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Abstract

Surface pressure–area, surface potential–area, and dipole moment–area isotherms were obtained for monolayers made from a
orinated surfactant, (perfluorooctyl)undecyldimorpholinophosphate (F8H11DMP), dipalmitoylphosphatidylcholine (DPPC), and th
binations. Monolayers, spread on a 0.15 M NaCl subphase, were investigated at the air/water interface by the Wilhelmy method
electrode method, and fluorescence microscopy. Surface potentials were analyzed using the three-layer model proposed by De
Fort. The contribution of the dimorpholinophosphate polar head group of F8H11DMP to the vertical component of the dipole mom
estimated to be 4.99 D. The linear variation of the phase transition pressure as a function of F8H11DMP molar fraction (XF8H11DMP)
demonstrated that DPPC and F8H11DMP are miscible in the monolayer. This result was confirmed by deviations from the addi
observed when plotting the molecular areas and the surface potentials as a function ofXF8H11DMPover the whole range of surface pressu
investigated. Assuming a regular surface mixture, the Joos equation, which was used for the analysis of the collapse pressure of m
layers, allowed calculation of the interaction parameter (ξ = −1.3) and the energy of interaction (�ε = 537 J mol−1) between DPPC an
F8H11DMP. The miscibility of DPPC and F8H11DMP within the monolayer was also supported by fluorescence microscopy. Exa
of the observed flower-like patterns showed that F8H11DMP favors dissolution of the ordered LC phase domains of DPPC, a fe
may be key to the use of phospholipid preparations as lung surfactants.
 2003 Elsevier Inc. All rights reserved.

Keywords: Langmuir monolayers; Fluorinated surfactants; Surface potentials; Surface dipole moments; Two-dimensional phase diagrams;π–A isotherm;
�V –A isotherm; Fluorescence microscopy
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1. Introduction

Fluorocarbons (FCs) are thermally, chemically, and
ologically inert and display high gas-dissolving capaciti
low surface tension, high fluidity, excellent spreading ch
acteristics, and low solubility in water [1]. As a unique fe
ture, they are highlyhydrophobic andlipophobic at the sam
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shibata@phar.kyushu-u.ac.jp (O. Shibata).
1 Mailing address: Department of Molecular Bioformatics, Gradu

School of Pharmaceutical Sciences, Kyushu University, 3-1-1 Maida
Higashi-ku, Fukuoka 812-8582, Japan.
0021-9797/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9797(03)00483-1
time. These unique properties have triggered researc
a range of biomedical applications. Perfluorooctyl brom
(C8F17Br, PFOB) is being investigated for use in the form
a FC-in-water emulsion for delivering oxygen to tissues
risk of hypoxia [2,3]. FC-containing injectable micromete
size gas bubbles are commercially available for use as
trast agents for ultrasound diagnostic imaging [4]. In its n
form, PFOB is being investigated for the delivery of dru
and genetic material to the lung [3]. FCs and fluorina
amphiphiles also allow the formation of multiphase co
partmented systems that have potential as microreserv
microreactors, and templates [1,5].

We have reported that partially fluorinated amphiph
derived from the dimorpholinophosphate polar head gro

http://www.elsevier.com/locate/jcis
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CnF2n+1(CH2)mOP(O)[N(CH2CH2)2O]2 (FnHmDMPs), al-
low the preparation of water-in-PFOB reverse emulsi
and microemulsions with potential for controlled-rele
pulmonary delivery of drugs [6,7]. These emulsions w
shown to deliver homogeneous and reproducible dose
a tracer using metered-dose inhalers pressurized with
drofluoroalkanes [8]. A water-in-PFOB emulsion stabiliz
with F8H11DMP, which had been selected as the mos
fective emulsifier, was harmless toward human lung cultu
cells [9]. In another type of application, a water-in-FC m
croemulsion based on F8H11DMP was used to investi
the perturbation of water dynamics as a function of confin
size [10].

