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Phase Separation Behavior of (Palmitic Acid/Lignoceric Acid)
Mixed Monolayer Based on a ;7-A Isotherm Measurement
and a Scanning Probe Microscopic Observation
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The aggregation state of a mixed monolayer of palmitic acid (Cie) and lignoceric acid (Ca4) was investigated on the
basis of a 77-A isotherm measurement and a scanning probe microscopic observation. The independence of the plateau
and collapse pressures on the monolayer composition and the additivity of the average molecular area exhibited that the
Ci6 and Cy4 molecules were immiscible in the monolayer, indirectly suggesting the presence of phase-separated domains
in the system. Two kinds of regions with different heights were apparently observed on an atomic force microscope image
of the mixed monolayers. The change in the area fraction with the composition, the film thickness and the difference in
the lateral force of the two regions revealed that the (C;6/C24) mixed monolayer was in a phase-separated state. This phase
separation is probably due to an enthalpic contribution based on the difference in cohesive energy of each alkyl chain.

The increased attention on phase-separated mixed mono-
layers originates from potential applications as molecular
templates for protein crystallization' and adsorption,? pat-
terning layers in molecular photodiode® and selective layers
in biosensors.* These functions depend on the size, distribu-
tion and density of phase-separated domains in mixed mono-
layers. Therefore, a systematic understanding on the phase
separation mechanism in a mixed monolayer appears to be an
essential step in the design and construction of functionalized
structures in a two-dimensional system.

The miscibility and molecular interaction for mixed mono-
layers of various amphiphilic molecules have been examined
by 7-A isotherm analyses based on the additive rule with re-
spect to the molecular area,>'? mechanical properties,'*—'*
evaporation behavior,!™!® equilibrium spreading pressure,"
and vapor pressure. However, it has turned out to be difficult
to distinguish the complete miscibility from phase separation
on the basis of a macroscopic 7—A isotherm measurement.
Thus, direct microscopic observations are useful in the de-
termination of whether the components are miscible or phase
separate, and also in characterization of the phase-separated
domain in the mixed monolayer.

Recently, electron,'? fluoresence,””*° Brewster angle,”
phase contrast,” surface plasmon, and scanning
probe?**—* microscopies have been allowed to character-
ize the surface morphology of a mixed monolayer. Of these
methods, a scanning probe microscope may be most useful
because the vertical and lateral resolutions of angstrom order
are enable to detect the height difference and domain size on
the nanometer scale at a monolayer surface. Also, a lateral
force measurement by the microscope allows to identify the
chemical species and to clarify the difference in the aggrega-
tion state in a mixed monolayer. However, because most of

these studies use limited samples, or are devoted to the devel-
opment of analytical methods and the evaluation of mechan-
ical properties of thin films, little has been done concerning a
systematic understanding of phase separation mechanismina
monolayer. The phase separation in a monolayer depends on
many factors involving electrostatic interaction, molecular
chirality and so on besides thermodynamic parameters such
as the subphase temperature and surface pressure. Hence, to
obtain a general concept of phase separation in a monolayer,
it is necessary to investigate a simple experimental system
as a first step. A fatty acid monolayer is probably suitable
for the experimental system, because the aggregation state
of the monolayer on a pure water surface depends on only
two factors: the thermal molecular motion and the cohesive
force among hydrophobic portions.

In this study, the aggregation state of a mixed monolayer
of fatty acids with different alky! chain lengths was inves-
tigated on the basis of a 7-A isotherm measurement and a
scanning probe microscopic observation. We used palmitic
and lignoceric acids as binary components because specific
interaction, except for a cohesive force among alkyl chains,
does not act between these acids, and also that each com-
ponent is easily detected owing to a large difference (eight
methylene units) in the molecular length when the compo-
nents are phase separate in the mixed monolayer.

Experimental

Surface Pressure-Area (;7-A) Isotherm Measurement.

