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Experimental validation of the Helmoltz equation for the surface potential
of Langmuir monolayers
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We show in this paper that monolayers of the nonhydrophilic FgH;g semifluorinated n-alkane constitute
when spread on the hydrophobic top of an alamethicin Langmuir monolayer, a very good experimental system
in order to check the validity of Helmoltz equation. This system allows for a good agreement between
measured and calculated surface potentials of unionized Langmuir monolayers. We show also that the relative
dielectric constant of the FgH g monolayer does not vary upon compression of the monolayer, the measured 2.9
value is in a very good agreement with literature data. We attribute this behavior to the self-aggregation of
FgH,g molecules in nanosized circular domains whose size remains constant upon compression as shown by

atomic force microscopy.
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I. INTRODUCTION

The surface potential (AV) of unionized Langmuir mono-
layers (LMs) [1] may be expressed easily versus molecular
area A, according to the modified Helmoltz formula [1,2]:

Av=-Fe (1)
Aeye

where u., €, and € represent the average vertical component
of the molecular dipole moment £, the permittivity of free
space, and the relative dielectric constant of the monolayer,
respectively. € may be considered as an apparent relative
permittivity which accounts for dipole-dipole interactions
within the monolayer [3].

Whereas measurements of AV—-A isotherm diagrams of
LMs are relatively easy to implement, their accurate interpre-
tation remains generally very difficult to achieve. Indeed,
due to the large difference which exists between the relative
dielectric constant of water and air, it is very difficult to
estimate € values of Langmuir monolayers. Thus, one can
deduce, generally, only an effective value of the vertical com-
ponent of the molecular electric dipole moment, u,/ €. More-
over, the water surface above which the monolayer spreads is
itself polarized by spontaneous orientation of water mol-
ecules. Thus, while compressing the amphiphilic monolayer
at the air-water interface, the recorded AV could result either
from reorientation of hydrophobic chains, or/and a change in
conformation of hydrophilic head groups, or/and the reorien-
tation of water molecules underneath the monolayer. This is
particularly true in the case of the classical amphilphilic
Langmuir monolayers where the hydrophilic head group un-
dergoes a strong interaction with the water subphase. How-
ever, a considerable progress has been made on the under-
standing of surface potential measurements on both
experimental and theoretical levels. For instance, Taylor et
al. showed that reproducible AV-A isotherm diagrams could
be obtained if the water employed in the subphase is ad-
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equately purified [4]. Demchak and Fort (DF) [3] suggested
an electric model, in which the monolayer may be consid-
ered as a three layer capacitor with distinct dielectric con-
stants:

1
AV:—(ﬂ+&+&), (2)
AE() €] € €3

where w; is the normal component of the dipole moment due
to the reorientation of the water molecules owing to the pres-
ence of the monolayer, wu, is the normal component of the
dipole moment from the hydrophilic head groups at the
monolayer-water interface, and w3 is the normal component
of the dipole moment from the hydrophobic tail groups at the
monolayer/air interface [5]. € are the effective dielectric
constants of the respective regions in which the dipoles are
located. Demchak and Fort [3] suggested €,=7.6 and e
=5.3. Later, Oliveira et al. [6] showed that for monolayers
composed of long aliphatic chains €,=6.4 and €;=2.8 would
be more appropriate values.

As argued above, due to the limitations associated with
the use of the polar water subphase and classical amphiphilic
molecules, another experimental system is needed for a bet-
ter agreement between measured and calculated surface-
potential measurements. For instance, monolayers made of
semifluorinated n-alkanes (SFA), F(CF,),(CH,),,H (denoted
F,H,,) [7-10], which may spread on the nonpolar alkane
liquid subphase, would be a good candidate. Indeed, an in-
teresting feature of SFA, owing to the presence of both an
oleophilic and an oleophobic chains, is their ability to exhibit
surface activity at the liquid alkane-air interface [11-14]. Un-
fortunately, since the free energy of transfer of one -CH,-
group from an alkane solvent to a perfluorinated alkane sol-
vent (1.1 kJ mol™') is only one third of the energy needed to
transfer a -CH,- group from an alkane solvent to water [12],
attempts to obtain condensed SFA Langmuir monolayers at
the liquid alkane-air interface have failed.

