Journal of Oleo Science
Copyright ©2013 by Japan Oil Chemists’ Society
J. Oleo Sci. 62, (12) 1017-1027 (2013)

OLED SCIENCE

Interfacial Properties in Langmuir Monolayers and
LB Films of DPPC with Partially Fluorinated Alcohol

(F8H7OH)

Hiromichi Nakahara, Chikayo Hirano, Ichiro Fujita and Osamu Shibata ™

Department of Biophysical Chemistry, Faculty of Pharmaceutical Sciences, Nagasaki International University; 2825-7 Huis Ten Bosch, Sasebo,

Nagasaki 859-3298, Japan

Abstract: Two-component interactions between (perfluorooctyl) heptanol (FS8H70H) and
dipalmitoylphosphatidylcholine (DPPC), which is a major component of pulmonary surfactants in
mammals, were systematically elucidated using Langmuir monolayers and Langmuir-Blodgett (LB) films of
the compounds. The interactions such as the miscibility of the compounds and their phase behavior were
examined from thermodynamic and morphological perspectives. The surface pressure (r)-molecular area
(A) and surface potential (4V)-A isotherms of the binary monolayers containing F8 H70H in different mole
fractions (Xpgy,0n) Were measured simultaneously. The excess Gibbs free energy of mixing of the two
components was calculated from the 7—A isotherms. The resulting isotherm data were employed to
construct a two-dimensional (2D) phase diagram of the system. The phase diagram revealed that the
transition pressure as well as the monolayer collapse pressure change with changes in Xyg;,04. These
thermodynamic analyses suggested that the miscibility of the two components and the solidification of
DPPC monolayers can be induced by the addition of F8H70H. The phase behavior upon monolayer
compression was observed morphologically in situ using Brewster angle microscopy (BAM) and fluorescence
microscopy (FM), as well as ex situ using atomic force microscopy (AFM). Interestingly, the AFM-based
analysis revealed the formation of monodispersed 2D micelles consisting of FSH70OH at low surface

pressures.
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1 INTRODUCTION

Fluorinated amphiphiles have attracted great interest,
largely owing to their unique properties, including their
hydrophobicity and hpophobicity”, high gas-dissolving ca-
pacity, chemical and biological inertness, low surface
tension, and high fluidity" ?. Partially fluorinated com-
pounds often form monodisperse two-dimensional (2D) mi-
celles at the air-water interface. This is a characteristic
property associated with monolayers, and these micelles
can be observed using atomic force microscopy (AFM)® ™.
The potential applications of these compounds in medicine,
particularly in disease diagnosis and therapy, have made
them the target of numerous investigations" * v Further,
while it has been shown that fluorinated compounds tend to
accumulate in the environment and in the human body® ",
this is not always the case. For example, perfluorooctyl
bromide (PFOB) has been shown to have short organ reten-

tion times and can potentially be used for oxygen delivery' "),

Thus, compounds that have been fluorinated to a low
degree should have high or at least partial applicability in
numerous industrial fields and areas of medicine.
Dipalmitoylphosphatidylcholine (DPPC)is a major com-
ponent of native pulmonary surfactants (PS) "' ). PS films
at the air-alveolar fluid interface undergo successive
changes in fluidity and rigidity during compression and ex-
pansion. DPPC contributes significantly to the rigidity of
these PS films. However, such films can exhibit slow ad-
sorption and poor diffusion at their surfaces. Herein, we
describe the effects of fluorinated compounds on the fluid-
ity, phase behavior, and interfacial properties of DPPC
monolayers. The effects that perfluorocarboxylic acids'™ 18
and partially fluorinated amphiphiles”® * have on DPPC
monolayers have been investigated previously. Recently,
partially fluorinated alcohols of CF,(CF,),(CH,),,OH(m =5
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(or F8H50H)and 11 (or F8H110H) ) have been shown to
improve PS functionality, allowing for greater control over
monolayer fluidity and hysteresis behavior®” .

