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ABSTRACT: Mixed Langmuir monolayers composed of poly(methyl methacrylate) (PMMA) and poly-
(n-nonyl acrylate) (PNA) were studied by surface pressure—area isotherms and atomic force microscopy
(AFM). The mixed monolayer was miscible at a low surface pressure but underwent a reversible hierarchical
phase separation at a high surface pressure, with the monolayer of the major component being spread on the
water surface, on top of which the minor component separated out. The phase separation grew with time, but
upon reduction of the surface pressure into the miscible region, the phase separation immediately disappeared.
A subsequent increase of the surface pressure into phase separation region again caused a phase separation
similar to that from the miscible state, indicating that the blend monolayer converted to the original miscible
state immediately upon reduction of the surface pressure. Thus, this hierarchical phase separation is completely
reversible and a true thermodynamic transition. A PMMA-H-PNA block copolymer also showed a similar
reversible hierarchical phase separation, with the major component being spread on the water surface, on top of
which the minor component again separated out. The domain size was regular, corresponding reasonably well

to the chemical structure of the block copolymer, and did not grow with elapsed time.

1. Introduction

Polymer monolayers spread on a water surface are superior in
mechanical and thermal stability in comparison with monolayers
composed of small molecules, and thus, they have been extensively
studied for possible applications as functional thin films." Polymer
monolayers are also an ideal model for the study of polymer
chains in two-dimensional (2D) states, and the structure and
properties of such 2D states are also the subject of intense study.
Polymer blend monolayers have also been studied.>>° The mis-
cibility of polymer blends in 2D states might be different from that
in 3D states, since interaction between blended polymers in the
monolayer is different from those in 3D states because of specific
alignments of the monomer units of the polymer in the monolayer
as a result of adsorption of a hydrophilic group in the monomer
unit onto the water surface.>*' In addition, the contribution of
interfacial free energy of the water/monolayer and air/monolayer
interfaces should be considered in the 2D films. Further, polymer
chain gackmg in 2D states, which are different from those in 3D
states,” may also affect the miscibility and the resultant morphol-
ogy of polymer blends in the monolayers.

In the earlier studies, the miscibility of polymer blends in mono-
layers was mainly identified from the surface pressure—area
(m—A) isotherms>* 1171 a5 follows. If a plot of the area versus
the composition of a blend at a constant surface pressure was
linear, in other words, the area obeyed an additive rule, the blend
was regarded as miscible or perfectly immiscible. A negative
deviation of the area from the additive rule was considered evi-
dence for an attractive interaction between the component
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polymers; therefore, the polymer blend was identified as miscible.
On the other hand, a positive deviation of the area from the addi-
tive rule was thought to indicate the existence of a repulsive
interaction between the component polymers. In addition to the
area—composition relationship, the dependence of the collapse
pressure on the composition of the blend was also thought to
be evidence of the miscibility of the blends. On the other hand,
for a completely immiscible mixture, the collapse pressure was
expected to be independent of the composition. The miscibility
of many polymer blend monolayers was identified in this manner,
for example: poly(methyl methacrylate) (PMMA)/poly(vinyl ace-
tate) (PVAc),>'“!! PMMA /poly(ethyl methacrylate) (PEMA),*
PEMA /poly(butyl methacrylate) (PBMA), PMMA/PBMA°
cellulose acetate/poly(dimethylsiloxane),” binary blends selected
from PMMA, PV Ac, poly(propyl methacrylate) poly(vinyl stea-
rate), and poly(octadecyl methacrylate),® poly(phenyl meth-
acrylate) with poly(hexyl methacrylate) or S)oly(benzyl methacry-
late),’ pol ethylene oxide 3 (PEO)/PMMA, ' poly(meth Pll acrylate)/
PVAc,' PEO/PVAC PMMA/poly(vmylphenol) "and poly-
(n-butyl methacrylate) blends with its isomers (poly(isobutyl
methacrylate), }i)oly(vec—butyl methacrylate), and poly(zert-butyl
methacrylate)).

In contrast, in 3D states, the miscibility of polymer blends is
determined mainly by more direct measurements, for example,
microscopies, such as optical and transmission/scanning electron
microscopy (TEM, SEM), scattering techniques, such as light,
X-ray, and neutron scattering, and thermal analysis by differ-
ential scanning calorimetry (DSC), etc. Thus, in order to study
miscibility of blend monolayers, a 7—A4 isotherm measurement
may not be sufficient and a morphological investigation may be
necessary. Therefore, in limited cases, some other measurements
have been used in addition to the 7—A isotherms, for example,
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ellipsometry of the thickness and refractive index of mixed
monolayers,'' Brewster angle microscopy (BAM)'® and fluores-
cence microscopy'® of monolayers on the water surface, SEM of
collapsed monolayers,” TEM'* and scanning near-field micros-
copy (SNOM)'™ of monolayers deposited on substrates. At
present, atomic force microscopy (AFM) is one of the best tools
to observe monolayers. Polymer monolayers have been observed
by AFM at a molecular level> 2" and thus is frequently used for
studying blend monolag/ers in combination with the 7—A4 iso-
therm measurement,'>!16-20