In a recent study, we found that depositing a wa
in-PFOB microemulsion (formulated with F8H11DM
on a dipalmitoylphosphatidylcholine (DPPC) monolay
used as a lung surfactant model, led to the adsorptio
F8H11DMP at the FC/water interface and to the forma
of a mixed DPPC/F8H11DMP monolayer [11]. The resu
suggested that fluorocarbon microemulsions (or the flu
nated surfactant they contain) may facilitate the sprea
of DPPC (which is the main component of lung surf
tant) by preventing the formation of liquid condensed (L
DPPC domains. Mixed monolayers made from comb
tions of hydrogenated and fluorinated surfactants have
reported [12,13]. The monolayer behavior of mixtures
carboxylic acids or alcohols with DPPC or related ph
phatidylcholines has also been investigated [14]. One
us reported that DPPC and perfluorinated carboxylic a
formed partially miscible monolayers [15,16]. The inter
tion between the two amphiphiles was strong, sugges
that the attractive force between the two polar head gro
contributes more strongly to miscibility than the hydroph
bic interactions that exist between the long alkyl chains [1
Partially fluorinated carboxylic acids were also shown
form miscible monolayers with DPPC [17].

We present here a study of the Langmuir monola
behavior of DPPC, F8H11DMP, and their mixtures at
air/water interface. Surface pressure (π )–, surface potentia
(�V )–, and dipole moment (µ⊥)–area (A) isotherms were
obtained for the pure compounds and their mixtures.
surface potentials were analyzed using the three-layer m
proposed by Demchak and Fort [18]. The phase beha
of the mixed monolayers was examined in terms of add
ity of molecular surface areas or of surface potentials.
molecular interaction between monolayer components
investigated using the Joos equation. Finally, the mono
ers were examined by fluorescence microscopy.

2. Experimental

The (perfluorooctyl)undecyldimorpholinophosph
F8H11DMP was synthesized as reported previously [
It was thoroughly purified by repeated recrystallizatio
from hexane. Its purity was controlled by1H, 31P, and13C
f
-

l

NMR (Bruker AC 200), and elemental analysis. DPPC w
purchased from Avanti Polar Lipids; TLC showed one s
gle spot.n-Hexane and ethanol came from Merck (Uvas
and Nacalai Tesque, respectively. Sodium chloride (Nac
Tesque) was heated at 1023 K for 24 h to remove
surface-active organic impurity.

2.1. Surface pressure–area isotherms

The surface pressure,π , was measured using an a
tomated home-made Wilhelmy film balance. The surf
pressure balance (Mettler Toledo, AG245) had a res
tion of 0.01 mN m−1. The pressure-measuring system w
equipped with a filter paper (Whatman 541, periphery 4 c
The trough was made from a 720 cm2 Teflon-coated brass
The π–A isotherms were recorded at 298.2 K. The mo
layer was compressed at a speed of 0.073 nm2 molecule−1

min−1; however, no influence of the compression r
(0.073 vs 0.2 nm2 molecule−1 min−1) was detected within
the limits of the experimental error. The standard deviat
for area and surface pressure measurements were∼0.01 nm2

and∼0.1 mN m−1, respectively. In all cases, the substr
solution was a 0.15 M NaCl solution prepared with thr
distilled water (surface tension, 72.7 mN m−1 at 293.2 K;
resistivity, 18 M� cm).

2.2. Monolayers at the air–water interface

Solutions of DPPC or F8H11DMP (1 mM) were pr
pared in n-hexane/ethanol (9/1 v/v). Fifty microliters o
the DPPC or F8H11DMP solutions was spread on the
phase. For each DPPC/F8H11DMP molar ratio, DPPC
F8H11DMP were first cosolubilized inn-hexane/ethano
(9/1 v/v), and 50 µl of the solution was spread on the s
phase. The spreading solvent was allowed to evaporat
15 min prior to compression.