In the present study, we employed Langmuir monolayers
to investigate the interfacial behavior and lateral interac-
tions of binary systems containing the fluorinated alcohol
CF,(CF,),(CH,),OH (or F8H70OH)and DPPC. This was
done using surface pressure (z)-molecular area(4)and
surface potential (AV)-A isotherms, Brewster angle micros-
copy (BAM), fluorescence microscopy (FM), and AFM.
F8HT70OH was compared with F4H110H, which has the
same hydrophobic chain length of 15 carbons as FS8HTOH.
The binary miscibility of DPPC and F4H110H has already
been characterized previouslym). The excess Gibbs free
energy of mixing and the interaction parameter (or energy)
of the binary system were obtained from the z-A isotherm
data. The miscibility of the two components was also eluci-
dated from both thermodynamic and morphological per-
spectives.

2 EXPERIMENTAL
2.1 Materials

(Perfluorooctyl) heptanol (FSH7OH) was synthesized using
a known pr0t000125>. L-oi-Dipalmitoylphosphatidylcholine
(DPPC; purity >99% ) and the fluorescent probe 1-palmi-
toyl-2-[6-[ (7-nitro-2-1,3-benzoxadiazol-4-yl) amino] hex-
anoyl]-sn-glycero-3-phosphocholine (NBD-PC) were ob-
tained from Avanti Polar Lipids (Alabaster, AL, USA)and
were used without further purification. n-Hexane
(>98.5%)and ethanol(>99.5%)were obtained from
Merck KGaA (Uvasol, Darmstadt, Germany)and nacalai
tesque (Kyoto, Japan), respectively. An n-hexane/ethanol
(9/1, v/v) mixed solvent system was used for spreading the
binary system. Sodium chloride (nacalai tesque)was
roasted at 1023 K for 24 h to remove all surface-active
organic impurities. The subphase solution was prepared
using thrice-distilled water (surface tension="72.0 mN m '
at 298.2 K; electrical resistivity = 18 MQ cm) .

2.2 Methods
2.2.1 Surface pressure—area isotherms

The surface pressures (z)of the monolayers were mea-
sured using an automated, custom-made Wilhelmy balance.
The surface pressure balance used (AG-245, Mettler
Toledo) had a resolution of 0.01 mN m ™' and was equipped
with filter paper (Whatman 541, periphery =4 cm). The
trough was made from Teflon-coated brass (area =720
cm®). Both hydrophobic and lipophobic Teflon barriers
were used in this study. The z—molecular area (4)isotherms
were recorded at 298.2*0.1 K. Stock solutions of DPPC
(1.0 mM)and FS8H7OH (1.0 mM)were prepared in 7-hex-
ane/ethanol (9/1, v/v). The spreading solution was allowed

1018

to evaporate for 15 min prior to the compression of the
monolayers. The monolayers were compressed at a rate of
~0.10 nm® molecule ' min~'. The standard deviations
(SD)for A and 7 were ~0.01 nm” and ~0.1 mN m "', re-
spectively” %27

2.2.2 Surface potential-area isotherms

The surface potential (AV)and 7 values were recorded
simultaneously when the monolayers were compressed at
the air-water interface. The process was monitored using
an ionizing **'Am electrode positioned 1-2 mm above the
interface, while a reference electrode was dipped into the
subphase. A Keithley 614 electrometer was used for the AV
measurements. The SD for AV was 5 mV>**"

2.2.3 Brewster angle microscopy (BAM)

The monolayers were imaged directly at the air-water in-
terface using a Brewster angle microscope (KSV Optrel
BAM 300, KSV Instruments Ltd., Finland) coupled to a film
balance system (KSV Minitrough, KSV Instruments Ltd.).
Using a 20 mW He-Ne laser, which emitting p-polarized
light with a wavelength of 632.8 nm, and a 10 X objective
lens in combination allowed for a lateral resolution of ~2
pm. The angle of the incident beam to the interface was
fixed to the Brewster angle (53.1°) at 298.2 K. The reflected
beam was recorded with a high-grade charge-coupled
device (CCD) camera(EHDkamPro02, EHD Imaging GmbH,
Germany) 20,21, 30>.