Previously, we studied the miscibility and stereocomplex for-
mation between isotactic and syndiotactic poly(methyl meth-
acrylate)s (it- and st-PMMA) in the monolayers on a water surface
by 71— A isotherm measurements and AFM.?* We found that at
a normal compression rate it- and st-PMMA phase separated,
and upon further compression, a stereocomplex was formed
only at the interface of it- and st-PMMA domains. On the other
hand, at a 1/50 slower compression rate than the normal, an it-
and st-PMMA mixture formed a miscible monolayer, and further
compression resulted in quantitative stereocomplex formation.
The apparent immiscibility of the mixture was kinetically con-
trolled, since it-PMMA and st-PMMA form an expanded and
condensed monolayer, respectively, in a dilute state;*” they are
therefore immiscible when dilute. At a faster rate of compression,
the phase separation seen in the dilute state was retained, result-
ing in the apparent phase-separated structure. These complicated
behaviors of compression-rate-dependent phase separation and
stereocomplex formation could be fully analyzed by the combi-
nation of 71— A4 isotherm measurement and AFM.

In this paper, we report a study of a mixed monolayer composed
of PMMA and poly(n-nonyl acrylate) (PNA) by 7—A isotherm
measurements and AFM. Upon compression, the monolayer
formed a hierarchical phase separation, with the major compo-
nent spread on the water surface as a monolayer, on top of which
the minor component separated out. Detailed AFM observations
indicated that the mixed monolayer was miscible at a low surface
pressure, and the hierarchical phase separation was reversibly
formed at a high surface pressure. Depending on the composi-
tion, the lower monolayer of the hierarchical phase separation
was either PMMA or PNA, and at a PNA-rich composition,
phase inversion of the upper and lower layer of the once-formed
hierarchical phase separation occurred upon further compres-
sion. These complicated phase separation behaviors were fully
analyzed using a combination of 7—A isotherm measurements
and AFM.

2. Experimental Section

2.1. Materials. The PMMA and PNA used in this study were
purchased from Showa Denko (Tokyo, Japan) and Polymer
Source (Montreal, Canada), respectively. The number-average
molecular weights (M,) and molecular weight distributions
(M,,/M,) were 1.96 x 10* and 1.03 for the PMMA and 1.3 x
10% and 1.50 for the PNA, respectively. The PMMA-H-PNA was
also purchased from Polymer Source. The M|, for the PMMA
and PNA blocks were 1.3 x 10*and 2.03 x 10°, respectively, and
the My/M, was 1.25. Highly purified benzene (Infinity Pure,
Wako Chemicals, Osaka, Japan) was used as the solvent for the
spreading solutions without further purification. Water was
purified by a Milli-Q system and used as the subphase for the
LB investigations.

2.2. Surface Pressure—Area (7—A) Isotherm Measurements
and LB Film Preparations for AFM. The 7—A isotherm mea-
surements of a PMMA, PNA, their mixtures (PMMA/PNA =
25/75, 50/50, and 75/25 in weight fraction), and a PMMA-b-
PNA were done as follows: A PMMA, PNA, their mixture, or a
PMMA-bH-PNA solution in benzene having a total polymer
concentration from 2 x 10™* to 6 x 107> g/mL was spread on
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Figure 1. (A) 7—A isotherms of monolayers of PMMA, PNA,
PMMA/PNA mixtures, and PMMA-b-PNA on water. (B) Magnified
7—A isotherms of monolayers of PNA (blue) and PMMA-b-PNA
(pink) at the region indicated by the square (B) in (A).

a water surface at 25 °C in a commercial LB trough with an area
of 60 x 15 cm? and an effective moving barrier length of 15 cm
(FSD-300AS, USI, Japan). The surface pressure was measured
using filter paper as the Wilhelmy plate. The 7—A4 isotherms
were measured at a constant compression rate with a moving
barrier speed of 0.5 mm/s. A monolayer was deposited onto a
piece of freshly cleaved mica by pulling it out of the water at a
rate of 4.2 mm/min, while compressing the monolayer at a con-
stant pressure (the vertical dipping method).

In order to evaluate the reversibility of the 7—A4 isotherms, a
monolayer was first compressed up to a prescribed surface pressure
(first compression), then expanded to 2.0 m*/mg (0 mN/m), and
again immediately compressed (second compression). Also, the
monolayer was deposited at constant surface pressures by the
vertical dipping method during a compression—expansion—
compression cycle and observed by AFM. The compression and
expansion rates for the reversibility investigation were 0.5 mm/s.