2.3. Surface potential measurements

Surface potential was recorded upon compression o
monolayer spread on 0.15 M NaCl at 298.2 K. It was m
itored using an ionizing241Am electrode placed 1–2 mm
above the interface, while a reference electrode was di
into the subphase. The standard deviations for area and
face potential measurements were∼0.01 nm2 and∼5 mV,
respectively. The other experimental conditions were
same as described in previous papers [20–23].

2.4. Fluorescence microscopy

Fluorescence was observed using an automated h
made Langmuir film balance (Cahn RG Langmuir float ty
resolution 0.01 mN m−1) equipped with a BM-1000 fluo
rescence microscope (U.S.I. System) [20]. The trough
fective area: 750 cm2) was made from Teflon-coated bra
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Compression speed was 0.07 nm2 molecule−1 min−1. Sur-
face pressure and fluorescence microscopy images
recorded simultaneously upon compression. The fluores
probe (1 mol%) was 3,6-bis(diethylamino)-9-(2-octadec
carbonyl)phenyl chloride (R18, Molecular Probes). A 300
xenon lamp (XL 300, Pneum) was used for fluorescence
citation. Excitation and emission wavelengths were sele
by an appropriate beam splitter/filter combination (Mi
toyo band path filter 546 nm, cut filter Olympus 590 nm
The monolayer was observed using a 20-fold magnifi
tion, long-distance objective lens (Mitutoyof = 200/focal
length 20 mm). Micrographs were recorded with a vid
camera (757 JAI ICCD camera, Denmark) connected to
microscope, directly into computer memory via an onl
image processor (Vaio PCV-R53 Sony: Video Capture So
The entire optical setup was placed on an active vibra
isolation unit (Model-AY-1812, Visolator, Japan). All me
surements were performed at 298.2 K.

3. Results and discussion

3.1. Surface pressure–, surface potential–, and
dipole moment–area isotherms

The π–A isotherms of monolayers made from pu
DPPC or F8H11DMP spread on 0.15 M NaCl at 298.2
are shown in Fig. 1a. The F8H11DMP isotherm, typical o
liquid expanded monolayer, was stable up to 46 mN m−1.
The collapsed area was 0.47 nm2. The extrapolated are
(0.86 nm2) reflected the bulkiness of the dimorpholinoph
phate (DMP) polar head group, which is larger than the c
section of a partially fluorinated chain (0.31 nm2) [24]. The
DPPC isotherm presented the characteristic first-order t
sition from the disordered liquid expanded (LE) phase
the ordered liquid condensed (LC) phase [25,26]. The ph
transition surface pressure,πeq, at a given temperature, is
characteristic quantity for a given lipid in a monolayer o
given subphase. For DPPC on pure water,πeq ∼ 4 mN m−1

at 293.2 K and shifts by∂πeq/∂T ∼ +1.5 mN m−1 K−1,
until a tricritical point is reached atTt ∼ 316.2 K [25]. On
0.15 M NaCl,πeq of DPPC was∼11.5 mN m−1 (0.66 nm2)
at 298.2 K, which shows that, allowing for the difference
temperature, 7.5 mN m−1, the ionic strength does not hav
a strong effect onπeq. Collapse of the DPPC monolayer o
curred at 55 mN m−1 (0.39 nm2); the extrapolated area wa
0.52 nm2.

The vertical component of the surface dipole mome
µ⊥, was calculated from the Helmholtz equation using
measured�V values,

(1)�V = µ⊥/ε0εA,

whereε0 is the permittivity of vacuum andε the mean per
mittivity of the monolayer (which is assumed to be 1).

The variations of�V and µ⊥ as a function ofA for
DPPC and F8H11DMP monolayers are shown in Figs
t

Fig. 1. (a) Surface pressure (π )-area (A) isotherms, (b) surface potentia
(�V )–A isotherms, and (c) surface dipole moment (µ⊥)–A isotherms of
DPPC (solid line) and F8H11DMP (dotted line) monolayers on 0.15
NaCl at 298.2 K.

and 1c. Upon compression, the F8H11DMP monola
goes through three successive phases. For areas large
∼3 nm2 (phase 1)�V is null. The F8H11DMP molecule
lie flat on the subphase’s surface, all the molecule’s subu
i.e., the DMP group, the hydrocarbon spacer, and the fl
rocarbon tail chain (which are both hydrophobic) being
contact with the subphase. The monolayer likely consist
a gas phase.