2.2.4 Fluorescence microscopy (FM)

The film balance system (KSV Minitrough) was mounted
on the stage of an Olympus microscope BX51WI(Tokyo,
Japan)that was equipped with a 100 W mercury lamp
(USH-1030L), an objective lens (SLMPlan; 50 X , working
distance =15 mm)and a 3CCD camera with a camera
control unit (IKTU51CU, Toshiba, Japan). The spreading
solution of the cosolubilized samples was prepared as de-
scribed earlier and was then doped with 1 mol% of the flu-
orescence probe (NBD-PC). Image processing and analysis
were performed using Adobe Photoshop Elements ver. 7.0
(Adobe Systems Inc., CA). The total amount of ordered
domains (dark-contrast regions or those not containing
NBD-PC)was determined and expressed as a percentage
per frame by dividing the respective frame into dark and
bright regions. The resolution was 0.1 %, and the maximum
SD was 8.9%. The procedure for the FM-based measure-
ments is mentioned in detail in previous reports™ =
2.2.5 Atomic force microscopy (AFM)

Langmuir-Blodgett (LB) films were prepared using the
KSV Minitrough. Freshly cleaved mica(Okenshoji Co.,
Tokyo, Japan)was used as a supporting solid substrate for
film deposition, which was performed through the vertical
dipping method. The transfer velocity during the single-
layer deposition process, which was performed at selected
surface pressures, was 5 mm min . The film-forming ma-
terials were spread on 0.15 M NaCl at 298.2 K. During the
transfer process, the hydrophilic part of the monolayer is
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in contact with the mica substrate while the hydrophobic
part is exposed to air. LB films deposited at a rate of ~1
were used in the subsequent experiments. All AFM-based
observations were made in air at room temperature. The
images were obtained using an SPA 400 instrument (Seiko
Instruments Co., Chiba, Japan)in the tapping mode. This
provided both topographical and phase-contrast images.
The procedure for performing the AFM-based analysis has
been reported in detail elsewhere'®*" .

3 RESULTS AND DISCUSSION
3.1 7-A and AV-A isotherms

A thermal analysis of F8H70H in the solid state has been
reported25>, Its melting point was determined to be 338.8 K,
which is approximately 22 K higher than that of the corre-
sponding hydrogenated alcohol (pentadecanol)™. A 2D
monolayer of FF8HT7OH is stable on water at temperatures
lower than 298.2 K; this result is consistent with the prop-
erties typically associated with ordered monolayers and an
increase in the surface pressure (7).

The 7—A and AV-A isotherms of the binary DPPC/
F8HTOH system obtained on 0.15 M NaCl at 298.2 K are
shown in Fig. 1. It is known that DPPC monolayers (Curve
I)undergo a liquid-expanded (LE) /liquid-condensed (LC)
phase transition at ~11 mN m ' (dashed arrow)* * 2
In contrast to DPPC, F8H7OH forms a typical ordered
monolayer (Curve 7), which collapses at ~54 mN m ' (4
=0.23 nm”). Upon the monolayer’s collapse, its conversion
from a 2D monolayer to the three-dimensional (3D)bulk
state can be observed at the air-water surface. The limiting
area of F8H7OH monolayers is ~0.33 nm® and is similar to
the cross-sectional area of the F-chains (~0.30 nm?)". The
n—A isotherms for the two components shift to smaller
areas (Curves 2-6)as the mole fraction of FSH7TOH
(Xpsion) is increased. The transition pressure, 7, that is,
the pressure at which the monolayer phases begin to shift
from disordered to ordered states remains largely un-
changed when 0 < Xpgy70n < 0.3 but decreases when Xgyr0n
> 0.3. As such, at low surface pressures, the DPPC and
F8HT7OH monolayers are miscible for 0 < Xpgy70n < 0.3 and
solidify for XFSH70H>O.3187 200, Furthermore, the collapse
pressure, 7°, apparently changes with Xpemon, implying that
the two components are miscible in the monolayer state.