2.3. AFM Observations. After drying the deposited mono-
layers in vacuo, they were observed by a commercial AFM
(NanoScope IIla or IV/multimode AFM unit, Veeco Instru-
ments, Santa Barbara, CA) with standard silicon cantilevers
(PointProbe, NCH, NanoWorld, Neuchatel, Switzerland) in air
in the tapping mode. The typical settings of the AFM observa-
tions were as follows: a drive amplitude of 1.0—1.3 V, a set point
of 0.95—1.25 V, and a scan rate from 1.80 to 3 Hz. The AFM
images obtained are presented without any image processing
except flattening.

3. Results and Discussion

At first, we discuss the behavior of the PMMA/PNA blend
system, and then that of the PMMA-h-PNA block copolymer will
be discussed.

3.1. PMMA/PNA Mixtures. 3.1.1. #—A Isotherms of
Monolayers of PMMA/PNA Mixtures. In Figure 1, 71— A
isotherms of PMMA, PNA, and PMMA /PNA mixtures (25/
75, 50/50, and 75/25 in weight fraction) are shown. The
PMMA monolayer (red line) showed a condensed-type 7— 4
isotherm without any clear transition, and it collapsed at a
relatively high surface pressure around 50 mN/m. The PNA
monolayer (blue line) also showed a condensed-type 71— A
isotherm, but it collapsed at a lower surface pressure around
20 mN/m, which resembled a plateau transition. On the
other hand, PMMA/PNA mixtures showed clear plateau
transitions. PMMA/PNA mixtures with the PMMA content
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Figure 2. Plots of the limiting area (w = 0 mN/m) and areas at 17 and
22 mN/m derived from the 77— A4 isotherms in Figure 1 as a function of
the PMMA weight content of the monolayers. The areas are in good
agreement with the estimated lines, assuming that (i) the area at 7 = 0
mN/m was occupied by both PMMA and PNA monolayers obeying the
additive rule, (i) the area at 7 = 17 mN/m was occupied by either the
PNA or PMMA monolayer depending on which was the major com-
ponent, and (iii) the area at 7 = 22 mN/m was occupied by only the
PMMA component.

higher than or equal to 50 wt %, PMMA/PNA = 50/50
(black line) and 75/25 (green), had a single plateau transition
around 15 mN/m, while a mixture witha PMMA content less
than 50 wt %, PMMA/PNA = 25/75 (orange line), showed
two plateau transitions at around 16 and 20 mN/m.

In order to understand these m— A isotherms, the limiting
areas (extrapolated to r = 0), the areas after the first plateau
transition (7 = 17 mN/m), and the areas after the second
plateau transition (r = 22 mN/m) derived from the 7—A4
isotherms were plotted against the PMMA content in Figure 2
(red circles). At 0 mN/m, the limiting areas of the PMMA/
PNA mixtures were almost constant and agreed with areas esti-
mated assuming an additive rule of the areas of pure PMMA
and PNA monolayer (solid line in Figure 2 (0 mN,/m)), indicat-
ing that both PMMA and PNA spread on the water surface. At
17 mN/m, after the first plateau transition, the area decreased
linearly with the PMMA content up to 50 wt % but then rose
linearly at PMMA contents of more than 50 wt %. The lines in
17 mN/m panel were estimated assuming that only the PNA or
PMMA component occupied the water surface, ignoring the
other component (solid lines of PNA and PMMA in Figure 2
(17 mN/m)). The results were in good agreement with this
assumption, indicating that the monolayers at 17 mN/m were
covered by either the PNA or PMMA monolayer depending
which component was in the majority. At 22 mN/m after the
second plateau transition, the areas linearly increased with the
PMMA content and were in good agreement with a line esti-
mated by assuming that only the PMMA monolayer covered
the area on the water surface, ignoring the PNA component
(solid line of PMMA in Figure 2 (22 mN/m)).

On the basis of the 7—A4 isotherm results and the AFM
images of monolayers deposited on mica which we will show
in the next section, we propose that the phase transition of
the PMMA/PNA blends on the water surface proceed as
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Figure 3. Schematic representation of the hierarchical phase separation
of monolayers of PMMA and PNA mixtures and PMMA-b-PNA.

shown schematically in Figure 3. At a low surface pressure
(I mN/m), PMMA/PNA mixed monolayers are miscible and
both the PMMA and PNA spread on the water surface. At
17 mN/m, the major component spread on the water sur-
face as a monolayer, on top of which the minor component
separated out, forming a hierarchical phase separation. At
22 mN/m, irrespective of the composition of the PMMA/
PNA mixture, the PMMA component forms a monolayer on
which PNA component separated out.

In the absence of detailed experimental evidence, readers
may not fully agree with this picture at this moment. We now
present further experimental evidence which supports the
model described above.

