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ABSTRACT: Mixtures of polystyrene-block-poly(methyl methacrylate) (PS—PMMA) having PMMA
cylindrical microdomains with homopolymers of PMMA and poly(ethylene oxide) (PEO) were used to
study the effect of the interaction between homopolymers confined to the cylindrical microdomains and
the PS matrix on the microdomain spacing of the mixtures. The microdomains in all thin films are oriented
perpendicular to the film surface. It was found that the miscibility between PMMA homopolymer and
PMMA block in thin film was enhanced compared with that in bulk at a given molecular weight of PMMA
homopolymer. Also, the PMMA homopolymer chains in thin films were more localized to the center of
PMMA microdomains than in the bulk, which results in a larger increase of the lattice spacing (D) in the
former. D increased rapidly at low volume fractions of PMMA homopolymer, but it approached a saturated
value as the content of PMMA increased. The increase of D with increasing molecular weight of PMMA
homopolymer was saturated at a certain molecular weight. For mixtures of PS—PMMA with PEO, changes
in D were similar to those seen with PMMA, except that the saturation of D was reached at a much
lower molecular weight compared with PMMA. This is attributed to the strong repulsion between PEO
and PS that forces a stronger localization of PEO chains to the center of the PMMA microdomains. The
degree of localization of the homopolymer inside the cylindrical microdomains for all mixtures is discussed

in term of increase of D.

I. Introduction

Block copolymers self-assemble into periodic morphol-
ogies with well-defined size and spacing on the tens of
nanometer length scale and have been extensively
studied due to their potential use as functional nano-
structures.!=® The characteristic dimensions of the
morphologies are dictated by molecular weight of the
copolymer, the volume fraction of the components, the
Flory—Huggins segmental interaction parameter (x)
between the blocks, and the molecular architecture of
the block copolymers.”:8

The phase behavior of a binary blend consisting of a
block copolymer and a homopolymer is primarily gov-
erned by the ratio of the number of segments of the
homopolymer (Nan) to that (Nac) of the copolymer block
miscible with the homopolymer.®=2° According to ex-
periments,®~13 three regimes exist depending on Nan/
Nac: (i) wet brush (uniform distribution of the homo-
polymer) for Nan/Nac < 1; (ii) dry brush (localization of
the homopolymer) for Nan/Nac ~ 1; and (ii) macrophase
separation for Nap/Nac > 1. These results imply that
as the weight fraction of a homopolymer having high
molecular weight increases, the homopolymer is first
confined (or localized) within the microdomains, and
then macrophase separation occurs at higher weight
fractions. The phase behavior of mixtures consisting of
an AB diblock and a homopolymer C has also been
investigated, and for yac < O enhanced miscibility is
seen when compared to mixtures of AB/A (or AB/B).1*
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The dependence of lattice spacing (D) or microdomain
size on molecular weight and volume fraction of added
homopolymer has been studied.®1913-19 |n general, D
increases with increasing amount of the homopolymer
though the increase strongly depends on homopolymer-
chain distribution within the microdomains. If the
added homopolymer is localized to the center of the
microdomains, D increases due to chain extension
normal to the interface, whereas D does not change
significantly when the homopolymer chains are uni-
formly mixed within the microdomains.

Only a few groups,3°~34 however, have studied the
behavior of mixtures in thin film. Using neutron reflec-
tivity on mixture of symmetric PS—PMMA and ho-
mopolymers PMMA and (or) PS in thin films, Mayes et
al.?% showed that the homopolymer is more confined
(localized) to the center of lamellar microdomains with
increasing molecular weight of the homopolymer. These
results are in good agreement with bulk experi-
ments®1013 and subsequent thin film experiments.33
However, there have been no reports on the behavior
of thin films consisting of mixtures of an asymmetric
block copolymer with a homopolymer. Here, results on
such thin film mixtures on a neutral substrate and on
the bulk are presented. The effect of molecular weight
and the amount of the homopolymer and y between a
homopolymer and each block on the homopolymer
distribution within the microdomains was studied. Each
is shown to significantly influence the morphology in
the thin films which lead to simple routes to control size
of the nanoscopic domains in a robust manner.
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Table 1. Molecular Characteristics of PMMA and PEO
Homopolymers

symbols Mw Mw/Mp source

SM-88 87 800 1.04 synthesized anonically
in this lab

PMMA-4 4000 1.10 Polymer Lab

PMMA-12 12 400 1.05 synthesized anonically
in this lab

PMMA-30 29 700 1.06 Polymer Lab

PMMA-60 59 600 1.07 Polymer Lab

PMMA-127 127 000 1.08 Polymer Lab

PEO-0.6 640 1.21 Fluka Chem. Co.

