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We investigate the dynamic behavior upon lateral compression of two mixed films made with one of the two
semifluorinated alkanes F�CF2�8�CH2�18H and F�CF2�10�CH2�10H and the natural �-helix alamethicin peptide.
Surface pressure, surface potential versus molecular area isotherms, and grazing-incidence x-ray diffraction
were applied to characterize this system. We show that both mixed films demix vertically to form two asym-
metric flat bilayers where the lower layer is made of alamethicin and the upper layer is made of semifluorinated
molecules. The structure matching of the semifluorinated alkanes �where the hydrophilic group is missing� with
a suitable organization of the underlying alamethicin monolayer allows for a continuous compression of the
upper semifluorinated layers while the density of the lower alamethicin monolayer remains constant. Compar-
ing data of the two studied mixed films enables us to evaluate the effect of chain length on the in-plane
organization of the molecules and on the electric properties of the upper layers.
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I. INTRODUCTION

Binary mixtures of fluorocarbons and hydrocarbons have
been largely studied since 1950 �1�. They generally form
highly nonideal mixtures either in three-dimensional �3D� or
2D systems �see for a review Refs. �2,3��. Their nonmiscibil-
ity is often attributed to a difference in chain conformation
between fluoroalkanes and alkanes and to the subsequent dif-
ference in their chains’ cross sections. In fact, while -�CH2�n-
blocks adopt the all-trans conformation with a chain cross
section of about 0.18 nm2, fluorinated -�CF2�n- blocks form
�15/7� helices, which confers a greater rigidity and greater
chain cross section of about 0.28 nm2 �4�. From this point of
view, the semifluorinated n-alkanes �SFA� F�CF2�n�CH2�mH
represent a particular system where the nonmiscible fluoro-
carbon and hydrocarbon are forced to coexist. Depending on
n and m values, they may exhibit either solid or liquid-
crystalline lamellar phases for which the molecular orienta-
tion determination appeared to be hard to achieve �5–12�.

Another interesting feature of SFA is their ability to ex-
hibit surface activity at the liquid alkane-air interface
�13–16�. However, since the free energy of transfer of one
-CH2- group from an alkane solvent to a perfluorinated al-
kane solvent �1.1 kJ mol−1� is only one-third the energy
needed to transfer a -CH2- group from an alkane solvent to
water �14�, attempts to form and study SFA monolayers at
the liquid alkane-air interface, in the same manner as for
classical amphiphile Langmuir films �13�, have not been suc-
cessful to our knowledge.

Surprisingly, some of SFA compounds are able to form
genuine Langmuir monolayers at the air-water interface, as
initially reported by Gaines �13� and studied in more detail
later by many others �17–24�. Hence, mixed Langmuir films
made of SFA and a suitable amphiphilic material may allow
for the study of SFA monolayers on hydrophobic surfaces.
For example, Krafft et al. �25� showed the occurrence upon
compression of an original vertical phase separation in a
mixture of the F8H16 semifluorinated alkane and a phospho-
lipid �DPPE�. The observed vertical phase separation occurs
at the collapse surface pressure of the pure F8H16
monolayer—i.e., �13 mN/m. This indicates that the organi-
zation of F8H16 molecules at the air-water interface instead
of the more suitable DPPE-air interface should be more
likely governed by the minimizing of air-water interface sur-
face tension. Later, El Abed et al. �26� showed, by means of
surface pressure ��� versus molecular area �A� isotherms and
x-ray reflectivity measurements, the occurrence of a new ver-
tical phase separation in an original mixed Langmuir film
made of the F8H18 semifluorinated alkane and a natural
�-helix alamethicin peptide �alam�. In this case, the vertical
phase separation appeared to occur at all surface pressures.

In this paper, we apply �-A isotherms, surface potential
��V�-A isotherms, and grazing-incidence x-ray diffraction
�GIXD� measurements to characterize both the in-plane
structure and the molecular orientation of two mixed Lang-
muir films made of alamethicin and two semifluorinated al-
kanes with different fluorocarbon and hydrocarbon blocks:
namely, F10H10 and F8H18. In the bulk state, the F10H10 com-
pound displays a smectic-B liquid-crystalline phase between
38 °C and 61 °C as initially shown by Mahler et al. �6� and
for which different structural models were suggested, first by*abdel.elabed@univ-paris5.fr
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Viney et al. �9� and later by Tournilhac et al. �11�, as
sketched in Figs. 1�a� and 1�b�, respectively.