The AV-A isotherms show that the DPPC (Curve 1)and
F8HTOH (Curve 7)monolayers exhibit contrasting behav-
ior. A positive variation was observed in the case of the
DPPC monolayer with respect to A, while a negative varia-
tion was seen in the case of the F8H7OH monolayer. The
nature of AV(positive or negative)upon monolayer com-
pression has been studied previously'® " 2V The magnitude
of AV increases upon lateral compression as the hydropho-
bic moieties of the monolayer-forming amphiphilic mole-
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Fig.1 The 7—A4 and AV-4 isotherms of the binary
DPPC/F8H70OH monolayers on 0.15 M NaCl at
298.2 K.

cules are oriented towards air and the hydrophilic groups
are positioned within the subphase. The AV-A isotherms of
the DPPC monolayers exhibit a sharp jump (~320 mV)in
the vicinity of the onset of the corresponding 7—A isotherm,
that is, at the point where the 7 values begin to increase
from zero. This jump corresponds to the transition from
the gaseous phase to the LE phase. For 0 < Xpgron < 0.5,
the magnitude of the jump decreases and becomes unclear
in terms of appearance and value with increases in Xyg;7on-
The AV-A isotherms for the system shift from positive to
negative values as Xpg70n increases; this result is consistent
with the behavior of other hydrocarbon-fluorocarbon

8,21, 2
systems'™> 227

3.2 Excess Gibbs free energy
The interactions between DPPC and F8H7OH within a
monolayer can be analyzed in terms of the excess Gibbs
free energy of mixing (AGm) of the compounds, which can
be calculated using the following equation (Eq. (1))
AGES =J:(A12—X1A1 - X,A) dr (1)
where A, and X, are the molecular area and mole fraction
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of component 7, respectively, and A, is the mean molecular
area of the binary monolayer. For identical interactions
between the two components, AGmi is zero. This indicates
that they are either ideally mixed in the monolayer or are
not mixed completely, resulting in patched-like packing®” )
A negative AGnix value indicates that an attractive interac-
tion exists between the two components. The AGus—
Xrpgiron Plot for DPPC/F8HTOH at representative surface
pressures is shown in Fig. 2. At Xpgr0n = 0.9, that is, when
the monolayer is in an ordered state for whole surface
pressures greater than 1 mN m ™' (Fig. 1), the AGni value
decreases with an increase in the surface pressure. For 0 <
Xrsion < 0.7, however, the monolayers exhibit complicated
behavior with respect to the surface pressure. This is at-
tributed to the different phases of the monolayers (disor-
dered and ordered), which are caused by the changes in
7% by the variations in Xpgqon. For example, the monolay-
ers corresponding to 0 < Xpspron < 0.7 exhibited disordered
phases, while that corresponding to Xpgron = 0.7 exhibited
an ordered phase at 5 mN m . Thus, taking these types of
defects into account, it was found that the results of the
AGns analysis for pressures greater than 256 mN m ™'
provide a better understanding of the mutual interactions

between the components because the monolayers are in
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Fig. 2 Excess Gibbs free energy of mixing (AGmix) of
the binary DPPC/F8H70H monolayers as a

function of Xyg,0n at typical surface pressures
on 0.15 M NaCl at 298.2 K.
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the ordered phase irrespective of the surface pressure. The
AGhix values for the entire range of Xugmon values except
for Xpymon = 0.2 ranged from 200 to —200 J mol ~'. These
values are quite small in terms of the interaction between
the two components. At Xpg70n = 0.2, however, significant
changes were noticed in AGmix . As the surface pressure
increases, its value reaches the minimum (~ —800 J mol ")
at 45 mN m . This behavior suggests that the attractive
force between the hydrophobic chains of DPPC and
F8HT70OH increases upon compression and that the affinity
between the two components is the highest at X,g70u =0.2.
Therefore, these results provide further evidence of two-
component miscibility within a monolayer.