PEO-1.5 1500 1.18 Fluka Chem. Co.

PEO-6 6 000 1.12 Fluka Chem. Co.

PEO-18 17 500 1.10 Fluka Chem. Co.

PEO-35 35000 1.08 Fluka Chem. Co.

PEO-56 56 300 1.05 Polymer Lab

PEO-105 105 000 1.06 Polymer Lab

Il. Experimental Section

An asymmetric PS—PMMA (SM-88), having a PMMA
volume fraction of 0.3 and a weight-average molecular weight
(M) of 87 800 with a polydispersity index (PDI) of 1.03, was
anionically synthesized. Homopolymers of PMMA and PEO
with narrow PDI were purchased or anionically synthesized.
All the polymers were used without further purification. The
My, and PDI of PMMA and PEO homopolymers are given in
Table 1.

For thin film experiments, a hydroxy-terminated PS-ran-
PMMA copolymer, having a styrene weight fraction of 0.58
and M,, of 11 000 with a PDI of 1.13, was used to produce a
substrate with balanced interfacial interaction.®® Spin-coated
random copolymer films were annealed at 170 °C for 3 days
under vacuum to attach the copolymers to the native SiOx
layer on a silicon wafer. After rinsing with toluene, a ~6 nm
thick brush of the random copolymer remained on the sub-
strate. Thin films (31—34 nm) of mixtures of PS—PMMA and
PMMA homopolymer with various volume fractions of ho-
mopolymer, ¢u, were prepared by spin-coating toluene solu-
tions onto the substrate with anchored random copolymer
brush. Here, ¢y is defined by the volume fraction of the
homopolymer in total volume of the homopolymer plus the
PMMA block in PS—PMMA.

For preparing thin films of mixtures of PS—=PMMA and PEO
homopolymer, a mixed solvent of benzene/toluene (20/80 vol/
vol) was used, and the solution was spun-coat onto the neutral
brush coated surface. It is noted that toluene does not dissolve
PEO completely. Thin films of mixtures of PS—PMMA and
homopolymers (PMMA or PEO) were annealed at 170 °C under
vacuum for 2 days and then quenched to room temperature.

Film thickness was measured with a Rudolph Research
AutoEL-11 ellipsometer using a helium—neon laser (1 = 632.8
nm) at a 70° incidence angle. For selective removal of entire
cylindrical microdomains containing the homopolymer and
PMMA block, deep UV irradiation followed by acetic acid
rinsing was used. Morphologies of thin films were assessed
by atomic force microscope (a Digital Instruments Dimension
3000) with the tapping mode in both height and phase contrast
modes.

For the preparation of bulk samples for small-angle X-ray
scattering (SAXS) experiments, mixtures of PS—PMMA and
PMMA homopolymer were dissolved in THF and solution-cast
at room temperature. Mixtures of PS—-PMMA and PEO
homopolymer were dissolved in chloroform and solution-cast
at room temperature for 48 h. Residual solvents in both
mixtures were completely removed at 110 °C for over 24 h
under vacuum. To achieve an equilibrium microdomains, the
samples were annealed at 170 °C for 48 h under vacuum.

The lattice spacing of cylindrical microdomains (D) in bulk
samples was measured by small-angle X-ray scattering (SAXS)
on the 4C1 beamline at the Pohang Light Source (PLS), Korea,
where a W/B4C double multilayer monochromator delivered
monochromatic X-rays with a wavelength (1) of 0.1608 nm and
a resolution AA/A = 0.01 onto the sample.®¢ A flat Au mirror
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Figure 1. AFM phase images for thin films of mixtures of
PS—PMMA and PMMA-60 with various volume fractions
(¢n): (a) 0.18, (b) 0.33, (c) 0.55, (d) 0.67. (a) and (b) show
microphase separation only, whereas (c) and (d) exhibit clearly
macrophase separation of PMMA homopolymer.

was used to reject the higher harmonics from the beam. A 2-D
CCD camera (Princeton Instruments Inc., SCX-TE/CCD-1242)
was used to collect the scattered X-rays. The sample thickness
was 1.5 mm, and the exposure time was 5 min.

The lattice spacing of neat block copolymer thin film was
measured by using grazing angle X-ray scattering (GAXS) on
the same beamline. The incident angle of the beam varied from
0.2° to 0.6°, which is sufficient to penetrate the sample fully.