Upon compression, the hydrophobicmoieties come cl
together and the molecules progressively stand up at a
gle with the surface (phase 2). It is noteworthy that the on
of the�V increase occurs at a larger area than theπeq onset,
suggesting that�V is a more sensitive detector of surfa
activity thanπ . �V reaches∼120 mV at 2 nm2 and then
increases up to∼200 mV at∼1 nm2 at a somewhat lowe
rate. The inflection point observed at∼2 nm2 on the�V –A
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curve may result from the fact that the fluorinated chain p
duces a negative�V , while the hydrocarbon chain produc
a positive one. It is likely that the more flexible hydroc
bon spacers start lifting from the surface first and inte
first upon compression, generating most of the increas
�V from 0 to 120 mV. For areas<∼2 nm2, the fluorinated
tails start lifting from the surface, thus compensating for
positive�V of the hydrocarbon spacers. Eventually, b
hydrophobic parts of the molecule are lifted from the s
face, while the DMP polar group remains anchored on
subphase’s surface.

For areas<∼0.8 nm2, �V decreases steeply to 0 m
(phase 3). It is likely that the interaction between fluorina
chains maximizes when these chains are stretched pe
dicular to the substrate’s surface, thus producing a stro
negative�V that compensates for the positive contribut
of the spacers. Such a drastic change in�V between the be
ginning of phase 3 and the film collapse was not observe
fatty acid monolayers [27]. Film collapse is indicated b
sudden change of surface potential. The area and the su
pressure that are attributed to the negative maximal valu
�V are interpreted as the area that is required by an up
molecule and as the collapse surface pressure.

The µ⊥–A curve of F8H11DMP is qualitatively simila
to the�V –A curve and presents the same features, nam
an increase ofµ⊥ from 0 to 650 mD in phase 1, a decrea
to ∼400 mD in phase 2, followed by a steep decrease d
to 0 mD.

The�V –A andµ⊥–A isotherms of DPPC are very di
ferent from those of F8H11DMP. In the coexistence reg
between the gas phase and the LE phase,�V is almost con-
stant (∼0 mV) until a critical area (∼1.1 nm2) is reached, be
low which�V increases steeply until it reaches 300 mV.
for F8H11DMP, the changes in�V of DPPC occur at large
areas than the increase in surface pressure. The variati
�V is always positive and eventually reaches 550 mV.
LE/LC transition, clearly visible on theπ–A isotherm, cor-
responds to a change in slope on both�V –A and µ⊥–A

isotherms. The steep increase of both�V andµ⊥ that oc-
curs at about 1 nm2, reflecting conformational change in th
monolayer state, while the surface pressure just start
creasing is due to the change of the average lateral force

At high surface pressures (>30 mN m−1), the fatty acyl
chains are tilted with respect to the normal of the surfa
The surface dipole moment shows the same trend as
�V –A isotherms. The value ofµ⊥ changed from∼50 to
∼560 mD via a hump at about 840 mD (Fig. 1c).

3.2. Stability of the mixed monolayers

Our general objective being to investigate the pot
tial benefits of F8H11DMP to facilitate DPPC respreadi
a 0.15 M NaCl solution was chosen as the subphase i
der to mimic a biomembrane-like environment. To check
monolayers’ stability, the relaxation time of the surface pr
sure of DPPC, F8H11DMP, and DPPC/F8H11DMP m
-

e

t

f

.