3.3 Two-dimensional phase diagrams

Shown in Fig. 3 is a 2D phase diagram for the binary
system at 298.2 K; the diagram was constructed by plotting
the 7°* and z° values against Xpgmon. The 7° values remain
almost constant for Xpgmon < 0.3. However, 7°! decreases as
Xpsiron increases from 0.3 to 0.7. The experimentally deter-
mined 7° values also varied with Xpgym0n. Accordingly, the
two components could be said to be miscible in the mono-
layer state. The coexistence phase boundary between the
monolayer phase (2D)and the bulk phase (3D) of the mole-
cules spread on the surface can be theoretically simulated
using the Joos equation’™ " and assuming a regular surface
mixture:

1=xexp {(z8,— 7} @, / KT} exp 1€ (a5) %
+asexp | (8, — m5) s | KT} exp 1€ (2)) % (2)

where z; and x5 represent the mole fractions of compo-
nents 1 and 2, respectively, in the two-component mono-
layer; 7 and 5 are the collapse pressures of components 1
and 2, respectively; x;, is the collapse pressure of the
binary monolayer at a given value of & (or 2); @, and w,
are the molecular areas of components 1 and 2, respective-
ly, at the monolayer collapse pressure; £ is the interaction
parameter; and k7' is the product of the Boltzmann con-
stant and the temperature in Kelvin. A solid curve could be
obtained at higher surface pressures by adjusting the inter-
action parameter in Eq.(2)so as to achieve the best fit for
the experimentally determined z° values. It is should be
noted that the binary system exhibited both negative and
positive interaction parameters as well as different interac-
tion behavior in the two regions: £ = — 3.03 for 0 < Xpgm0n <
0.3 and £ =0.67 for 0.3 < Xpgyron < 1.
The interaction energy (Ag)is given as follows:

Ae=ERT/z (3)

where 2 is the number of nearest neighbors per molecule
(equal to 6 in this case)in a closely packed monolayer. The
expression for the interaction energy can be rewritten as
Ae=¢,— (g, + £,)/2°%, where &, denotes the potential
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Fig.3 Two-dimensional phase diagrams based on the
variation of the transition pressure (z*%: open
circle) and collapse pressure (z°: solid circle) on
0.15 M NaCl at 298.2 K as a function of Xyg701-
The dashed lines were calculated according to
Eq. (2) for & = 0. The solid line at high surface
pressures was obtained by curve fitting of ex-
perimental 7° to Eq. (2). M. indicates a mixed
monolayer formed by DPPC and F8H70H spe-
cies, whereas Bulk denotes a solid phase of
DPPC and F8H70H (‘“‘bulk phase” may be
called “solid phase”).

interaction energy between components 1 and 2. The cal-
culated interaction energies were — 1267 J mol ' (&= —
3.03)and 277 J mol ' (£ =0.67). That is to say, the DPPC—
F8HT70H interaction was found to be stronger than similar
DPPC-DPPC and F8H7TOH-F8HT7OH interactions for 0 <
Xpsron € 0.3. On the other hand, the DPPC-F8H7OH inter-
action becomes weaker for the other range of Xypgyron
values. Nevertheless, the two components were miscible
within a monolayer, since the interaction energies of the
two components were smaller than 2R7T (4959 J mol ")
For 0 < Xpspron < 0.3, the two components did not inter-

act favorably at low surface pressures. This was because
the values of 7°! remained almost constant with respect to
Xpsimon- However, the large negative & value at high surface
pressures was indicative of the strong interaction between
them. On the other hand, the phase diagram for 0.3 <
Xpsmon € 1 exhibits behavior that is the opposite of that
seen in the case of 0 < Xugron < 0.3. This is not the case
generally when the interaction mode remains the same
over the whole surface pressures. To the best of our knowl-
edge, monolayers of the binary DPPC/F4H110H system
are similar to those of the DPPC/F8H7OH systemm).
However, the fluidization of the DPPC monolayers occurs
in the case of the DPPC/F4H110H system, whereas the
monolayers are solidified by the addition of F8H7TOH. The
interaction parameter for the DPPC/FSHTOH system (& =
—3.03)is almost the same as that for the DPPC/F8H110H
system (¢ = —3.13)* in the DPPC-rich region but is con-
siderably larger than that for the DPPC/F4H110H system
(¢=-1.57)". That the parameter values for F8HmOH
systems are larger can be attributed to the fact that the co-
hesive force between the perflurooctylated hydrocarbon
(F8HmOH) and hydrocarbon (DPPC) chains is greater. This
is because the fluorinated chain in the #'4H110H molecules
is shorter by four perfluorinated methylene groups.