The relative lattice spacing of cylindrical microdomains (D/
Do) was obtained by Fourier transformation (FT) of scanning
electron microscopy images (FE-SEM, Hitach S-4200) using
the software (Scion image). SEM images were taken at
40 000x magnification after UV etching and Pt sputtering. The
Fourier transformed data were circular averaged, and the
position (gmax) Of the first-order peak was obtained by the
Gaussian curve fitting. Then, D was simply given by 277/Qmax.

11l. Results

Figure 1 shows the AFM phase images of thin films
of mixtures of PS—PMMA with various volume fractions
(¢n) (0.18—0.67) of PMMA-60. Since PMMA has a higher
modulus than PS chain room temperature, PMMA is
brighter in AFM phase contrast images.3”38 At lower
¢n (<0.2), a perpendicular orientation of the cylindrical
microdomains is seen. However, as ¢y increases to 0.34,
the cylindrical microdomains are seen to orient parallel
to the substrate, even though macrophase separation
is not observed. For higher ¢y (>0.55), macrophase
separation is evident with the size of the domains
increasing with increasing ¢u.

The AFM images given in Figure 1 represent only the
surfaces of the films and provide no information on the
internal morphology. Consequently, the films were
exposed to UV and washed with acetic acid to remove
all the PMMA chains. Figure 2a shows AFM height
image of a mixture with ¢ = 0.55 after removal of all
the PMMA. A dark horizontal line in Figure 2a is
shown, along which the height profiles are given in
Figure 2b. In Figure 2b, three different height levels
are seen (A > B and C > D). Microphase-separated
PMMA domains with vertical orientation are observed
in region A. Since the hole size of region A (~20 nm) is
so small, the AFM tip does not reach the bottom of the
pores, even though they span the entire thickness of the
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Figure 2. (a) AFM height image of the mixture of PS—PMMA
and PMMA-60 with ¢ = 0.55 after deep UV etching and acetic
acid washing. (b) Height profiles of AFM image along the line
given in AFM image. (c) A schematic showing microphase and
macrophase separations. Homopolymers at region D' touched
the bottom of the film. In region B' or C', the homopolymer
touches either the substrate or air surface. HEX microdomains
with vertical orientation are clearly seen in region A'.

film, as shown previously.* Large empty holes in region
D touching the bottom of the film are seen and indicate
macrophase separation. The domain sizes in regions B
and C are smaller than those in region D, but much
larger than cylindrical micrdomains of PS—PMMA
copolymer itself. On the basis of these results, a
schematic diagram of thin films of mixtures, shown in
Figure 2c, can be made. In regions with a small amount
of ¢y, only microphase separation exists, as seen in
region A’. As the volume fraction (or molecular weight)
of the homopolymer increases, homopolymer chains
start to segregate from copolymer microdomains as
shown in regions B’ or C', resulting in macrophase
separation. We assumed that large defects without
vertical orientation are found at those points. Although
the AFM height images in B' cannot be distinguished
from those in C', the size of the domains in both regions
is ~100 nm, and thus, the macrophase separation has
occurred. In region D’, a coarse macrophase separation
has occurred with the domains spanning the entire film
thickness.

Macrophase separation in bulk samples can easily be
detected by the naked eye from the turbidity. Figure 3
gives the limit of solubility of PMMA homopolymer in
the mixtures for bulk samples (®) and thin films (O).
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Figure 3. Solubility limits of PMMA homopolymer, above
which a macrophase separation occurs, for bulk samples and
thin films with various molecular weights of PMMA homopoly-
mer. The filled circles are turbidity points in bulk samples and
the solid line is a curve fitting. The open circles correspond to
macrophase separation in thin film, where region B' or C' in
Figure 2 appeared.

As mentioned above, the transition from microphase to
macrophase separation is not sharp. In this study, the
critical volume fraction above which macrophase sepa-
ration occurs is taken as a volume fraction when the
defects like B’ or C' in Figure 2c in a mixture appear.
These defects are several times the lattice spacing of
the hexagonal-packed cylindrical microdomains. The
error bars in Figure 3 come from the mixture composi-
tion not from the AFM image. Namely, we prepared
mixtures by varying volume fractions of the homopoly-
mer with a step of 2—3% to obtain the critical volume
fraction corresponding to the macrophase separation.

The solid line is a curve to simply guide the eye. It
should be noticed that, by SAXS and SEM experiments,
no evidence of a change in the microdomains from
cylinders to lamellae was observed for all ¢4 employed
in this study. In Figure 3, it is seen that the solubility
of PMMA homopolymer in the mixtures decreases
sharply with increasing molecular weight of PMMA
homopolymer, in keeping with theoretical prediction.27.28
It is also evident that the solubility of PMMA homopoly-
mer in the thin films was greater than that in the bulk
sample at a given molecular weight.