F8H18 exhibits a crystalline phase which melts to an iso-
tropic liquid at a temperature equal to 53 °C. The existence
of a smectic phase was shown to be possible in the F8Hm
series only for m�12 �12�.

We show in this study that both F8H18 and F10H10 mol-
ecules form stable monolayers at the top of the hydrophobic
alamethicin monolayer, whereas at the air-water interface
only F8H18 molecules form also stable Langmuir monolay-
ers. Moreover, the structure matching of the semifluorinated
alkanes with a suitable organization of the underlying alame-
thicin monolayer allowed for a continuous compression of
the upper F8H18 monolayer while the density of the lower
alamethicin monolayer remains constant. Thanks to x-ray
diffraction data, we show that F8H18 molecules organize in a
quasirectangular 2D lattice whereas no long-range positional
order could be detected in the F10H10 monolayer. Also,
thanks to surface potential ��V� versus molecular area �A�
measurements, we establish a direct correlation between the
in-plane organization of the upper semifluorinated monolayer
and its measured effective electric dipole moment.

II. EXPERIMENT

The F8H18 and F10H10 compounds used were synthesized
and purified ��98% � by Michèle Sanière from the Labora-
toire de Chimie Pharmacologique et Toxicologique at Paris-
Descartes University. Their preparation was carried out ac-
cording to a well-known procedure �5�.

The rodlike �-helix alamethicin is a natural antibiotic
peptide constituted by 19 amino-acid residues and one amino
alcohol. It may be approximated by a cylinder of 1.0 nm
diameter and 3.0 nm height. The biological property of
alamethicin relies on its amphiphilic feature and its ability to
form ionic channels across the biological cell membrane.
The peptide is amphiphilic since its polar hydrophilic groups
are either at the C-terminus or lie along a narrow hydrophilic
strip parallel to the helix axis. The used alamethicin com-
pound was purchased from Sigma �Mw. 1959.9� and used as
received.

Surface pressure ��� and surface potential ��V� versus
molecular area A isotherms were recorded simultaneously
using a Langmuir trough purchased from Nima Technology
Ltd. The surface pressure was measured using a Wilhelmy

plate with an accuracy of about 0.1 mN/m. The surface po-
tential sensor consists of a commercial Kelvin probe with an
area of 0.2 cm2 which is suspended above the film spread at
the air-water interface. Surface potential and molecular areas
were measured with an accuracy of 30 mV and 5%, respec-
tively. Monolayers were spread from chloroform solutions on
a pure water surface �pH=5.7� and compressed at T
=20 °C.

One could plot surface pressure � of mixed films versus
the mean molecular area A of the two used amphiphile mol-
ecules. In our study, since the two mixed molecules organize
each in two different planes as shown hereafter, it is more
significant to plot surface pressure � versus individual mo-
lecular areas: namely, AF or Aalam. These are determined sim-
ply by dividing the overall film area by the number of either
FnHm molecules �nF� or alamethicin molecules �nalam�, re-
spectively. For instance, to convert the molecular area axis of
the isotherm diagram from AF to Aalam, one should multiply
AF values by the molecular mixture ratio RFnHm/alam=

nF

nalam
.

Grazing-incidence x-ray diffraction was performed on the
D41B beamline at the LURE synchrotron source �Orsay,
France�. The experimental setup is completely described in
Ref. �27�. The x-ray wavelength �=1.646 Å of the incoming
x-ray beam was selected using a focusing Ge�111� mono-
chromator. The intensity of the x-ray beam scattered by the
monolayer was monitored vertically using a vertical gas-
filled �Ar-CO2� linear position-sensitive detector �PSD�
�13° � as a function of the in-plane component of the scatter-
ing wave vector Qxy selected by means of a Soller slit colli-
mator. The study of the Qxy pattern integrated over the ver-
tical wave vector component Qz allowed us to determine the
2D lattice of the alamethicin helices and the fluorinated
chains, while the shape of the Bragg rods gave information
about the tilt and azimuthal angles. The resolution in the
wave vector transfer, Qxy, is about 0.01 Å−1 �full width at
half maximum �FWHM��. The integration range along Qz is
from 0 to 0.8 Å−1 owing to the vertical size of Soller slits.