Fig. 2. Time dependence of the surface pressure (π ). Langmuir mono-
layers were compressed up to 35 mN m−1 on 0.15 M NaCl at 298.2 K
the π–t measurements were then started. Solid line, DPPC; dotted
F8H11DMP; and dashed line, DPPC/F8H11DMP (1/1).

tures (XF8H11DMP = 0.5) was measured after compress
to 35 mN m−1. Figure 2 shows that the surface pressure
DPPC decreased during the first 30 min and then plate
at ∼32.5 mN m−1. On the other hand, no significant su
face pressure variation was observed for the F8H11DMP
mixed DPPC/F8H11DMP monolayers after 1 h, reflect
their higher stability.

3.3. Contributions from the CF3 ω-group and DMP polar
head group to the dipole moment

The surface potential of monolayers was often a
lyzed using the three-layer model proposed by Demc
and Fort [18], based on the earlier model of Davies
Rideal [29]. This model postulates independent contr
tions of the subphase (layer 1), polar head group (laye
and hydrophobic chain (layer 3). Independent dipole m
ments and effective local dielectric constants are attribute
each of the three layers. Other models, such as the Helm
model and the Vogel and Möbius model, are also av
able [30,31]. The differences among these models w
reviewed in Ref. [32]. The conclusion was that, despite
limitations, the Demchak and Fort model provides go
agreement between theµ⊥ values estimated from monolay
surface potentials and those determined from measurem
made on the bulk material for various aliphatic compoun

The estimation ofµ⊥ (the vertical component of the d
pole moment to the plane of the monolayer) of polar h
groups and hydrocarbon chains using the Demchak and
model assumes condensed Langmuir monolayers with c
packed vertical chains [18,29]. Using this model in the c
of the F8H11DMP LE monolayer may lead to a rough
useful estimation, which can help provide qualitative exp
nation of surface potential behavior.

We have thus compared the experimental values ofµ⊥ in
the most condensed state of the monolayer with those c
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lated,µ⊥calc, from the three-layer model-based equation

(2)µ⊥calc = (µ1/ε1) + (µ2/ε2) + (µ3/ε3),

whereµ1/ε1, µ2/ε2, andµ3/ε3 are the contributions of th
subphase, polar head group, and hydrophobic chain, res
tively.

To determine the contribution of the DMP head group,
have used a set of values introduced in Ref. [33] (µ1/ε1 =
0.025 D,ε2 = 7.6, ε3 = 4.2 for CF3), as they provide a goo
agreement between calculated and experimentalµ⊥ values
for monolayers spread on a saline phase. The same set o
ues has been used in a previous work in which mixtures
zwitterionic fluorinated amphiphile derived from phosph
choline, C8F17(CH2)5OP(O)O−O(CH2)2N+(CH3)3 (F8C5
PC) and a fluorinated alcohol with the same hydrop
bic chain, C8F17(CH2)5OH (F8H5OH), were studied [20
Using the value experimentally determined for F8H5O
µF8H5OH⊥ = −0.44 D, and assuming the valuesµ1/ε1 =
0.025 D, ε2 = 7.6, and µ2 (OH-gauche) = 1.00 D, we
were able to calculateµ3/ε3 = −0.597 for the terminal CF3
group, henceµ3 = −2.51 D [20].

Assuming that the value of (µF8H11
3 /ε3) for F8H11DMP

is nearly equal to that of (µF8H5
3 /ε3) for F8H5OH, we ob-

tainedµDMP
2 = 4.99 D using

µF8H11DMP
⊥ = (µ1/ε1) + (

µDMP
2 /ε2

) + (
µF8H11

3 /ε3
)

(3)= 0.085 D.

Using the following set of parameters (µ1/ε1 = 0.025 D,
ε2 = 7.6,µ3 = 0.33, andε3 = 2.8 for CH3), we obtained the
µPC

2 value of 2.88 D for the phosphocholine (PC) polar he
of DPPC. This value is very close to that previously repor
by Taylor et al. (2.44 D) [32]. The dipole moment of DMP
1.7 times larger than that of PC. The contribution of the D
head group is significantly larger than that of the fluorina
chain. As a result, the surface potential of F8H11DMP ne
shows negative values.