3.4 BAM observations

In situ morphological observations of the binary DPPC/
F8HTOH monolayers were performed using BAM in order
to elucidate their phase behaviors. BAM images of the
monolayers corresponding to Xygzmon = 0 (DPPC), 0.05, 0.1,
and 0.2 are shown in Fig. 4. All of the BAM images exhibit
coexisting disordered (dark contrast)and ordered (bright
contrast) phases. The images of the DPPC monolayers were
homogeneously dark for 7° values lower than ~11 mN m '
(data not shown). In the case of monolayer compression at
pressures greater than ~11 mN m ™', LC domains are
formed, and these increase in size and number, as can be
seen from Fig. 4 (column 1). Finally, the image becomes
optically bright for pressures greater than 25 mN m 2%,
The images of the F'8H70OH monolayers remained homoge-
neous in contrast irrespective of the surface pressure (data
not shown). It is widely accepted that domain formation is
controlled by a balance between the line tension at the
boundary between the disordered and ordered domains
and the long-range dipole-dipole interactions between the
ordered domains. Therefore, it was found that the dipole-
dipole interactions were stronger in the LC domains of the
DPPC monolayersgg). In the case of the monolayers corre-
sponding to Xespron = 0.05, the effect of F8H7OH on the LC
domains of the DPPC monolayers was insignificant.
However, the addition of F8H7OH in greater amounts
changed the shape of the domain, making it round; this
was true for Xygy7on=0.1 and 0.2. The domain also grows in
size as the surface pressure is increased. This means that

1021
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Fig. 4 BAM images of the binary DPPC/F8H70H monolayers for X504 = 0 (DPPC), 0.05, 0.1, and 0.2 at 12, 15, 20,
and 25 mN m ' on 0.15 M NaCl at 298.2 K. The scale bar in the lower right represents 50 pm.

the effect of the line tension on domain formation becomes
more significant. In this case, the addition of F8H70H in an
amount corresponding to Xpgyron = 0.3 produces homoge-
neous dark images for all the whole surface pressures (data
not shown). At 12 mN m ™', the ratio of the ordered
domains is somewhat low compared to that of the DPPC.
This is attributed to the fact that the mutual interaction
between the two components is relatively weak owing to
the large intermolecular distance, which is the result of the
weak van der Waals attraction between the fluorocarbon
molecules. Furthermore, the corresponding FM images
(Fig. 5) provided further evidence of the phenomenon. The
results of the observations for Xpg70n = 0.3 are discussed in
detail in the next section.