Figure 4 shows SAXS profiles (the intensity (1(q)) vs
g (= (4x/A) sin 6, in which 1 is the wavelength and 26 is
the scattering angle in the range of 0.08 < g < 0.6 nm™1)
as a function of ¢y for bulk samples with four different
molecular weights of PMMA homopolymers. The SAXS
profiles were shifted vertically to avoid overlap. It is
found that a hexagonally packed array (HEX) of cylin-
drical microdomains was seen for all mixtures, evi-

denced by the higher order reflections at \/§qmax and

ﬁqmax (indicated by arrows in the figures). Here, Qmax
is the wave vector at the maximum intensity of SAXS
profiles. The positions of higher order reflections were
obtained through Gaussian curve fitting. From Figure
4, for a mixture with PMMA-4, gmax changed little even
when ¢y was increased up to 0.45. But for mixtures with
PMMA-30 and PMMA-60, gmax gradually shifted to
lower g with increasing ¢n, implying that the cylinder
lattice spacing (D) increased. Here, D is simply given
by 27/gmax and related to the interdomain distance (Dcy1)
between two neighboring cylinders (Dey = @D). For
mixture with PMMA-127, gmax shifted very little, since
macrophase separation took place at very low volume
fraction (¢n ~ 0.02) of PMMA-127, as shown in Figure
3.
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Figure 4. SAXS profiles as a function of ¢ for bulk mixtures
with four different molecular weights of PMMA homopoly-
mer: (a) PMMA-4, (b) PMMA-30, (c) PMMA-60, (d) PMMA-
127.

Figure 5. FE-SEM images after UV etching followed by acetic
acid washing for mixtures with PMMA-127 at various values
of ¢n: (a) 0.0, (b) 0.03, (c) 0.09, and (d) 0.13. The insets are
Fourier transformation of the FE-SEM images, from which D
was calculated.

Figure 5 shows SEM images for thin films of mixtures
with PMMA-127 at four different ¢y. The Fourier
transform of each SEM image was given in the inset of
Figure 5. For all mixtures with ¢y < 0.13, HEX
cylinders oriented perpendicular to the substrate are
seen. This suggests that all homopolymers are located
within the PMMA microdomains of the PS—PMMA
copolymer.

The lattice spacing (Do) in bulk was obtained by
SAXS; thus, the error was less than 0.1 nm. To obtain
D in the thin films accurately, grazing angle X-ray
scattering (GAXS) at the 4C1 beamline was used. The
block copolymer film was first annealed at 170 °C for 2
days under vacuum (the same condition for the bulk
sample). To enhance the contrast, PMMA cylindrical
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Figure 6. Increase of D with ¢4 as a function of molecular
weight of PMMA homopolymer in bulk samples (a) and thin
films (b). D increase in thin films was much larger than that
in bulk samples.

domains were degraded by UV and washed out by acetic
acid. As shown previously,* this procedure does not
change Dy. However, the contrast is enhanced greatly
than a factor of 20. D for the thin film was found to be
35.5 + 0.1 nm. Consequently, there is a difference
(1.4 £ 0.1 nm), although not large, in Do between thin
films and bulk sample for neat PS—PMMA, indicating
that the chains in the thin film are more stretched than
in the bulk due to a lateral confinement of the film by
the substrate.

In Figure 6, the relative change in D, which is
inversely proportional to g*, is plotted as a function of
¢n for bulk samples and thin films with various molec-
ular weights of PMMA homopolymers. D/Dy for bulk
samples given in Figure 6 were obtained from the first-
order peak in the SAXS as shown in Figure 4 with the
relationship of D = 27a/qmax. Thus, the error in deter-
mining D is less than 0.1 nm. However, D/Dy for thin
films given in Figure 6 were obtained by Fourier
transformation (FT) of the SEM images as shown in the
insets of Figure 5. Once FT was obtained, we can
determine gmax corresponding to the maximum intensity
peak (or first-order peak). It should be noted that the
first peak in the FT's was not as sharp as that obtained
by GAXS for thin films and also by SAXS for bulk
samples. Furthermore, higher order peaks are hardly
discernible. Yet, the maximum error in determining D
was less than 0.3 nm.