3.4. Ideality of mixing

Theπ–A, �V –A, andµ⊥–A isotherms of mixed mono
layers of DPPC and F8H11DMP were therefore measu
for variousXF8H11DMP at 298.2 K on 0.15 M NaCl. Fo
XF8H11DMP lower than 0.5,π–A isotherms (Fig. 3a) dis
play a phase transition pressure that increases almost lin
with XF8H11DMP (Fig. 4). This behavior is a first evidenc
of the miscibility of the two components within the mixe
monolayer. As it is difficult to ascertain the transition pre
sure values for molar fractions> 0.5 onπ–A isotherms, we
have investigated F8H11DMP/DPPC mixed monolayers
fluorescence microscopy (later section).

The interaction between DPPC and F8H11DMP mo
cules was investigated by examining whether the variatio
the mean molecular areas as a function ofXF8H11DMPsatis-
-

l-

y

Fig. 3. (a) Surface pressure (π )–area (A) isotherms, (b) surface potentia
(�V )–A isotherms, and (c) surface dipole moment (µ⊥)–A isotherms of
DPPC/F8H11DMP mixed monolayers as a function of F8H11DMP m
fraction (XF8H11DMP) (on 0.15 M NaCl, 298.2 K).

Fig. 4. Variation of the transition pressure (πeq) and the collapse pressu
(πc) as a function ofXF8H11DMP(0.15 M NaCl, 298.2 K). The dashed lin
was calculated according to Eq. (4) forξ = 0.
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Fig. 5. Mean molecular area (A) of mixed DPPC/F8H11DMP monolaye
as a function ofXF8H11DMPat five surface pressures. Dashed lines, theo
ical variations assuming the additivity rule; markers, experimental valu

fies the additivity rule [34]. Comparison between experim
tal mean molecular areas and mean molecular areas c
lated for ideal mixing is shown in Fig. 5 for five surface pre
sures (5, 15, 25, 35, and 43 mN m−1). For π � 5 mN m−1,
Fig. 5 shows a negative deviation from the theoretical l
indicating attractive interaction between F8H11DMP a
DPPC. This may result from the fact that at such low surf
pressures the interactions between DPPC and F8H11
(both in the LE state) are mainly governed by the attr
tions between polar heads. Forπ > 5 mN m−1, positive
deviations are observed, indicating repulsion between
fluorocarbon lipophobic chains of F8H11DMP and DP
fatty acid chains. Above 35 mN m−1 the variation almos
follows the additivity rule. This indicates that F8H11DM
and DPPC are almost ideally mixed in the monolayer.
F8H11DMP has a longer chain length than DPPC, attrac
interaction between F8H11DMP hydrocarbon segments
DPPC chains are maximized and compensate for repuls
produced by the fluorocarbon segment that remains in in
action with the DPPC chain.

The influence ofXF8H11DMP on the�V –A and µ⊥–A

isotherms is shown in Figs. 3b and 3c. Analysis of�V of
the mixed monolayers in terms of the additivity rule is p
sented in Fig. 6. Comparison of the experimental data ve
calculated variations clearly indicates negative deviatio
all surface pressures.
-

s

Fig. 6. Surface potential (�V ) of mixed DPPC/F8H11DMP monolayers
a function ofXF8H11DMPat five surface pressures. Dashed lines, theore
variations assuming the additivity rule; markers, experimental values.