3.1.2. AFM of Monolayers of PMMA|/PNA Mixtures.
Figure 4 shows tapping-mode AFM height images of mono-
layers of the PMMA/PNA mixtures (25/75, 50/50, and 75/25
w/w) deposited on mica at 1, 17, and 22 mN/m. At | mN/m,
all the monolayers were homogeneous, and no clear phase
separation was observed. The surface was quite smooth, and
the surface roughness was less than 0.6 nm. In contrast, at
17 mN/m, immediately after the first plateau transition, all
mixtures showed phase-separated structures. Although the
phase separation of PMMA/PNA = 75/25 was small and thin
relative to those of other compositions, the phase separation
was obvious in comparison with the monolayer of the same
composition deposited at I mN/m. On the basis of the 7—A4
isotherm results (Figures 2 and 3), we believe that at 17 mN/m
the monolayers were occupied only by the PNA component for
PMMA/PNA = 25/75 and only by the PMMA component for
50/50 and 75/25 mixtures. Thus, the upper (brighter) layer
separated out on the monolayer was identified as PMMA for
25/75 and PNA for 50/50 and 75/25 mixtures. Further com-
pression to 22 mN/m developed the phase separation. The size
and height of the upper domains increased. From the 7— 4 iso-
therm results (Figures 2 and 3), we expect that all the mono-
layers were occupied by the PMMA component, and the upper
layers separated out on the PMMA monolayer should be PNA
for the all compositions at 22 mN/m. Since the lower mono-
layer was composed of a PMMA monolayer, increasing the
PNA content led to a significant increase in the height of the
separated-out PNA domain on the PMMA monolayer at
22 mN/m (1.4, 2.8, and 36 nm for PMMA/PNA = 75/25,
50/50, and 25/75 w/w, respectively).

As shown in the schematic representation of the hierarch-
ical phase separation in Figures 3 and 4, the hierarchical
phase separation of PMMA/PNA = 50/50 and 75/25 mix-
ture maintained a layer structure with alower PMMA mono-
layer and an upper PNA layer from 17 to 22 mN/m. In contrast,
the hierarchical phase separation of the PMMA/PNA =
25/75 mixture must exchange the upper and lower layer
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Figure 4. Tapping-mode AFM height images of the monolayers of PMMA/PNA mixtures (25/75, 50/50, and 75/25 in weight fraction) deposited on
mica at a surface pressure of 1, 17, and 22 mN/m. Height profiles along the yellow lines in the images are also shown. The width and z-range of the
images are indicated in each image. Schematic representations of the hierarchical phase separation of the mixed monolayers are also shown.

during the compression from 17 to 22 mN/m. Evidence of
this inversion of the upper PMMA layer and lower PNA
monolayer of PMMA/PNA = 25/75 during the compression
was derived mainly from the area occupied at the surface
pressures in the 77— A isotherms (Figure 2). This inversion of
the hierarchical phase separation is peculiar and needs con-
firmation. Accordingly, in the next section, we report observa-
tions of the phase inversion behavior of the PMMA/PNA =
25/75 mixture during the compression from 17 to 22 mN/m in
more detail.

3.1.3. Inversion of Upper and Lower Layers during Compres-
sion of PMMA/PNA = 25|75 Mixture from 17 to 22 mN/m.

Figure SA shows AFM height images of a monolayer of the
PMMA/PNA = 25/75 deposited on mica at the surface pres-
sures indicated in the images and in the 7—A isotherms of
Figure 5B(1—6). As mentioned, the m—A isotherm of the
PMMA/PNA = 25/75 showed two plateau transitions. Im-
mediately after the first transition at 17 mN/m (1), on the basis
of the occupied area, we assumed that a PNA monolayer
covered the water surface on top of which the PMMA layer
separated out. Thus, the brighter region with a thickness
around 2.5 nm was a PMMA layer deposited on the PNA
monolayer. At the onset of the second plateau of the 7—A4
isotherm ((2) 19 mN/m), a small number of thicker areas
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Figure 5. (A) Tapping-mode AFM height images of the monolayers of a PMMA/PNA mixture (25/75 w/w) deposited on mica at surface pressures
indicated in the images. Height profiles along the yellow lines in the images are also shown. The width and z-range of the images are indicated in each
image. (B) The 7— A isotherm of the monolayer of PMMA/PNA (25/75 w/w). The areas at the monolayers were deposited are indicated by the arrows.
(C) Schematic representation of a possible inversion mechanism of the hierarchical phase separation of the monolayer.

appeared on top of the PMMA layer; for example, see domains
with a thickness of 14 nm in a pink circle in Figure 5A(2).
During the second plateau, the diameter and height of the
thicker depositions increased. Note that the new thicker
domains were selectively deposited on the PMMA domains
(Figure 5A(2—5)). These newly deposited domains on the
PMMA layer should be PNA collapsing at its collapse surface
pressure around 20 mN/m. During the second plateau, the
area occupied by the PMMA layer increased, and at the end of
the plateau at 22 mN/m (6), an almost homogeneous PMMA
monolayer covered the surface. This is in good agreement with
the m— A isotherm analysis mentioned above, which indicated
at 22 mN/m the area was covered only by the PMMA mono-
layer without any PNA contribution (Figure 2). The thickness
of the PMMA monolayer determined at a crack shown in a
green circle in Figure SA(6) was 2.4 nm, indicating the thick-
ness of the PMMA monolayer was almost constant through-
out the compression from 17 to 22 mN/m (2.4—2.5 nm, green
arrows in Figure SA(1—6)). In Figure 5C, a possible inversion
process is schematically shown.