For low molecular weights of PMMA (PMMA-4), D/Dg
in both thin films and bulk samples does not vary with
¢n. But with increasing molecular weight, D in bulk
samples increases almost linearly with ¢y. Notice that,
for the mixtures with PMMA-127 in bulk samples, Dg
did not increase much in comparison to mixtures with
PMMA-60, even though the molecular weight is larger.
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Figure 7. SAXS profiles as a function of ¢ for bulk mixtures
with four different molecular weights of PEO homopolymer:
(a) PEO-0.6, (b) PEO-1.5, (c) PEO-6, (d) PEO-18. The shift of
the first-order peak position at a fixed ¢4 became larger as
the molecular weight of PMMA increased. For ¢y > 0.3, higher
order reflection peaks corresponding to lamellar microdomains
appeared.

This is because the critical volume fraction of PMMA-
60, above which the macrophase separation occurs, was
very low (0.02) as shown in Figure 3. For thin films,
the increases in D/Dg with ¢y started at lower molecular
weights compared with bulk samples. For instance, D/Dg
of thin films with PMMA-12 increases gradually with
¢n, whereas in the bulk no increase is seen. This
indicates that the degree of the localization of the
homopolymer chains within the cylindrical micro-
domains in the thin film case is larger than that in bulk
samples at a given homopolymer molecular weight. At
higher molecular weights (PMMA-60, PMMA-127), D/Dg
for thin film does not change with homopolymer molec-
ular weight. This indicates that once the homopolymer
molecular weight is greater than a certain value, the
degree of the localization saturates.

It is known that the degree of the localization of a
homopolymer within the cylindrical microdomains de-
pends on y between the homopolymer and the block
chains, in addition to the molecular weight and volume
fraction of the homopolymer. To examine the depen-
dence of homopolymer distribution on y, poly(ethylene
oxide) (PEO) was used. PEO has a specific dipole—dipole
attraction with PMMA, whereas there is a very large
repulsion with PS. y between PS and PEO at 170 °C is
0.050 obtained from the expression of yd4ps—peo =
—0.0067 + 25.26/T,%° whereas ygps—pmma at 170 °C is
0.028.40

Figure 7 shows the SAXS profiles (0.08 < q < 0.6
nm~1) as a function ¢y for bulk samples of the mixtures
with four different molecular weights (600—18 000) of
PEO homopolymer. No macrophase separation was seen
for the mixtures when ¢y < 0.4. However, when ¢y >
0.20, the cylindrical microdomains changed to lamellar
microdomains, since a high-order peak at 2gmax (3Qmax
and 4gmax iNn some mixtures) was clearly observed.
Furthermore, a melting peak of the PEO homopolymer
within the lamellar morphologies was found by dif-
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Figure 8. Increase of D with ¢y as a function of molecular
weight of PEO homopolymer in bulk samples (a) and thin films

(b).

ferential scanning calorimetry. In contrast, for the
mixtures with PMMA homopolymer, this morphological
transformation was not observed, even for ¢y > 0.2.

Figure 8 gives the change in D with increasing ¢y as
a function of PEO molecular weight for bulk samples
and thin films. D for bulk samples of mixtures with
PEO-0.6 showed a slight decrease in D at a low fraction.
For mixtures with PEO-1.5, D does not increase at low
¢n but then increase gradually at higher ¢y. Once the
My, of PEO is greater than 6000, D increased linearly
with ¢ for PEO but was independent of the M,, of PEO
homopolymer. This indicates that the degree of the
localization of PEO chains within the cylindrical micro-
domains is the same regardless of the PEO molecular
weight, once the PEO molecular weight is greater than
a critical molecular weight. Furthermore, D is very
similar to that for bulk samples with higher molecular
weights of PMMA (60 000 and 127 000) at a given ¢y
as shown in Figure 6a. From the results in Figures 6
and 8, it can be concluded that, at a given homopolymer
molecular weight, PEO chains are more localized inside
the cylindrical microdomains than PMMA homopoly-
mers.

The change of D/Dg for thin films with PEO as a
function of ¢y for different PEO molecular weights is
shown as Figure 8b. Mixtures with PEO-18 and PEO-
105 behave similarly. D/Dg increased very sharply at
low volume fractions of PEO and then more slowly as
the volume fraction was increased further. Also, D/Dg
in thin film is greater than that in bulk sample at a
given volume fraction of PEO.

1V. Discussion

The degree of localization of the homopolymer within
cylindrical PMMA microdomains can be estimated. For
cylindrical microdomains, D can be written as
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D=—R__ )

(21V/3n)f

where f is the volume fraction of the minor phase
(namely, PMMA block plus a homopolymer in a mixture)
and R is the radius of the minor phase. Do for neat PS—
PMMA is obtained from eq 1 in the absence of added
homopolymer with microdomains of radius Ry and
volume fraction f, (0.3). From eq 1, the change in D with
¢n is given by

D _ (R) /o
5= (R @

0

?z 1—¢y(1 -1 3)

—h

where ¢y is the homopolymer volume fraction in the
minor phase.