3.5 FM observations

Shown in Fig. 5 are the ¢n situ micrographs of the
DPPC/F8H7OH monolayers obtained using FM. In the FM
images, the bright and dark contrasts correspond to the
disordered and ordered phases, respectively, as opposed to
the corresponding BAM images (Fig. 4). FM allows for
morphological images of higher resolution, magnification,
and contrast compared to those achievable using BAM.
The FM images of the DPPC monolayers (the first column)
indicated the coexistence of the LE and LC phases. The
shape of the LC domain is characteristic of DPPC monolay-
ers and has been discussed previously™ *"* 0 At Xpszron
=0.05, there were few differences in the domain shapes as
determined from the images of the DPPC monolayer.
Strictly speaking, the size of the ordered domains and their
ratio per frame increase slightly. As seen from the images
of the monolayers corresponding to Xpg;7on=0.1 and 0.2,
the addition of F8H7OH makes the ordered domain round
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in shape, similar to what was seen in the corresponding
BAM images (Fig. 4). The ordered domains corresponding
to Xpspron = 0.2 are smaller in size. Moreover, it is worth
noting that the domain goes from being round in shape to
being rough edged with an increase in the surface pressure
from 15 to 20 mN m~ ' (the forth column). With a further
increase in compression, the ordered domains fuse with
each other, and the contrast of the image becomes unclear
(25 mN m ™). A similar behavior is observed in the case of
the DPPC/F4H110H systemw), However, in that system,
the edges of the ordered domains become much more in-
distinguishable as the surface pressure increases. That is,
the ordered domains dissolve into the disordered regions
with the increase in the surface pressure. In the present
case, the lack of clarity of the images is considered to arise
from the undesirable interaction between the FM probe
and the F8H7OH molecules. However, if that were the
case, this phenomenon of lack of clarity should have been
observed in the corresponding BAM images as well. Never-
theless, these variations in the domain shape support the
observation that the two components exhibit miscibility
because the composition at the edges of the ordered
domains is different from that of the DPPC monolayers,
and as a result, the appearance of the ordered domains
varies with X g ron. FOr Xpgyron = 0.3, the FM images remain
optically homogeneous in contrast, regardless of the
surface pressure. This result is in good agreement with the
results obtained using BAM and implies that, for Xpgron
values greater than 0.3, the coexistence state of the disor-
dered and ordered domains may be visually discernible at
the nanometer scale (see the next section). Figure 6 shows
plots of the percentage of the ordered domain per frame of
the FM images (Fig. 5)as a function of the surface pres-
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DPPC XF8H7OH =0.05

Fig. S
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FM images of the binary DPPC/F8H70H monolayers for X704 = 0 (DPPC), 0.05, 0.1, and 0.2 at 12, 15, 20,

and 25 mN m ' on 0.15 M NaCl at 298.2 K. The monolayers contain 1 mol% of fluorescent probe (NBD-PC).
The percentage (%) in lower-left corner exhibits the ratio of ordered domains (dark contrast) per micrograph.

The scale bar in the lower right represents 100 pm.
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Fig. 6 Surface-pressure dependence of the ratio of or-
dered domain area (dark contrast) in FM images
of the binary DPPC/F8H70H monolayers for

Xrmon = 0, 0.05, 0.1, and 0.2.

sure. The ordered domain ratio for the compositions shown
increases monotonically with an increase in the surface
pressure, eventually reaching ~95% at 30 mN m ™. There-
fore, this result suggests that the addition of FF8H70H in
small amounts does not induce the fluidization of DPPC
monolayers.

3.6 AFM observations

The phase behavior for 0.3 < Xpgyon < 1 could not be
characterized using either BAM or FM because of the
limited optical resolution and magnification of the micro-
scopes employed. Therefore, the morphologies of the cor-
responding single-layer Langmuir-Blodgett (LB) films,
which were transferred onto a mica substrate, had to be
imaged using AFM. Films formed by the LB technique are
subject to the possibility that their original monolayer
structures may be changed by the electric charge present
on the samples as well as by other physical factors during
the deposition process. AFM images may, therefore, not
provide completely accurate information regarding the
phase behavior at the air-water interface. The AFM topo-
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Fig.7 Typical AFM topographic images of single F8H70H monolayers at 15 and 35 mN m™'. The scan area is 500 X
500 nm. The cross-sectional profiles along the scanning line (white line) are given just below the respective
AFM images. The height difference between the arrows is indicated in the cross-sectional profile.

graphical images of pure DPPC monolayers at 35 mN m !

were optically homogeneous (data not shown). The AFM
images of the individual F8H7OH monolayers at 15 and 35
mN m ™" are shown in Fig. 7. At 15 mN m ™', F8H7OH orga-
nizes into monodispersed 2D surface micelles having a
characteristic diameter of 19.4 =2.0 nm and height of 0.6 =
0.1 nm. Each surface micelle was estimated to be com-
posed of ~900 molecules. Further compression, that is, an
increase in the surface pressure to 35 mN m ', causes the
surface micelles to coalesce; however, there is no discern-
ible change in their morphologyS) . It is considered that
these micelles are formed owing to a weak van der Waals
interaction between the fluorocarbon molecules. Thus,
lateral compression decreases the intermolecular distance,
causing the micelles to disappear. However, in some cases,
the micelles continue to appear even at high surface pres-
sures”. LB films of partially fluorinated compounds often
exhibit topologies that consist of surface micelles; these
compounds include partially fluorinated alkanoic acids” g
and alkanes” . Kato and coworkers have reported that the
formation of surface micelles is induced by the rapid evap-
oration of the solvent when it is being spread on the sub-
strate surface” .