3.1.4. Assignment of Upper and Lower Components in the
Hierarchical Phase Separation. As already mentioned, the
areas at 17 and 22 mN/m were covered only by a PNA or
PMMA monolayer, the other component not contributing
to these areas, and as a result, we thought the other compo-

nent deposited on the monolayers. However, a skeptical
reader may point out the possibility that the other compo-
nent which did not contribute to the area may exist under
the monolayer, i.e., not at the air/monolayer interface but at
the monolayer/water interface of the other component. As
we used AFM to observe the hierarchical phase separation
of monolayers after they were deposited on a substrate, we
must agree that it is hard to distinguish which domain was at
the upper side solely by using AFM. However, we believe
that we may reasonably assign the layer structure consider-
ing the nature of monolayers on the water surface as de-
scribed below.

PMMA and PNA both have an appropriate hydrophilic
group that allows them to spread on a water surface with the
hydrophilic group adsorbing to the water surface to form a
stable Langmuir monolayer. However, a Langmuir monolayer
of PMMA or PNA is stable only on the water surface. If a
monolayer deposits on a monolayer of the other component, the
second monolayer is no longer a Langmuir monolayer and so is
not necessarily stable and should behave differently from a
normal Langmuir monolayer on a water surface. As mentioned,
at 17 and 22 mN/m, the area was covered by a PNA or PMMA
monolayer depending on the composition with no contribution
from the other component. Thus, the PNA or PMMA mono-
layer should be spread on the water surface, on top of which the
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other component separates out. If the other component existed
under the monolayer, i.e., between the monolayer/water inter-
face, the monolayer deposited on the other component would
not be stable at that area and would not be able to withstand for
the surface pressure.

Therefore, for example, in the PMMA/PNA = 25/75 com-
position at 17and 22 mN/m, we suppose that the water surface
was covered with a PNA and PMMA monolayer, respec-
tively, with other component deposited on that monolayer.
Moreover, the m—A isotherm for the PMMA /PNA = 25/75
composition in Figure 5A has two plateau transitions. After
the first plateau, which corresponds to deposition of the PMMA
component on the PNA monolayer, the resultant 7— A4 isotherm
(from (1) to (6) in Figure 5B) was quite similar to that of the
monolayer of pure PNA (blue line in Figure 1), taking into
consideration a reduction of the area due to the composition
of the blend (75 wt % of PNA). After the second plateau,
which corresponded to deposition of the PNA on the PMMA
monolayer, the resultant 7— 4 isotherm (from (6) to the end in
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Figure 6. Reversible 7—A4 isotherm of the monolayer of the PMMA/
PNA mixture (PMMA/PNA = 50/50 w/w). The monolayer was first com-
pressed up to 20 mN/m (red line), then immediately expanded to 0 mN/m
(2.0 m*/mg), and again immediately compressed (blue line).
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Figure 5B) was, again, quite similar to that of the monolayer
of pure PMMA (red line in Figure 1), again allowing for
a reduction of the area due to the composition of the blend
(25 wt % of PMMA). The agreement of the 71— A isotherms
after deposition of the other component strongly indicates
that the other component separated out on top of the mono-
layer spread on the water surface. The inversion of the mono-
layer of PMMA/PNA = 25/75 composition is quite peculiar,
but the development of the phase-separated structure ob-
served by AFM and the 7— A4 isotherm behavior support the
inversion of the monolayer of this composition.

The m—A isotherms of PMMA/PNA = 50/50 and 75/25
had a single plateau transition, and after the transition the
resultant 71— A isotherms were, again, quite similar to that of
the pure PMMA (red line in Figure 1) considering the com-
position of the blend (50 and 75 wt % of PMMA). This result
indicates that after the transition a PMMA monolayer spread
on the water surface with the PNA deposited on that mono-
layer. In addition, the 7— A4 isotherms of the 50/50 and 75/25
compositions which showed a single plateau transition (Figure 1)
indicated no particular sign of inversion of the hierarchical phase
separation, as was observed in the PMMA/PNA = 25/75
composition.