However, the dependence of R/Rog on ¢y should be
known to obtain D/Dg at a given ¢y. First, the volume
of PS matrix (Vmatrix) in @ repeat unit of the hexagonally
packed cylinders with length h is proportional to the
number of block copolymer chains (Npiock) in the same
unit. The interfacial area (A;) between A and B block is
the product of the areal density (2 in nm?/chain) and
Nplock IN the same unit.

Ai = 2Nk 4)

V

matrix __ Npiock

®)

Vmatrix,O nbIock,O

Here, the subscript “0” represents neat block copolymer.
Since the volume of one cylindrical domain (V) is given
by Vmatrix [f/(1 — )], we have

M — JtRZh — B — Vmatrix,O f l (6)
A 2aRh T 2 | npao J\T — T\

Equation 6 gives the ratio of R/Ro:

R 1-1) f \[Z (%
s RS

From egs 2 and 7, we have

(- o

D_o_ 1-f = 1-9y

2
Thus, to obtain the dependence of D/Dg on ¢y, we should
know the dependence of /%, on ¢n. This can be obtained
from the minimization of the free energy. Here, we
consider a core—shell shape for the cylindrical micro-
domain consisting of corona (PS block chain; region I)
and core (PMMA block chain + homopolymer; regions
Il and I11) as schematically shown in Figure 10. Also,
it is assumed that for the simple estimation the con-
centration profile of a homopolymer at the interface
between regions Il and I11 is given by a step function,
although an actual concentration profile might be a
hyperbolic tangent*! or a Gaussian.330 Namely, region
11 with a radius of ;..o contains the homopolymer only.
Region Il with a half-thickness of Iix consists of PMMA
block chains and the homopolymer chains. The concen-

=
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Figure 9. A schematic for a homopolymer distribution within
cylindrical microdomains. The y-axis is the homopolymer
concentration: region | with PS block chain only, region 11
where the homopolymer chains are uniformly distributed, and
region 11l containing the homopolymer only.

(a) 14

A PEO-18 k=1.0
v PMMA-60
o PEO-6
1.34 A PMMA-30
® PMMA-12 k=0.60
= PMMA-4
& PEO0-0.6
a’ 121 k=0.31
~
(m]
1.1 k=0.10
1.0 & N k=0.0
T T T T T
0.00 0.05 0.10 0.15 0.20 0.25
(b) 1.4
A PEO-18
v PMMA-60
A PMMA-30 =
1.31 @ PMMA-12 k=0.69
m PMMA-4
<& PEO-0.6

D/D

1.1 4 k=0.10

d)ll

Figure 10. Increase in D with ¢y in thin film (a) and in bulk
(b): symbols are experimental results, and curves are predic-
tions with the adjustable parameter of k.

tration profiles of the homopolymer in region Il is
uniform. Region | with a half thickness of Inatrix cOntains
only PS block chains.

We introduce one adjustable parameter k, the volume
fraction of the homopolymer localized to the center of
cylindrical microdomains (region I11). In this situation,
we have

I 2
local

R = Koy 9

Imix = R(l Y k¢H) (10)

A perfect localization of a homopolymer corresponds to
k = 1, whereas uniform solubilization of a homopolymer
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inside cylindrical microdomains is expected for k = 0.
On the other hand, Inatrix IS given by

Imatrix =R 1 ?/_—r\/f

The free energy per chain, Fenain, for a binary mixture
of A—B block copolymer and B homopolymer, whose
concentration distribution is described by Figure 9, is
expressed by 26:42

(11)

F..
chain _ Y0 5 %(QAZ + 02 + 2la, + 2lag — 6) +

keT  KkgT
Ngfl —¢ b
£ Wm—w+im%(m

2| Ng

_ 'matrix O = Imix (13)

TN T NG

Here, kg is the Boltzmann constant, T is the absolute
temperature, yo is the interfacial tension, Na (and Ng)
is the degree of polymerization of block A (and B), Pg is
the degree of polymerization of homopolymer B, and b
is the Kuhn length.

Since Imatrix and Imix can be expressed by X, we have
the equilibrium value of = (Zmin) from (9Fchain/0Z) s, =
0 (see Appendix).