3.5. Two-dimensional phase diagram

The two-dimensional phase diagram of the F8H11DM
DPPC mixed monolayers was constructed by plotting
values of collapse pressures,πc, as a function ofXF8H11DMP.
A representative phase diagram at 298.2 K is shown in Fi
The coexistence phase boundary between the monolaye
the bulk phases of the F8H11DMP/DPPC mixture can
simulated using the Joos equation [35],

1= xs
1γ1 exp

{
(πc

m − πc
1)ω1/kT

}
exp

{
ξ(xs

2)
2}

(4)+ xs
2γ2 exp

{
(πc

m − πc
2)ω2/kT

}
exp

{
ξ(xs

1)
2},

wherexs
1 and xs

2 denote the mole fraction at the surfa
of components 1 and 2, respectively, andπc

1 and πc
2 are

the collapse pressures of components 1 and 2, respect
πc

m is the collapse pressure of the mixed monolayer
given composition of the surfacexs

1 andxs
2, ω1 andω2 are

the limiting areas at the collapse points,γ1 andγ2 are the
surface activity coefficients at the collapse points,ξ is the
interaction parameter,k is the Boltzmann constant, andT
the Kelvin temperature. The solid curve is made coincid
with the experimental values by adjustingξ . It is notewor-
thy that the DPPC/F8H11DMP monolayer produces a n
ative interaction parameter (ξ = −1.3), which implies that
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the interchange energy between the two molecules is la
than the mean of the interaction energies between iden
molecules. The interaction energy�ε was calculated to b
537 J mol−1.

Thus, DPPC and F8H11DMP are miscible in the
panded state as well as in the condensed state. The
action energy between the two components in the m
monolayer is stronger than the mean of the interaction
ergies, as noted above [36–38].

3.6. Fluorescence microscopy of DPPC/F8H11DMP
mixed monolayers—Flower-like patterns

In order to interpret theπ–A isotherms, we investigate
the monolayers by fluorescence microscopy, which p
vides a direct picture of the monolayers. A fluorescent
probe was therefore incorporated into the monolayer an
distribution was determined on fluorescence microgra
The contrast is due to differential dye solubility in LE a
LC phases. Fluorescence micrographs of pure DPPC
DPPC/F8H11DMP mixed monolayers (XF8H11DMP= 0.1)
spread on 0.15 M NaCl are shown in Fig. 7 for various s
face pressures.

Essentially two phases of bright and dark contrast w
observed, for pure DPPC (Fig. 7a), corresponding to the
matrix and LC domains. As surface pressure increases
proportion of dark LC phase increases at the expense o
r
l

-

bright LE phase. The DPPC monolayer on the 0.15 M N
subsolution develops LC domain structures in a qualitativ
similar fashion as reported [26,39,40]. Angular, grain-l
domains first appeared near the kink atπeq∼ 11.8 mN m−1.
They grew upon compression to form distorted star-sha
domains with a blurred periphery that progressively form
a network (Fig. 7a, inserted image at 20 mN m−1). Above
∼21 mN m−1, the images start loosing their crispness a
the visual impression is of a progressive blurring of
domain boundaries. This blurring may be caused by
dissolution of the dye into the dye-depleted regions of
monolayer after the phase transition has been compl
i.e., when both the dye-enriched and the dye-depleted
gions have become the same phase. Above 40 mN m−1, it
is likely that some of the probe was inserted in the d
phase areas and the intensity of the probe in the bright (fl
domains decreased, suggesting that self-quenching ha
curred because of probe molecules coming in close con
with one another.

In DPPC/F8H11DMP mixed monolayers, domains
ordered phase start forming closely after the onset of
phase transition. These domains are similar to those fo
in pure binary lipid monolayers [41]. ForXF8H11DMP= 0.1
(Fig. 7b) domains formed atπeq ∼ 13.5 mN m−1, a value
that is higher than for the pure DPPC monolayer
Fig. 1). Significant differences in the fluorescence ima
begin to appear at∼13.5 mN m−1, close to the midpoin
of
. (c) Flu-

the LE fluid
(a)