3.1.5. Reversibility of Hierarchical Phase Separation of
PMMA|PNA Blend Monolayer. A question arises: are these
hierarchical phase separations a reversible process? Figure 6
shows the 7— A isotherm of a PMMA/PNA = 50/50 mixture
measured during the first compression up to 20 mN/m
(red line: first compression), then immediately expanded to
2.0 m?*/mg (0 mN/m), and again immediately compressed
until collapse (blue line: second compression). The 7—A4
isotherms of the first and second compressions (red and blue
lines in Figure 6) were identical, indicating the monolayer
compressed up to 20 mN/m recovered to the original struc-
ture on the subsequent expansion to 0 mN/m. Thus, the
hierarchical phase separation was indeed reversible.

In addition, Figure 7 shows AFM height images of a
monolayer of a PMMA/PNA mixture (50/50 w/w) deposited
on mica during a compression—expansion—compression cycle.

o 17mN/m, Ohi
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Figure 7. Tapping-mode AFM height images of the monolayer of a PMMA /PNA mixture (50/50 w/w) deposited on mica during a compression—
expansion—compression cycle. The monolayer was first compressed to 1 mN/m (1), further compressed to 17 mN/m (2), then kept at the surface
pressure for 4 h (3—35), next expanded to 1 mN/m (6), again compressed to 17 mN/m (7), and kept at the surface pressure for 2 h (8—9). A schematic
representation of the hierarchical phase separations of the mixed monolayer during the compression—expansion—compression cycle is also shown.
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The monolayer was first deposited at 1 mN/m (1), further
compressed to 17 mN/m (2), and kept at that surface pressure
for 4 h (3—5), next expanded to 1 mN/m (6), then immediately
compressed to 17 mN/m (7), and kept at that surface pressure
for2h (7—9). The monolayer was homogeneous at | mN/m (1).
Further compassion up to 17 mN/m resulted in a hierarchical
phase separation with a PMMA monolayer on which a PNA
separated out. The domain of PNA deposited layer on the
PMMA monolayer grew with time (2—5). However, subse-
quent expansion immediately resulted in the disappearance of
the hierarchical phase separation into a homogeneous mono-
layer (6) similar to that before compression (1). Subsequent
compression immediately recovered a hierarchical phase sep-
aration (7), and the domain size of the deposited PNA grew
with time (7—9). Note that the recovered PNA domain at 0 h
(7) was similar to that formed immediately after the first com-
pression to 17 mN/m (2) and not identical to that immediately
before the expansion ((5) after 4 h at 17 mN/m). Furthermore,
the growth of the deposited PNA domain at the second com-
pression at 17 mN/m (7—9) was quite similar to that of the first
compression at 17 mN/m (2—4). This strongly indicates that
the monolayer (6), which was expanded after being phase
separated at 17 mN/m for 4 h, did not simply appear to be
homogeneous but was truly in a miscible state. A schematic
representation of the phase separation is shown in Figure 7.

In consequence, the PMMA/PNA monolayer is truly
miscible at lower surface pressures, and it hierarchically
phase separates at a higher surface pressure. The hierarchical
phase separation is reversible as a function of the surface
pressure; thus, the phase separation is a true thermodynamic
transition.

3.1.6. Discussion of the Composition-Dependent Inversion
of the Hierarchical Phase Separations. As previously men-
tioned, at 17 mN/m the PMMA/PNA blend monolayers
underwent a hierarchical phase separation, with the major
component spread as a monolayer, on top of which the
minor component separated out. The lower monolayer was
PNA for the PMMA/PNA = 25/75 blend and PMMA for
the 50/50 and 75/25 blends, respectively. Why was the
monolayer different depending on the composition? There
are six different surface/interface tension coefficients that
characterize spreading of the blend on the water surface.
They are surface/interface tensions of the water/air (Ywater)s
PMMA/water (yPMMA/water)a PMMA/alI‘ (VPMMA/air)a PNA/
water (yPNA/water)’ PNA/alr (yPNA/air)a and PMMA/PNA
(ypmma/pna) interfaces. Using these coefficients, four
spreading coefficients can be estimated that characterize
spreading of PMMA monolayer on the water surface
(SpMMA water) PNA monolayer on the water surface
(SpNnajwater)s PMMA on the PNA monolayer (Spavma/pna).
and PNA on the PMMA monolayer (S ) as follows:

PNA/PMMA

SPMMA/WMHY = Vwater — YPMMA /water — VPMMA /air
SPNA/watcr = Vwater — VPNA/water — VPNA /air

SPMMA/PNA = YPNA/air — VPMMA/PNA — VPMMA /air

SPNA/PMMA = YPMMA /air — VPMMA/PNA — VPNA /air

Since both the PMMA and PNA formed stable mono-
layers on the water surface, Spmmajwater aNd SpNAjwater
should be positive. If there were significant difference in
magnitude between the two values, a monolayer of the
material with the larger spreading coefficient would spread
on the water surface, on top of which the other component
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with the smaller spreading coefficient would separate out
irrespective of the blend composition, since it is thermody-
namically favorable. This was not the case. Therefore, we
expect that Spymajwater A0d SpNA jwater ar€ cOmparable, and
the lower monolayer was either PMMA or PNA depending
on which was the major component of a mixture. The spread-
ing coefficient, Sa g, corresponds to the energy gain to form
A/Binterface per unit area. In the case that Spyma jwater and
SpNA/water ar€ comparable, the energy to peel off a mono-
layer of the minor component from the water surface is
smaller than the opposite case; therefore, the minor compo-
nent should separate out.