B 4x/€N3/2b6(BA2 + BBZ) 1/3
VYN + (vV6/2)B, t +Bg Y

(14)

min

Here, Ba and Bg are given by

NITh g o (15)
@+VOVE T @ - e — ey

and N is the total degree of polymerization (N = Na/
(1 — fo) = Npg/fp). Since g min for a neat block copolymer
is obtained from eq 14 with ¢y = 0 and f = fy, we have
Zmin/ZO,min-

B, =

2

0,min

VAN + (V612)(Bao ™ + Bgo D[ BaZ+ Bg?
VyN + (V6/2)(B,  + B Bao’ + Bgo’

13

(16)

in which Bao and Bg are obtained from eq 15 by setting
f= fo and qu = 0. For XPSIPMMA ™~ 0.028 and N ~ 800,
we found that the first term in eq 16 is close to unity
regardless of k values for ¢y < 0.2.

Figure 10 gives calculated and measured D/Dg for
both thin film and bulk on the basis of eqs 8 and 16
with only one adjustable parameter k for various
mixtures with different molecular weights of PMMA and
PEO homopolymers. In both the thin film (a) and bulk
(b) cases, k increased with increasing molecular weight
of the homopolymer. However, k values for the thin films
are much larger than those in the bulk at a given
homopolymer molecular weight. For instance, k in thin
films for mixtures with PEO-18 was ~1.0, but 0.21 in
the bulk. This indicates that PEO-18 chains in the thin
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film are highly localized to the center of PMMA cylin-
drical microdomains with very limited interpenetration
into the PMMA block chains. In the bulk, using this
argument, only 21% of PEO-18 chains are localized to
the center of the cylindrical microdomains.

Itis also seen in Figure 10 that, at a given molecular
weight, k for mixtures with PEO is greater than that
for mixtures with PMMA, indicating that PEO chains
are more localized to the center of cylindrical micro-
domains. This can be explained by the degree of
localization of the homopolymer within cylindrical mi-
crodomains that depends on y between the homopolymer
and PMMA block and that between the homopolymer
and PS block. Since xPEOIPS > XPmmars, PEO will
minimize contact with the PS block. Thus, PEO chains
are likely to locate far from the PS—PMMA interface.

Finally, we consider why the increase of D/Dg with
¢n in thin films is larger than in bulk samples at a given
homopolymer molecular weight. One reason may be the
difference of the degree of segregation in block copoly-
mer in thin film and bulk. For neat PS—PMMA, Dy in
thin film was 35.5 nm, which is larger than that (34.1
nm) in the bulk. This suggests that in thin films the
PMMA chains are more stretched at the interface
between the microdomains than those in bulk samples
because of strong confinement of block chains to the
substrate.

V. Conclusions

The miscibility between PMMA homopolymer and
PMMA block in thin films was enhanced compared with
that in bulk samples. At a given molecular weight of
homopolymer, the increase of D in thin films was larger
than that in bulk samples, which indicates more local-
ization of the homopolymer to the center of the cylindri-
cal microdomains in thin films. The increase of D was
rapid at low volume fractions of PMMA homopolymer
but slowed as the PMMA concentration increased. The
increase of D for mixtures with high molecular weights
becomes saturated above a certain molecular weight.

For mixtures with PEO homopolymer, the behavior
of D was the same as mixtures with PMMA homopoly-
mer, except that the saturation of D was reached at
much smaller molecular weight than mixtures with
PMMA homopolymer. From a model analysis, PEO
chains in thin films with molecular weight higher than
18 000 appear to be completely localized to the center
of cylindrical microdomains, whereas in bulk the local-
ization is diminished. Thus, complete localization to the
center of the microdomains was possible in thin films
with PEO, but not with PMMA homopolymer. This is
attributed to the strong repulsive interaction between
PEO and PS.
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Appendix. Derivation of Eq 14

First, we calculate the volume of one chain of PMMA
block (block B)
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Vmix - Vhomo(ll) _ Vmix{ 1- ¢H

N.b® = =
& Nplock nblock\l — Koy

(A1)

in which Viyix and Vhomoqry are the total volume of the
region Il and the volume occupying the homopolymer
located at region Il and given by 7R?h(1 — k¢n) and
aR?h(¢n — Kk¢n), respectively. h is the length of one
cylinder. Also, Vnix and the interfacial area (A;) can be
given by

Vi _ chl(l — koy) _ R(1 — koy)
A 27Rh 2

(A2)

Since the area per a block copolymer chain () is simply
given by Ai/Npjock, We have

323 _ 1_¢H zlmix 1_¢H
Ngb 2(1 k¢H)(—l — k¢|—|)2 > (—1 - M >
(A3)

Here, eq 10 is used.
The volume of one chain of PS block (block A) is
similarly calculated as follows:

N b3 — Vmatrix (A4)
A Nbiock

Similarly, the volume of PS matrix (Vmatrix) and A; is
given by

Vinatrix _ Veyl(X — DA B(l — f) (A5)

A 2zRh 2| f

Substitution of eq A5 and X = Ai/npieek iNto eq A4
becomes

N,b?