Palmitic (CH3(CH;);4COOH, C)¢) and lignoceric
(CH3(CH3)22,COQOH, Cy4) acids with a purity >99.99% were
used as monolayer components. Benzene of spectroscopic
quality was used as a spreading solvent. Benzene solutions
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of Cjg, Cya, and (C,4/Cy4) mixtures with molar fractions of
80720, 60/40, 50/50, 40/60, and 20/80 were prepared at con-
centrations of 2.0x 1073, 8.0x10~* and 8.0x 10~* mol L',
respectively. The subphase water was purified by a Ultra
High Quality Polishing System (Elgastat Co., Ltd.). The
sample solution was spread on a water surface at a subphase
temperature, Ty, of 293 K. The dimensions of the trough
were 560 mm in length, 150 mm in width and 5 mm in
depth. T, was adjusted to 293 £ 0.5 K by circulating con-
stant-temperature water around the aluminum support of the
trough. Also, the room temperature was adjusted to the same
temperature as Ty, by using an air-conditioner. A surface
pressure—area (;7—A) isotherm of each monolayer was mea-
sured under compression by two barriers at an area change
rate of 8.6x10~* nm? molecule™! s~! with a microproces-
sor-controlled film balance system (FSD-300, USI System
Co., Ltd.).

Scanning Probe Microscopic Observation. Each
monolayer was compressed to a surface pressure of
20.04+0.5 mNm~' at the same area change rate as a 7-A
isotherm measurement. The monolayer was transferred onto
freshly cleaved mica (Okabe Mica) by the horizontal draw-
ing-up method® at a transfer rate of | mmmin~'. The trans-
fer ratio for each monolayer was unity, indicating that the
mica substrate was completely covered by each monolayer.
Atomic force microscope (AFM) and lateral force micro-
scope (LFM) images of the monolayer were obtained with
an SPA 300 unit together with an SPI 3700 control station
(Seiko Instruments Industry, Co., Japan) in air at 293 K. A
20 umx20 um scan head and a silicon nitride tip of pyra-
midal shape on a triangular cantilever with a spring constant
of 0.02 Nm~' were used. Images were recorded at a scan
rate of 2 Hz in the “constant-force” mode; that is, feedback
electronics and the corresponding software were used to keep
the cantilever at constant deflection and to measure the sam-
ple motion. The applied force during scanning was 8—10
nN in an attractive force range. Calibrations of the scanner
were performed with a 3 pm-pitched sample (VLSI, Stand.
Inc.) for a lateral displacement and with steps on cadmium
arachidate film*' for a vertical displacement. The monolayer
thickness was evaluated from the hole depth for an AFM im-
age with a scan area of 1 umx1 pum at the minimal force very
closely where the probe was pulled off the sample surface,
after artificially piercing a hole with an area of 100 nm x 100
nm through the monolayer with the AFM probe at an applied
force of 5 nN in a repulsive force range. In order to obtain
the maximum LFM signal, the sample surface was scanned
along the direction perpendicular to the cantilever long axis.

Results and Discussion

7—-A Isotherm Behavior of the Mixed Monolayer. Fig-
ure 1 shows the 77—A isotherms of pure Ci4, Cp4, and of
(C16/Cy4) mixed monolayers with different molar fractions
on the water surface at a T, of 293 K. This figure was il-
lustrated by sliding the abscissae corresponding to the seven
molar fractions for clarity. Some microscopic studies*>4>—*
have revealed that the pure C;4 and Cy4 molecules form iso-
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Fig. 1. 7—A Isotherms of pure Cis, Ca4, and of (Ci6/C24)
mixed monolayers with molar fractions of 80/20, 60/40,
50/50, 40/60, and 20/80 on the water surface at Ty, of 293
K.

lated two-dimensional domains immediately after spreading
a solution and these domains aggregate together to be a mor-
phologically homogeneous state during compression at a T,
of 293 K and at a neutral pH range. The 7—A isotherm of
the pure palmitic acid monolayer (C)¢/Cy4: 100/0) exhibited
a sharp rise in surface pressure at a surface area of ca. 0.25
nm? molecule™'. This increase in surface pressure results
from contact between two-dimensional crystalline domains
grown just after spreading a solution by surface compres-
sion. For a pure lignoceric acid monolayer (C,¢/Cp4: 0/100),
a plateau region was observed in an area range of 0.21—0.23
nm? molecule ™! on the 77—A isotherm. The plateau region
appears owing to the consumption of compression energy for
the crystal transition from a hexagonal system to a rectangu-
lar one.