Fig. 7. Fluorescence micrographs of DPPC monolayer (a) and DPPC/F8C11DMP mixed monolayer (XF8H11DMP= 0.1) (b) observed at a compression rate
7.3×10−2 nm2 molecule−1 min−1 at 298.2 K on 0.15 M NaCl. The monolayer contained 1 mol% of fluorescent probe. The scale bar represents 50 µm
orescence micrographs of a DPPC/F8C11DMP mixed monolayer (XF8H11DMP= 0.5) observed at a compression rate of 7.3× 10−2 nm2 molecule−1 min−1

at 298.2 K on 0.15 M NaCl. The monolayer contained 1 mol% of fluorescent probe. The scale bar represents 50 µm. The mixed monolayer was in
state at 25 mN m−1, while dark LC domains were observed at 30 mN m−1.
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Fig. 7. (Continued.)
at-
C
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l)
ver-
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id
the
dye-
that

ers
the
er-
of the phase transition. Above 14.6 mN m−1, the dark
LC domains are arranged into fractal or flower-like p
terns similar to those reported in Ref. [42] for DMP
(dimyristoylphosphatidylcholine)/C24:1-ceramide (N -[cis-
15-tetracosenoyl]-D-sphingosine)/NBD-PC (1-palmitoyl
(12[(7-nitro-2-1,3-benzoxadizole-4-yl)amino]dodecanoy
phosphocholine) (79/20/1, molar ratio) system. The a
age number of petals in the dark flower-like domains
quite constant (5.3±0.4). Beginning at their periphery, sol
(i.e., dye-depleted) lipid molecules are dispersed from
compact cores of the domains and are extruded into the
enriched phase. This leads to the formation of branches
appear at an intermediate gray level. Above 25 mN m−1,
the dissolved lipids form a delicate meshwork that cov
the entire area between the dark flower-like pattern of
solid domains, while the ordered phase (the dark flow
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like domains) is dissolved until only micrometer-size gra
remained. These grains are stable up to high lateral p
sures (see images taken at 30 mN m−1 in Fig. 7b). The
morphologies do not visibly change in appearance up t
least 50 mN m−1. One remarkable effect of the fluorinate
surfactant in the DPPC/F8H11DMP mixture is thus to fa
the dissolution of the ordered phase of the lipid and to
duce the formation of a distinct new phase that dissolves
lipophilic dye better. This phase is therefore presumabl
lower intrinsic order.

Mixed monolayers with larger F8H11DMP concent
tions, i.e., up to a molar fraction ofXF8H11DMP= 1 (data
not shown), were also investigated. Qualitatively, sim
lar changes in phase morphology were observed u
XF8H11DMPreached 0.5. However, image contrast decrea
when XF8H11DMP increased, so that quantitative compa
son of domain morphologies was difficult to assess. In
case ofXF8H11DMP= 0.5, small area fractions of dark LC
domains were only observed in a narrow area interva
the π–A curve. These LC domains dissolved quickly af
formation. Thereafter, the monolayer retained a fuzzy, n
descript appearance, roughly comparable to the morpho
shown in Fig. 7c, however, with much less contrast.
XF8H11DMP� 0.5, no LC domains were observed; the mix
monolayers were in the LE fluid state [11].

4. Conclusions

The (perfluorooctyl)undecyldimorpholinophosph
F8H11DMP in combination with DPPC can be spread as
ble monolayers on 0.15 M NaCl at 298.2 K. Theπ–A and
�V –A isotherms show that the two components are m
cible in the monolayer on the whole range of F8H11DM
molar fractions and surface pressures investigated. The
dimensional phase diagram and the Joos equation allo
calculation of the interaction parameter (ξ = −1.3) and the
energy of interaction (�ε = 537 J mol−1) between DPPC
and F8H11DMP. The dimorpholinophosphate polar h
group strongly influences the surface potential. The D
chak and Fort model was applied to analyze the sur
potential of F8H11DMP, from which the dipole moment
the polar head group was determined to be 4.99 D. F
rescence microscopy on DPPC/F8H11DMP mixed mo
layers on 0.15 M NaCl showed that F8H11DMP dissol
the ordered solid DPPC domains that form upon comp
sion. This indicates that F8H11DMP softens the lipid, wh
may be crucial for the performance of this material dur
the dimensional changes of the monolayer imposed du
inhalation–exhalation cycles.
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