— B(l - f)z: — Imatrix{l + \/? 5 (AG)

2\ f 2 \ vt

Here, eq 11 was used. From egs A3, A6, and 12 with
the aid of yo/keT = (x/6)Y2/b2,*1 we have

1 N 1_ - _
mbz( gen e

chain __

F
KeT

2+

2Nb*B,* + Bg?)Z 2 + C (A7)

Ba and Bg are given in eq 15, and C is the entropy of
the mixing contribution to free energy (the last term in
eq 12) which does not depend on X, Imix, and Imatrix. From
(0Fchain/ )z, = 0, Zmin is obtained and given in eq 14.
Note that Tanaka et al.1° derived an equation to predict
the change of the lattice domain with ¢y for a uniform
distribution of the homopolymer in mixtures of a block
copolymer having lamellae microdomains and a ho-
mopolymer. However, the term of 2/aa + 2/og in eq 12
was neglected.10

Figure 11 shows the change of (I/lg)matrixs (1710)mix,
[(1Z10)matrix T (1/10)mix]/2, RIRo, and D/Dg with increasing
¢n at two values of k (1.0 and 0). From the results of
the decrease of (1/1o)mix With ¢ as shown in Figure 11a,
Imix Of region Il cannot be the same as Rp of neat block
copolymer even when the homopolymer chains are
completely localized within the center of the cylindrical
microdomains. Namely, Rigcal Z Ro + Ru,1ocal- Here, Riocal
and Rpocal are the total radii of cylindrical micro-
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Figure 11. Change of R/Rg, D/Do, (I/10)mix, (1/10)matrix, @and
[(1/10)matrix + (1/10)mix]/2 with ¢y at two values of ki (a) k =1
and (b) k = 0. Here, the subscript “0” represents neat PS—
PMMA itself.

domains, including the homopolymer and homopolymer
itself, respectively, for a complete localization.

For a mixture consisting of a block copolymer with a
homopolymer whose microdomain morphology is lamel-
lar and the homopolymer localized completely within
the lamellar microdomain, L. = Ly + Lo. Here, Ly,
Ln., and Lo are the lamellar thickness for lamellar
microdomain consisting of the homopolymer, homopoly-
mer itself, and one block in the neat block copolymer,
respectively. In this case, D/Dg (in which D and Dg are
the lamellar domain spacing for a mixtures with the
homopolymer and neat block copolymer itself, respec-
tively) is given by10:32.33

D| [ )X [ 1 |[Z
(D_O)LAM_( 1— ¢y )(2)_(1_®H)(2) (A8)

in which @y is the volume fraction of the homopolymer
in the total mixture and smaller than ¢y because ®y =
¢ufol/[1 — pu(1l — fo)].

Since X (or areal density) at the interface of the block
copolymer is constant regardless of ¢y due to the
complete localization of the homopolymer,1® (D/Do)am
does not increase with ¢y compared with D/Dy for
cylindrical microdomains. For instance, (D/Dg)Lam at
¢n = 0.2is 1.075 for fo = 0.3 and 1.125 for f, = 0.5, which
is much smaller than that (1.39) for cylindrical micro-
domains shown in Figure 11a. A small increase in D
for lamellar microdomains at lower values of ¢y was
reported.10.13.32.33

The large increase in D/Dy with ¢y for a block
copolymer having cylindrical microdomain is due to
curvature of cylindrical microdomains. When eq A8 is
compared with eq 8 along with eq 16, the two different
expressions between cylindrical microdomains and lamel-
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lar microdomains exist: (1) The first term, namely,

V1I=¢y(1-1)(1 — ¢n) vs [1 — ¢n(l — )l — on),
becomes 1.15 and 1.075, respectively, at ¢y = 0.2. (2)
The second term, Zqmin/Zo,min, decreases steadily with ¢y
for cylindrical microdomains, whereas it does not change
with ¢y for lamellar microdomains. For k = 1, this
becomes 0.832 at ¢y = 0.2. (Thus, the contribution of
0,min/Zmin to D/Do becomes 1.20.)

It is also seen in Figure 11 that, with increasing ¢y,
(I/1o)matrix increases for k = 1 but it decreases for k = 0,
although the change is smaller than that of R in both
cases. Finally, the value of [(I/lg)matrix + (I/1o)mix]/2 is
not far from unity regardless of ¢y, which suggests that
the increase and decrease of these two factors are
compensated by each other.
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