To be more accurate, we need to consider additional
factors required to form a PMMA/PNA or PNA/PMMA
interface to construct a hierarchical phase separation, but if
Spmmapna and Spnapmma are comparable, the above
argument works qualitatively. As shown in Figure 7, the
PNA domains that separated out on the PMMA monolayer
grew with the elapsed time; in other words, the PNA slowly
dewetted. Therefore, Spna/pmma should be negative. Also,
Spmma/pNa 1s expected to be negative, based on the dewet-
ting behavior of PNA domains on the PMMA monolayer in
Figure 5(2—6).

3.1.7. Discussion of the Phase Inversion of the Hierarchical
Phase Separation of the PMMA|/PNA = 25|75 Mixture
during the Second Transition. As shown in Figure 5, at the
first transition, the PMMA/PNA mixture at first formed a
hierarchical phase separation with a lower PNA monolayer
on which PMMA deposited, but further compression resulted
in a second transition in which a phase inversion occurred
to form a new hierarchical phase separation with a lower
PMMA monolayer on which PNA deposited. This raises the
question: why did this phase inversion at 22 mN/m occur after
the formation of the thermodynamically stable hierarchical
phase separation of the first transition?

The inversion occurs because of the collapse of the PNA
monolayer at its collapse pressure. The PNA monolayer was
no longer stable at 22 mN/m and collapsed. On the other
hand, at 22 mN/m, PMMA could adsorb on the water sur-
face and form a stable monolayer; thus, PNA was excluded on
the PMMA monolayer, resulting in the inverted hierarchical
phase separation. After the first transition, the PMMA/PNA
mixture had already undergone a hierarchical phase separa-
tion; therefore, the second transition occurred at the same
surface pressure as the collapse pressure of the pure PNA, with
no effect on the PMMA component (Figure 1, orange and
blue lines). On the other hand, the surface pressure of the first
transition where the hierarchical phase separation formed
from the miscible blends clearly depended on the composition
of the blends (Figure 1, green, black, and orange lines).

Figure 8 shows a phase diagram of the hierarchical phase
separation of the PMMA /PNA mixtures (red circle). The points
were determined based on the inflection points of the 7— A4 iso-
therms of the blends. The surface pressure at the phase transi-
tion depends on the composition of the blends.

3.2. PMMA-b-PNA Block Copolymer. 3.2.1. 7—A Iso-
therm and AFM Image of Monolayer of PMM A-b-PN A Block
Copolymer. Next, we move to a PMMA-b-PNA block copol-
ymer system. The M, for the PMMA and PNA blocks were
1.3 x 10*and 2.03 x 10°, respectively, and the PMMA content
was about 6 wt %. The m— 4 isotherm of the PMMA-/-PNA
is shown in Figure 1A (pink line). As the PMMA content was
small, the 7— A isotherm of the PMMA-b-PNA was similar to
that of the PNA homopolymer (blue line in Figure 1A), but
the surface pressure at collapse was slightly higher. Further-
more, as shown in the magnified 7— A4 isotherms in Figure 1B,
a small inflection around 17 mN/m (pink arrow) of the 7— A
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isotherm of the PMMA-bH-PNA (pink line) indicates deposi-
tion of the PMMA block onto the monolayer of PNA block.
In contrast, the PNA homopolymer without a PMMA com-
ponent did not show this transition (blue line in Figure 1B).
The limiting area and area at 17 mN/m are plotted in Figure 2
(blue circles), the behavior of which was similar to those of the
PMMA /PNA blend monolayers.

AFM height images of the monolayer of the PMMA-b-
PNA deposited on mica at surface pressures of 1, 10, and
20 mN/m are shown in Figure 9. The monolayer was again
homogeneous at 1 mN/m, at 10 mN/m a slight increase in
roughness was recognizable, and at 20 mN/m a relatively
homogeneous distribution of dots with a thickness about
2.5 nm was observed. By analogy with the PMMA /PNA sys-
tem with a PMMA minor composition, the dots were identi-
fied as PMMA blocks deposited on a monolayer of PNA
block. The size was relatively homogeneous, and the dot—dot
distance was also relatively constant, which is expected to be

20
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> hierarchical
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Figure 8. Phase diagram of the hierarchical phase separation of the
PMMA/PNA mixtures (red circle) and the PMMA-b-PNA (blue circle).
The points were determined based on the inflection points of the 7—A4
isotherms for the corresponding compositions.