The AFM images of the two-component system for
Xpgron = 0.3, 0.5, and 0.7, that is, in the cases in which
morphological changes could not be observed in the BAM
and FM images, are shown in Fig. 8. None of the images in-
dicate the presence of surface micelle assemblies. This is
because of the miscibility of the two components or the
decrease in F8H7OH purity or both. The film correspond-
ing to Xpgon=0.3(15 mN m™") contained a number frag-
ments (bright contrast) composed almost completely of

1024

DPPC. The height difference between these fragments and
the surrounding network (dark contrast) of FSH70H was ~
0.8 nm. Further compression, that is, an increase in the
surface pressure to 35 mN m ', caused these fragments to
disperse. This means that the fragmentation of DPPC
monolayers is induced by the surface pressure. That is, the
relatively weak van der Waals interaction or cohesive force
between the perfluorooctyl moieties contributes to the dis-
persion of the fragments owing to the decrease in the dis-
tance between the DPPC and F8H70OH molecules upon
lateral compression. In the case of the film corresponding
to Xpgymon = 0.5, the fragments, which had a height differ-
ence of ~0.3 nm, become smaller both in diameter and
number. Further, in contrast to the film corresponding to
Xpguron = 0.3, the size and number of the fragments in-
creased with an increase in the surface pressure. In the
case of this composition, z-induced fragmentation does not
occur; instead, the z-induced growth of the ordered
domains is observed commonly. The AFM images of the
films corresponding to Xpgon=0.7 and 0.9 (data not
shown)indicated that the films were quite homogeneous
and flat regardless of an increase in surface pressure; this
was suggestive of the miscibility of DPPC and F8H7OH on
the nanometer scale.

4 CONCLUSION

The two-component DPPC/F8H7OH system was system-
atically characterized at the air-water interface using Lang-
muir monolayers and LB films of the system. FSH7TOH
forms a typical ordered monolayer on 0.15 M NaCl at 298.2

J. Oleo Sci. 62, (12) 1017-1027 (2013)
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Fig. 8 Typical AFM topographic images of the binary DPPC/F8H70H monolayers for X,5,,0n = 0.3, 0.5, and 0.7 at 15
and 35 mN m . The scan area is 1 X 1 um. The cross-sectional profiles along the scanning line (white line) are
given just below the respective AFM images. The height difference between the arrows is indicated in the cross-

sectional profile.

K. In addition, the AFM images of the monolayer revealed
that F8H70OH organizes into monodispersed 2D surface mi-
celles having a diameter of approximately 20 nm. From a
thermodynamic point of view, F'8H70H was found to be
miscible with DPPC in the monolayer state. The excess
Gibbs free energy of mixing of the system was calculated
on the basis of the additive rule. 2D phase diagrams of the
system were also constructed by plotting the surface pres-
sures for the phase transition from disordered to ordered
states and of the monolayer collapse with respect to
Xrsuon- On the basis of the diagrams, the binary monolay-
ers were classified into two types: those of the positive
azeotropic mixture and those of the negative azeotropic

mixture. The interaction parameter and energy were de-
termined while assuming a regular surface mixture. Mor-
phological observations made using BAM and FM support-
ed the observation that the two components exhibited
miscibility in the DPPC-rich region on the micrometer
scale. Furthermore, miscibility in the F8H7OH-rich region
was confirmed on the nanometer scale using AFM. These
results suggest that the interaction modes in the case of
DPPC are considerably different and depend on the degree
of fluorination of the amphiphile under consideration.
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