The characteristic 7—A isotherm behavior was observed
for the (C;4/Ca4) mixed monolayers. Every isotherm exhib-
ited a plateau region at a surface pressure of ca. 10 mNm~',
which was the same as the plateau pressure of the pure Cyq4
monolayer. The plateau pressure corresponds to the com-
pression energy required for the crystal transition from a
hexagonal system to a rectangular one. Hence, it seems that
the aggregated regions of C,4 molecules exist in the mixed
monolayers. Furthermore, the area range of the plateau re-
gion decreased with a decrease in the Cy4 content. This sug-
gests a decrease in the Cy4 aggregated region in the mixed
monolayers. Additional information about the miscibility of
C)6 and Cy4 in the monolayer is obtained from the collapse
pressure behavior.'* >4 According to the thermodynamic
phase rule, the variation of the collapse pressure with the
molar fraction of the components appears to be an indication
of miscibility, while the constancy of the collapse pressure
reveals segregation. Two collapse pressures of ca. 40 and
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55 mNm~' remained almost constant for all compositions,
and were identical to the collapse pressure of the pure Ciq
and C,4 monolayers, respectively. Of the two components,
C\¢, which forms a relatively less stable monolayer, prob-
ably squeezes out first, followed by a further compression
of the C»4 component. The 7—-A isotherm behavior around
the plateau region and the collapse point suggests the phase
separation of the (C¢/Cy4) mixed monolayer.

The miscibility behavior of the components in the mixed
monolayers may be examined by the change in the average
molecular occupied area as a function of the composition.
The following additivity rule is valid for a mixed system with
ideal mixing or complete immiscibility of components:’ ">+

An=NA +NAy,

where A3 is the average molecular area in a composite film,
N; and N; are the molar fractions of the components, and A,
and A, are the molecular area in the two single component
films at the same surface pressure. A deviation from the
additivity rule leads to the conclusion that the components
of the system are miscible. The measured molecular areas
for the (C;4/C>4) mixed monolayers are plotted against the
monolayer composition at constant surface pressures of 5,
10, 15, and 20 mNm~! in Fig. 2. The dotted line illustrates
the additive relationship. The average molecular area val-
ues measured in all compositions for all surface pressures
match the calculated values in a margin of statistical error,
indicating that the components are ideal mixing or complete
immiscible being irrespective of the surface pressure. Putting
the above-mentioned results together, it is reasonable to con-
sider that the C|¢ and C,4 molecules are phase separate in
the mixed monolayers.

Surface Morphology of Single Component Monolay-
ers. Figures 3(a)and 3(b) show AFM images of the palmitic
acid (Ce/Cyq: 100/0) and the lignoceric acid (Ci6/Cay:
0/100) monolayers with a scan area of 5 pmx5 pm, respec-
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Fig. 3. AFM images of single component monolayers of the
Ci6 (a) and Cy4 (b) transferred at a surface pressure of 20
mNm™' on the water surface at T, of 293 K.