III. RESULTS

A. Surface pressure � versus molecular area A
isotherm diagrams

We would like first to briefly recall the structural proper-
ties of the pure alamethicin Langmuir monolayer previously
discussed in detail �28,29�. Curve �a� of Fig. 2 shows the
�-A isotherm of the pure alamethicin monolayer. The pep-
tide molecules spread spontaneously at the air-water inter-
face and lead upon compression to the formation of a 2D
solid phase at a molecular area of about 3.20 nm2 corre-
sponding to a surface pressure of about 20 mN/m. In this
phase, molecules organize with their �-helix axis parallel to
the air-water interface. On further compression to apparent
molecular areas smaller than 3.20 nm2, the �-A isotherm ex-
hibits a plateau region where alamethicin molecules start to
solubilize progressively into the water subphase. This is an
important feature in our system as the molecular density of
the alamethicin monolayer remains constant in this region.

Figures 2 and 3 show the surface pressure �-A isotherms
of both mixed alam/F10H10 and alam/F8H18 films, plotted, at

(a) (b)

FIG. 1. �Color online� Schematic representation of structural
models for the smectic-B phase of F10H10 suggested by �a� Viney et
al. �9� and by �b� Tournilhac et al. �11�.
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different RFnHm/alam values, versus Aalam and AF, respectively.
Figure 2 shows clearly that, for both alam/F8H18 and alam/
F10H10 films, the first increase in surface pressure occurs
practically at an alamethicin molecular area value of about
Aalam�3.5 nm2, similar to the molecular area of a pure

alamethicin monolayer. Moreover, if one plots � versus AF,
as shown in Fig. 3, one notices that the second increase in
surface pressure occurs practically at a molecular area value
of about AF�0.3 nm2, very close to the molecular area AF0
of a pure F8H18 monolayer in its condensed phase �see curve
�a� of Fig. 3�. We underline that F10H10 molecules do not
form stable monolayers at the air-water interface.

These results indicate that both F10H10/alamethicin films
and F8H18/alamethicin films form asymmetric bilayers. Con-
sidering the hydrophilic character of alamethicin, it seems
reasonable to consider it as forming the first layer, covering
the water surface and covered by the second layer made of
F8H18 and F10H10 molecules �as represented in Fig. 4�: the
first increase of surface pressure � corresponds to the onset
of a dense monolayer of alamethicin and the second increase
of � corresponds to the onset of a dense monolayer of F8H18
or F10H10.

Taking into account alamethicin and FnHm molecular sec-
tions, a particular mixture ratio should be obtained with
RFnHm/alam�11: at this value, one should expect a simulta-
neous onset of dense layers for both alamethicin and FnHm
molecules. The experimental �-A isotherm diagrams re-
corded at this molecular ratio are in good agreement with
this statement; see curves �c� and �e� of Figs. 2 and 3.

On further compression, the alam/F8H18 film shows a
rapid and regular increase of � to a value of about 45 mN/m
�at AF�0.28 nm2� followed by a collapse of the film. For
this phase, the compressibility �=− 1

A
� dA

d�
� is measured at

about 13 m N−1, typical of condensedlike monolayers. In the
case of the F10H10/alamethicin film, a further compression
leads to a second break in � variation which indicates the
occurrence of a phase transition. Then, the surface pressure
increases rapidly at a molecular area of about AF
�0.14 nm2 and a surface pressure of about �=40 mN/m.
The molecular area value at which such a phase transition
occurs indicates the formation of a second layer of F10H10
molecules as we will confirm in the present study using sur-
face potential measurements.

B. Surface pressure �V versus molecular area A
isotherm diagrams

Classical Langmuir monolayers can be assimilated gener-
ally to arrays of electric dipoles whose density and orienta-

FIG. 2. �Color online� Surface pressure � versus Aalam molecu-
lar area isotherm diagrams, obtained on compressing mixed films of
F8H18/alamethicin and F10H10/alamethicin made at different mo-
lecular mixture ratios RF/alam; the compression speed was about
0.04 nm2/min/molecule and the temperature was set at T=20 °C.
Curve �a�: pure alamethicin monolayer. Curve �b�: RF/alam=2.46.
Curve �c�: RF/alam=3.68. Curve �d�: RF/alam=7.06. Curve �e�:
RF/alam=11.06. Curve �f�: pure F8H18 monolayer. To convert the x
axis from AF values to Aalam values, one should multiply AF values
by RF/alam.

