac-
teristic of the multilayered lamellar morphology. None-
theless, the picture that is evident for thin films of these
mixtures is a simple multilayered lamellar morphology
where the homopolymer is incorporated within the lamellar
microdomains. This should be compared to the results
from the simulations shown in Figure 1a,b. As can be
seen, the two are in good agreement. It should be noted,
though, that the simulations were performed on a system
where the molecular weight of the homopolymer was twice
that of the copolymer blocks. Consequently, one seessome
e\I;idence of weak bridging between the lamellae in Figure
1b.

No information can be obtained from the micrographs
onthe distribution of the homopolymer within the lamellar
microdomains. To do this, a technique like neutron
reflectivity must be used where the homopolymer islabeled
with deuterium. Independentneutron reflectivity studies
were performed on these mixtures on Si substrates, and
only the final results will be shown here.® Figure 8 shows
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Figure6. (a, top) Oneslice of a cubic lattice from a Monte Carlo
simulation of a mixture of A homopolymer of 40 sites in length
with a symmetric, diblock copolymer of 8 total lattice sites. The
box is now 40 X 40 X 40 lattice sites in size. The site designations
are the same as in Figure 1. (b, bottom) Same as Figure 6a, but
showing a different slice in the cubic lattice.

the distribution of PS homopolymer segments in the
multilayered morphology as a function of distance normal
to the lamellar surface. Zero has been taken as the center
of the PS microdomain, and the vertical dashed lines
represent the approximate location of the center of the
interfaces between the PS and PMMA layers. One
observes that the 5 X 10* molecular weight homopolymer
(dashed line) is distributed throughout the microdomain,
but the concentration is peaked at the center. While the
homopolymer penetrates well into the interfacial region,
it is completely confined to this domain, with no ho-
mopolymer penetrating deeply into the adjacent PMMA
layers. The shape of the distribution agrees well with the
simulation results presented in Figure 2.

If the molecular weight is increased to 5 X 10°, however,
a completely different morphology is seen. Shown in
Figure 9 is a typical micrograph for a system with 10% PS
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Figure 7. TEM micrograph of a mixture of 10% PS (M,, =5
X 10%) with a P(S-b-MMA) symmetric diblock copolymer having
atotal molecular weight of 9.1 X 10%. The sample was spin coated
onto a Au-coated polyimide substrate, annealed for 120 h under
vacuum at 160 °C, and microtomed normal to the film surface.
Staining with RuO, makes the PS layers appear dark.
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Figure 8. Distribution of PS homopolymer segments as a

function of distance normal to the lamellar surface for 10%

mixtures of PS homopolymers having M,, = 5 X 10* (---) and

5 X 10° (—) with P(S-b-MMA) symmetric, diblock copolymer

(M,, = 9.1 X 10%). The vertical dashed lines are the approximate

:lnidpoint.s of the interfaces between the PS and PMMA micro-
omains.

Figure 9. Cross sectional TEM micrograph for a mixture of
10% PS (5 x 105 with a P(S-b-MMA) symmetric, diblock
copolymer (M,, = 9.1 X 10%) cast onto a Au-coated polyimide
substrate. The sample was annealed for 120 h at 160 °C under
vacuum, microtomed normal to the surface, and stained with
RuO,. The dark regions correspond to the PS segments of the
homopolymer and copolymer.

(M, =5 X 105 in P(S-b-MMA). Immediately obvious in
this micrograph are large PS domains scattered throughout
the film. While TEM cannot differentiate between the
PS segments of the homopolymer or copolymer, it is quite
reasonable to conclude that these large domains are formed
by the homopolymer that is excluded from the lamellar
microdomains. It should be noted that these domains are
seen uniformly throughout the film, i.e., at both the air
and substrate interfaces, as well as in the interior of the
film. Remarkably, the presence of these homopolymer
aggregates has not perturbed the multilayered morphology,
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but they are incorporated quite nicely into the multilayered
structure.

The micrograph in Figure 9 bears a striking resemblance
to the results of the simulations shown in Figures 3, 4, and
6. In both the experiment and simulations, the ho-
mopolymer is seen to be excluded from the lamellar
microdomain morphology.®

Again, independent neutron reflectivity measurements
on these mixtures, where the PS homopolymer was labeled
with deuterium, provided the distribution of the PS
homopolymer segments in the multilayered morphology.
This is shown in Figure 8 by the solid line. Here, the
homopolymer appears to be in both the PS and PMMA
layers. This results from the fact that the neutron
reflectivity measurements provide a composition profile
normal to the surface averaged over the coherence length
of the neutrons, which is microns in size. Consequently,
the presence of the homopolymer aggregates spanning
across the PMMA layers would produce this result. (It
isdifficult to extract thisinformation from the simulations
since density fluctuations at the interface (the interfacial
“roughness”) are comparable to the layer thickness.)

In conclusion, qualitative agreement between actual
experiments and computer simulations has been shown
for mixtures of homopolymers with symmetric diblock
copolymers. It is clearly shown that, as the molecular
weight of the homopolymer is increased above that of the
corresponding copolymer blocks, the homopolymer is
excluded from the lamellar microdomains, forming ag-
gregates. These aggregates, however, do not markedly
perturb the alternating, lamellar microdomain morphol-
ogy.

The interesting morphologies observed in this study are
a product of the competition between the ordering of the
copolymer and the macroscopic phase separation of the
homopolymer from the copolymer. Since the high mo-
lecular weight homopolymer is essentially insoluble in the
copolymer, the favored thermodynamic state is a coarsely
phase separated system that minimizes the interfacial area
between thetwo. Ontheother hand, thelocal organization
of the copolymers into lamellar microdomains occurs
rapidly in comparison to the long-range diffusion of the
homopolymer. Thus, the mixture is trapped in a meta-
stable state that strikes a compromise between these
competing processes. What is most intriguing is that the
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simulations and the experiments reveal nearly identical
frozen-in states.
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