tively. The surface morphology of the C;¢ and C,4 mono-
layers was very smooth with an average surface roughness,
R,,* of 0.1—0.2 nm, excepting holes. The holes correspond
to the dark area of the images, with the brighter being the
surface of the films. In the 5 pumx35 um scan, there are ca.
0.6 holes um_z (or ca. 15 holes in the entire scan) with a
lateral size of 20—150 nm. Such a surface morphology con-
taining holes has been often observed for the fatty acid salt
monolayer.*'***® The C,¢ and Cp4 monolayers are the crys-
talline monolayer in which the crystalline domains grown
immediately after spreading a solution are gathered together
to form an apparently homogeneous monolayer by surface
compression. During the compression process, some vacan-
cies among the crystalline domains remain due to compres-
sion at a relatively high speed. Hence, the observed holes
in the monolayers probably correspond to vacancies which
remain due to structural fixation induced by compression.
The film thickness of the C,¢ and C,4 monolayers were eval-
uated to be 1.3 4+ 0.1 nm and 2.9 + 0.1 nm, respectively, by
piercing a hole through the monolayer. The thickness of the
C 6 monolayer was smaller than the calculated molecular
length (1.9 nm, distance between carbons of terminal methyl
and carboxyl group) of C4 of the extended CPK molecular
model, although that of the C,4 monolayer was comparable
to the calculated molecular length (2.9 nm) of C,4. It has
been reported that the measured thickness of fatty acid mono-
layers by AFM is often less than the molecular length owing
to an AFM probe indentation into a monolayer, depending
on the mechanical response of the monolayer.”#!*' = The
degree of molecular aggregation of the C|, monolayer is
very low because of the shorter alkyl chain, which causes
a deeper indentation of the AFM probe into the monolayer.
Hence, the low degree of molecular aggregation for the C,q
monolayer was probably reflected in the smaller measured
value of the film thickness. Another reason for the dis-
crepancy in the monolayer thickness may be sought in the
conformation of the alkyl chain. The weak cohesive force,
in other words, the active thermal molecular motion of the
C)¢ molecule in the monolayer leads to the introduction of
many gauche conformation units into the alkyl chain of the
C1¢ molecule. Consequently, the C|, monolayer thickness
truly becomes smaller compared with the calculated molecu-
lar length based on the CPK model (all-trans conformation).
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miscible or immiscible in the mixed monolayer, as shown

later.
Molecular Aggregation State of Mixed Monolayers.

Figure 4 shows AFM images of the (C,¢/Cy4: 80/20, 60/40,

In any case, the surface flatness of the C;¢ and Cy4 mono-
layers and the distinct difference in their film thickness (ca.
1.6 nm) should be useful in a determination using a scanning
probe microscope of whether the C;¢ and Cy4 molecules are
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50/50, 40/60, and 20/80) mixed monolayers with a scan area
of 5 umx5 um, as well as topographical contour plots along
the supposed line which was connected by triangular markers
at both sides of each AFM image. The brighter and darker
portions correspond to the higher and lower regions of the
monolayer surface, respectively. The higher flat-topped do-
mains and the lower surrounding matrix were observed at
all AFM images. Apparently, the area of brighter portion
corresponding to the domain region increased consistently
with the C,4 content. Then, the area fraction of the higher
(brighter) region was plotted against the molar fraction of Cy4
in a sample solution in Fig. 5. The dotted line illustrated the
proportional relationship of one to one. The area fraction of
the higher (domain) regions was in good agreement with the
molar fraction of Cp4. This indicates a complete segregation
of C,4 molecules from C;¢ molecules in the mixed mono-
layer. The thickness of the higher and lower regions in every
mixed monolayer agreed with that of the pure Cy4 and C,
monolayers, respectively, as shown in Fig. 6.5 It is, there-
fore, apparent that the domains and the surrounding matrix
are composed of the C ¢ and Cy4 molecules, respectively. In
addition, the domains tend to aggregate together, rather than
isolate even at a (C;¢/Cy4) molar fraction of 80/20 (Fig. 4a).
The isolation of domains in a matrix causes thermodynamic
instability by the free energy difference of the C;¢ and Cyq4
molecules due to their cohesive energy difference. Hence,
it seems that the interfacial region between the domain and
matrix may decrease; that is, domains aggregate together to
reduce the free energy difference. This is reflected in the for-
mation of larger domains by an increase in the Cy4 content,
which leads to a conversion of the aggregated regions of Cyy4
to a matrix at a molar fraction of 20/80.