FIG. 3. �Color online� Surface pressure � versus AF molecular
area isotherm diagrams, obtained on compressing mixed films of
F8H18/alamethicin and F10H10/alamethicin made at different mo-
lecular mixture ratios RF/alam; the compression speed was about
0.04 nm2/min/molecule and the temperature was set at T=20 °C.
Curve �a�: pure F8H18 monolayer. Curve �b�: RF/alam=2.46. Curve
�c�: RF/alam=3.68. Curve �d�: RF/alam=7.06. Curve �e�: RF/alam

=11.06. To convert the x axis from AF values to Aalam values, one
should multiply AF values by RF/alam.

water subphase

alamethicin monolayer

FIG. 4. �Color online� Schematic representation of the suggested
model for the organization of the upper semifluorinated alkane
monolayers built on the top of the hydrophobic surface of the un-
derlying alamethicin monolayer. Arrows indicate the direction of
the molecular dipole moments.
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tion may change upon compression �see for a review Ref.
�30��. The surface potential �V of a nonionized monolayer
may be calculated, at a given molecular area A, according to
the Helmholtz formula �V=

	�


0
A , where 	� is the average
vertical component of the molecular dipole moment 	, �0 is
the permittivity of the free space, and � is the relative dielec-
tric constant of the monolayer. Basically, the monolayer elec-
tric parameter which can be readily deduced from surface
potential measurements is the effective molecular dipole

	�


 .
�V-A isotherm diagrams of the pure alamethicin Lang-

muir monolayer and also of the two alam/F8H18 and
alam/F10H10 mixed films measured for different RF/alam ra-
tios are presented in Fig. 5. A surface potential value of
�V=0.540 mV is measured at Aalam=3.20 nm2 for the pure
alamethicin monolayer �curve �a��. As we stated above,
alamethicin molecules lay with their long helix axis parallel
to the air-water interface; hence, the measured surface poten-
tial �V is proportional to the normal component 	alam,� of
the alam electric-dipole moment by regards to the long axis
of its helix. The positive sign of the recorded �V shows that
	alam,� is oriented upward—i.e., from the water subphase
towards the air. Applying the Helmholtz formula for �V

=540 mV and Aalam=3.20 nm2, one obtains
	alam,�


 =4.62 D,
which is much smaller than the parallel component of the
alamethicin electric dipole moment �31�: 	alam,� =75 D.

On compressing further the alamethicin monolayer in the
collapse region, the surface potential remains constant. This
result confirms that the alamethicin monolayer density re-
mains constant during the collapse process.

Curves �b�–�d� of Fig. 5 correspond to the �V-A isotherm
diagrams of the alam/F8H18 film recorded, respectively, for
RF8H18/alam

=3.68, 7.06, and 11.06. Curves �e�–�g� correspond
to the �V-A isotherm diagrams of the alam/F10H10 film re-
corded, respectively, for RF10H10/alam

=5.54, 8.87, and 11.09.
As we can notice, the greater the density of the upper F8H18

and F10H10 monolayers, the lower the surface potential of the
mixed film. Since surface potential of the pure alamethicin
monolayer is positive, such a result indicates that the surface
potential of the upper F8H18 and F10H10 layers are negative
and thus both F8H18 and F10H10 molecules should orient their
electric dipole moment downward; i.e., fluorinated segments
should be oriented upward and hydrocarbon segments should
be oriented downward �see Fig. 4�.

Following the Demchak-Fort electric model �32� for
Langmuir monolayers, one may consider the
FnHm / alamethicin bilayer as two layers of two different
electric-dipole moments and two different dielectric con-
stants: 	1=	alam, �1=�alam, and 	2=	F, �2=�F for the alame-
thicin and the FnHm layers, respectively. Thus,


0�V =
	1


1A1
+

	2


2A2
.

Since
	1


1
=

	alam,�


alam
=4.62 D, the above equation becomes at

A1=Aalam=3.20 nm2:

�V = 0.54 +
1

2.65
�	2


2
� 1

A2
,

where �V, 	2, and A2 are expressed in volts, debyes, and
nm2, respectively.