10mN/m
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controlled by the monolayer of the PNA block beneath the
PMMA dots. Each of the dots is composed of about 29
PMMA blocks on average, as calculated from the number
of the polymer chains that existed in the image based on the
LB deposition conditions, Npjock copolymer» and the number of
the dOtS, Ndota as Nblock copolymer/Ndot-

3.2.2. Reversibility of Monolayer of PMMA-b-PNA Block
Copolymer. Figure 10 shows a m— 4 isotherm of the PMMA -
b-PNA block copolymer measured during the first compres-
sion until 0.5 m?/mg (red line: first compression), then
immediately expanded to 2.0 m*/mg (0 mN/m), and again
recompressed to collapse (blue line: second compression).
The second compression exactly traced the 7— A4 isotherm of
the first compression, indicating that the hierarchical phase
separation was reversible.

Figure 11 shows AFM height images of the monolayer of
the PMMA-bh-PNA block copolymer deposited during a
compression—expansion—compression cycle. The mono-
layer was first deposited at 10 mN/m (1), further compressed
to 20 mN/m (2), kept at that surface pressure for 2 h (3—6),
then expanded to 10 mN/m (6), kept at that surface pressure
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‘j—an

1st

1
[
1

S
=

w
(o]

Surface Pressure (mN/m)

0.5

T
1.0 1.5 2.0
Area (m*/mg)

0.0

Figure 10. Reversible 7—4 isotherm of a PMMA-b-PNA monolayer.
The monolayer was first compressed up to 22 mN/m (red line), then
immediately expanded to 0 mN/m (2.0 m?/mg), and again, immediately
compressed (blue line).
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Figure 9. Tapping-mode AFM height images of a monolayer of PMMA-h-PNA deposited on mica at a surface pressure of 1, 10, and 20 mN/m. Height
profiles along the yellow lines in the images are also shown. A schematic representation of the hierarchical phase separation of the PMMA-H-PNA

monolayer is also shown.



Article

PMMA-b-PNA

Macromolecules, Vol. 43, No. 21, 2010 9085

size:lpmX 1um, Z range:2nm
. 21 1(5) eianas

pama:l, PAY o

-

water

T TU T
TN AN U

water

20 mN/m 7
— AL,

water

10 mN/m
if

Figure 11. Tapping-mode AFM height images of a PMMA-b-PNA monolayer deposited on mica during a compression—expansion—compression
cycle. The monolayer was first compressed to 10 mN/m (1), further compressed to 20 mN/m (2), then kept at the surface pressure for 2 h (3—6), next
expanded to 10 mN/m (7), kept at the surface pressure for 1 h (§—9), and then again compressed to 20 mN/m (10). A schematic representation of the
hierarchical phase separations of the PMMA-h-PNA monolayer during the compression—expansion—compression cycle is also shown.

for 1 h (7—9), and finally recompressed to 20 mN/m (10). The
monolayer was miscible at 10 mN/m (1), and further com-
pression up to 20 mN/m resulted in a hierarchical phase
separation with small domains of the PMMA block deposited
on top of the monolayer of PNA block (2). As expected for a
phase separation of a block copolymer system, the resultant
phase separation structure of the PMMA-h-PNA was stable
and did not change with time at 20 mN/m for 2 h (2—6), in
contrast to the hierarchical phase separation of PMMA /PNA
blend systems which grew with time (Figure 7). Expansion to
10 mN/m immediately resulted in disappearance of the phase
separation and produced a miscible monolayer (7) which was
stable at 10 mN/m for 1 h (7—9). Recompression to 20 mN/m
immediately resulted in recovery of the hierarchical phase
separation (10). Therefore, the hierarchical phase separation
is a reversible process, and we can conclude that it is a true
thermodynamic transition. In Figure 8, the surface pressure
at the hierarchical phase separation determined from the
inflection point of the 7— A isotherm of the block copolymer
(blue circle) was added to the phase diagram of the PMMA/
PNA blends.

We note that the hierarchical phase separation of the
PMMA-bH-PNA formed through a thermodynamic transi-
tion from the miscible state. Thus, the resultant structure is
expected to be close to a thermodynamically stable structure
of the PMMA-b-PNA. This situation is not usually attained
for block copolymers spread on a water surface; thus, the
present system is suitable for studying the equilibrium struc-
ture and the construction of well-organized structures using
block copolymers.

4. Concluding Remarks

Mixed monolayers composed of PMMA and PNA were miscible
at a lower surface pressure but underwent a reversible hierarchical
phase separation at a higher surface pressure, with the monolayer
of the major component being spread on the water surface, on top
of which the minor component separated out. AFM observation
of the monolayer in addition to 7—A isotherm measurements

clarified the behavior of the hierarchical phase separation. Poly-
mer blend monolayers studied in detail by AFM are still very
limited and need to be studied by this technique in addition to
m—A isotherm measurements. The study of polymer blend
monolayers is important not only for the control of polymer thin
films but also to improve our understanding of the nature of
polymer in 2D states.
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