Figure 7 shows a LFM image of the (C;¢/Ca4: 50/50)
mixed monolayer (a), the lateral force (friction) loop (b) and
the corresponding topographical contour plot in the AFM

o1. -
'5,1 0 C1¢/C24 mixed monolayer
o Tgp=293K {

1 T ;

] - P

£

>

£ |

50.5;

c ¥

o

L e ’,’

Q i

[+ .

ol .

8,0l

0.0l . . -

< 0.0 0.5 1.0

Molar fraction of C,,
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image, which was simultaneously recorded with the LFM
image (c). The lateral force loop was obtained by forward and
reverse scans along the supposed line, which was connected
by triangular marks at both sides in the LFM image. The
contrast in the LFM image corresponds to the magnitude of
the output voltage from the photodiode, which is proportional
to the magnitude of the lateral force. The brighter part in
Fig. 7(a) corresponds to the region with a higher lateral force,
and the darker part to that with a lower one. Figure 7(a)
clearly exhibits two kinds of regions in the lateral force.
Figure 7(b) obviously shows a reversal of magnitude of the
lateral force depending on the scanning direction, indicating
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that the difference in lateral force is not due to a change in
the topography. That is, the magnitude of the lateral force
contains a friction force and/or adhesive force contributions.
A comparison of Figs. 7(b) and 7(c) reveals that the lateral
force change synchronizes with the topographical one, and
also that larger and smaller lateral forces correspond to lower
and higher positions in the topography. This implies an
opposite contrast of LFM and AFM images. Accordingly,
the domains of Cy4 and the surrounding flat matrix of Cj¢
correspond to those regions with a lower lateral force and a
higher one, respectively. As described in Fig. 3, the degree
of molecular aggregation of the C ¢ molecules is lower than
that of the C,4 molecules because of the shorter alkyl chain.
Thus, the probe easily penetrates in the monolayer, resulting
in an increase in the contact area between the probe and the
monolayer sample. This larger contact area should cause a
higher dynamic friction force in the C}¢ matrix.

In general, the miscibility in mixed monolayers is deter-
mined by the steric compatibility of amphiphilic molecules
and their intermolecular interactions at a given temperature.
The skelton structure of the C;¢ molecule is the same as that
of Cy4, indicating steric compatibility of the components.
That is, the components tend to miscible in the mixed mono-
layer. However, scanning probe microscopic observations
(Figs. 4, 5, 6, and 7) proved phase separation of the com-
ponents. The subphase was in the neutral pH range in this
study, which corresponds to an unionized state of the carbox-
ylic group of both fatty acids.*® Hence, the immiscibility of
the C¢ and C,4 molecules is dominated by interactions in the
hydrophobic region of the monolayers. The difference in the
cohesive energy between the C¢ and Cy4 molecules is ca. 55
kImol~! (7 kImol~} per methylene unit).”’ It is, therefore,
reasonable to consider that the cohesive energy difference of
ca. 55 kI mol~! reduces the interaction potential overcoming
the entropic contribution, which results in a phase separation
of the (C,¢/C,4) mixed monolayers.

Conclusion.  The fatty acids of C¢ and Cy4 are phase
separated in the mixed monolayer at a Ty, of 293 K. The
present study suggests that the difference in the cohesive
energy of the components affects the immiscibility in the
mixed monolayers. Whether amphiphilic molecules are mis-
cible or immiscible in the monolayer and the phase-separated
structure may depend on various factors, such as the inter-
molecular interaction, particularly an electrostatic one, and
the subphase temperature. A further systematic investigation
is required to elucidate the phase separation mechanism of
the multicomponent monolayer.
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this study. This research was supported in part by a Grant-
in-Aid for Scientific Research (B), No. 09450039 from the
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