Experimentally, a plot of �V vs AF
−1 measured at a fixed

Aalam=3.20 nm2 shows clearly a linear decrease of �V vs the
density of either the F8H18 layer �Fig. 6�a�� or the F10H10
layer �Fig. 6�b��. This linear variation is a direct proof of the
validity of our model.

Moreover, the determination of the experimental slope of
the linear curve �V vs AF

−1 allows for a direct estimation of
the vertical component of the mean effective electric dipole
of F10H10 and F8H18 molecules in the upper layers:

�	F10
�z


F10

= − 0.60 D,
�	F8

�z


F8

= − 0.76 D.

FIG. 5. �Color online� Surface potential �V versus molecular
area Aalam isotherm diagrams of the pure alamethicin monolayer
�curve �a��, of the F8H18/alamethicin mixed film �curve �b�:
RF8H18/alam

=3.68, curve �c�: RF8H18/alam
=7.06, curve �d�: RF8H18/alam

=11.06� and of the F10H10/alamethicin mixed film �curve �e�:
RF10H10/alam

=5.548, curve �f�: RF10H10/alam
=8.87, curve �g�:

RF10H10/alam
=11.06�. The vertical dot line shows the Aalam molecular

area value, 3.20 nm2, at which �V values were measured for dif-
ferent mixed films used to plot �V versus AF

−1 as represented in Fig.
6.

FIG. 6. �Color online� Plots of surface potential �V vs AF
−1

measured at a fixed alamethicin molecular area, Aalam=3.20 nm2,
for mixed F8H18/alamethicin films �curve �a�� and mixed
F10H10/alamethicin films �curve �b�� for which RFnHm/alam varies
from 2.5 to 11 approximately.

EL ABED, IONOV, AND GOLDMANN PHYSICAL REVIEW E 76, 041606 �2007�

041606-4



We remark that the vertical component of the mean mo-
lecular effective electric dipole is significantly greater for the
F8H18 monolayer than for the F10H10 monolayer. Assuming
that both F10H10 and F8H18 layers possess the same relative
dielectric constant, which may be taken equal to 
F	4.5 as
reported previously for F8H18 �26� and for F6H6 �33�, the
observed difference between the two measured values of the
vertical component of the mean molecular effective electric
dipoles should be attributed to a difference in the orientation
of molecules of F8H18 and F10H10 molecules by regards to
the normal to the layers surfaces. This particular point is
discussed in more detail in the next section thanks to graz-
ing’s incidence x-ray data.

Another interesting result obtained from the analysis of
surface potential measurements of alam/F10H10 films is the
inversion and the rapid increase of surface potential at small
molecular area values. Plotting �V versus AF gives a better
view of such variation as represented in Fig. 7. We attribute
such result to the building of a second layer of F10H10 mol-
ecules on the top of the first one. In such a manner that the
electric-dipole moments of the first and the second layers of
F10H10 molecules are antiparallel as represented in Fig. 8.
Our suggested structural model for the built-in F10H10 bilayer
is compatible with the structural model suggested by Viney

et al. �9� for the smectic-B phase displayed in the bulk state
by the F10H10 compound.

C. Grazing-incidence x-ray diffraction

In order to characterize the in-plane organization of the
F8H18 and F10H10 layers at the air-alamethicin interface, we
performed synchrotron GIXD experiments on mixed films at
different surface pressure values. In this paper, we discuss
results of 2� scans recorded around 1.26 Å−1 where one ex-
pects to observe diffraction peaks of close-packed fluorinated
chains.

Figure 9 shows a typical scan performed on the F8H18
layer at AF=0.32 nm2. One detects two large diffraction
peaks at the following in-plane scattering wave vectors Qxy:
1.257 Å−1 and 1.384 Å−1. The observation of two diffraction
peaks can be indexed as two peaks of a rectangular lattice
which contains two molecules per unit cell and defined by
a=0.599 nm, b=0.908 nm, and 
=90°. From the lattice pa-
rameters, one deduces an area per unit cell Ac equal to
0.54 nm2 and an area per molecule of 0.27 nm2. As we can
notice, this value is very close to the cross section of fluori-
nated chains. The diffracting planes correspond to the orga-
nization of the fluorinated chains. The full widths at half
maximum of the above diffraction peaks are 0.080 and
0.094 Å−1, from which one could deduce a weak correlation
length value L= 2�

FWHM �80 Å.
Rod scans show a maximum intensity for the in-plane

scattering wave vectors at approximately Qz=0.3 Å−1 for
Qxy =1.257 Å−1 and zero for Qxy =1.384 Å−1, which indicate
that the fluorinated chains are oriented more or less normal
to the air-water interface—i.e., 15° in regard to the normal to
the air-water interface.

We also note that the FWHM ��Qz� of the rod scans,
taken in the cut through the peak at Qxy =1.257 Å−1, leads to
a thickness of the diffracting fluorocarbon slab of about h

FIG. 7. �Color online� Plots of surface potential �V vs AF for
two mixed F10H10/alamethicin films: curve �f�: RF10H10/alam

=8.87.
Curve �g�: RF10H10/alam

=11.06. Curve �a�: pure alamethicin mono-
layer for which the x axis is arbitrary.

water subphase

alamethicin monolayer

FIG. 8. �Color online� Schematic representation of the suggested
model for the organization of the F10H10 bilayer built at small mo-
lecular areas on the top of the alamethicin monolayer. Arrows indi-
cate the direction of the molecular dipole moments.

FIG. 9. �Color online� X-ray diffraction pattern of the F8H18

layer recorded at �=30 mN/m: two diffraction peaks at 1.257 and
1.384 Å−1 are observed. Inset shows the contour plot diagram. The
lattice which contains two chains is rectangular with a=0.599 nm,
b=0.908 nm, and 
=90°.
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= 2�
�Qz

	0.98 nm, close to the calculated length of the fluori-
nated chain: 1.2 nm.

We underline that such rectangular lattices for F8H18 mol-
ecules organize is unexpected since they form rather dis-
torted hexagonal packing at the air-water interface �34�. Nev-
ertheless, such rectangular lattices should be induced by the
2D crystalline underlying alamethicin monolayer which
forms also a rectangular lattice �28,29�. Induced crystalline
order in a nonordered phospholipid Langmuir monolayer by
adsorbed charged nanocrystals made of the disk-shaped in-
organic compound Laponite has been reported recently �35�.

In the case of the F10H10/alamethicin film, the diffraction
pattern represented in Fig. 10 exhibits a large noise/signal
ratio which makes it difficult to fit and to discuss in detail the
recorded GIXD spectrum. Nevertheless, one may probably
distinguish again the presence of two peaks at around 1.23
and 1.37 Å−1. We think that the almost absence of diffraction

peaks in this case should be attributed to the fact that, unlike
the F8H18 monolayer layer, the F10H10 monolayer is in a
liquidlike state.

IV. CONCLUSION

We showed in this paper that both mixed alam/F8H18 and
alam/F10H10 films exhibit a spontaneous vertical phase sepa-
ration upon compression. They form two asymmetric flat bi-
layers where the lower layer is made of alamethicin and the
upper layer is made of semifluorinated molecules. We
showed also that the suitable collapse properties of the un-
derlying alamethicin monolayer allow for a continuous com-
pression of the F8H18 and F10H10 monolayers on the top of
the alamethicin monolayer. Analyzing the data of surface
pressure versus molecular area and grazing-incidence x-ray
diffraction measurements enabled us to compare the proper-
ties of the two semifluorinated monolayers: whereas F8H18
molecules form a quasi-2D rectangular crystalline mono-
layer, F10H10 molecules may form a liquidlike monolayer.
Also, we established a direct correlation between the in-
plane organization and the measured effective electric-dipole
moments of the semifluorinated monolayers.

Finally, our results indicate that the olephobic-olephilic
balance plays an important role in the ability of semifluori-
nated molecules to form monolayers on hydrophobic sur-
faces and also to control the molecular orientation. Mol-
ecules with small fluorocarbon and long hydrocarbon blocks
�F8H18� adopt at all surface pressures a parallel organization
with hydrocarbon blocks in contact with the hydrophobic
substrate, whereas molecules with long fluorocarbon and
small hydrocarbon blocks �F10H10� adopt a parallel orienta-
tion at lower surface pressures and form an antiparallel sec-
ond layer of molecules at higher surface pressures.
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