More recently, it has been shown that SFA molecules may
organize also as monolayers on the hydrophobic top of phos-
pholipid [15] and alamethicin [16,17] Langmuir monolayers.
Alamethicin is a natural a-helix peptide (alam) which forms
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stable Langmuir monolayers at the air-water interface
[18,19]. The two-dimensional crystalline structure and the
suitable collapse properties of the underlying alamethicin
monolayer allow for a continuous compression of the FgH g
monolayer on the top of the underlying alamethicin mono-
layer whose density remains constant.

In this paper, we show by combining surface pressure,
surface-potential measurements, and atomic force micros-
copy (AFM) that monolayers of perfluorooctyl n-octadecane,
F(CF,)s-(CH,);sH (labeled FgH;g), spread on the top of
alamethicin Langmuir monolayer, constitute a very good
model which allow for a good agreement between measured
and calculated surface-potential isotherm diagrams. We show
also that the relative dielectric constant of the FgH;g mono-
layer does not vary upon compression in this particular sys-
tem. We attribute this result to the self-aggregation of FgH
molecules in nanosized circular domains whose size remains
constant upon compression as observed by atomic force mi-
croscopy.

II. EXPERIMENT

The used F(CF,)s-(CH,);sH compound was synthesized
and purified (>98%) by M. Saniére from the Laboratoire de
Chimie Pharmacologique et Toxicologique, Université Paris
5. Its preparation was carried out according to a well-known
procedure [7]. At ambient temperature, it exhibits a crystal-
line phase which melts to an isotropic liquid at a temperature
equal to 53 °C.

FgH 3 molecules possess an overall electric dipole mo-
ment up intensity of about 2.8 D as calculated by Bronia-
towski et al. [20] and by Fujiwara et al. [21]. It is oriented
from the fluorocarbon bloc toward the hydrocarbon bloc and
makes a tilt angle of 35° by regards to the molecular long
axis. It is mainly due to the CF,-CH, junction and to the
terminal -CF; group.

The rodlike a-helix alamethicin is a natural antibiotic
peptide constituted by 19 amino-acid residues and one amino
alcohol. In our study, it may be approximated by a cylinder
of a 1.0 nm diameter and a 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 majority of the alamethicin amino-acid resi-
dues, including the N-terminus, are hydrophobic in nature.
The peptide is amphiphilic since its polar hydrophilic groups
are either at the C-terminus or lies along a narrow hydro-
philic strip parallel to the helix axis. The used alamethicin
compound was purchased from Sigma (Mw. 1959.9) and
used as received.

The surface potential (AV) versus molecular area A iso-
therm diagrams were recorded simultaneously with 7—A iso-
therm diagrams using a Langmuir trough purchased from
Nima Technology Ltd. The surface potential sensor consists
of a Nima Kelvin probe with an area of 0.2 cm? which is
suspended above the film at the air-water interface. It con-
sists of a Kelvin vibrating-probe specifically designed to
characterize Langmuir monolayers as described in detail by
I. Peterson in Ref. [22]. The surface-potential sensor is based
on a piezodriven tuning-fork assembly gold-plated electrode
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and includes a high-gain low-noise preamplifier to maximize
sensitivity and minimize parasitic coupling. A manual com-
pensation control allows the systematic measurement offsets
originating in the electronics to be nulled. Surface potential
and molecular areas were measured with an accuracy of 30
mV and 5%, respectively.

The surface pressure was measured using a Wilhelmy
plate with an accuracy of about 0.1 mN/m. Monolayers were
obtained from a 2.5 mM chloroform FgH g solution and a 1.0
mM chloroform alamethicin solution which were mixed be-
fore spreading and then spread together on a pure water sur-
face (pH=5.7). The films were compressed at a constant
compression rate of 2 ¢cm?/min. The experiments were per-
formed at 7=20 °C.

The mixed films were also transferred onto silicon sub-
strates using the Langmuir-Blodgett (LB) technique, in order
to be imaged with an AFM. The used AFM was a Nanoscope
III, and the transferred films were analyzed in the tapping
mode. The solid supported films were imaged soon after hav-
ing been transferred. The used silicon wafers were mildly
cleaned using a detergent sonicated bath, ethanol/water solu-
tions, and then abundantly rinsed with purified water. In
these conditions, silicon wafers are hydrophilic since the na-
tive thin oxide layer which forms onto their surface in con-
tact with air is not removed by HF acid treatment. The trans-
ferred films were observed to be stable during AFM imaging
experiments, i.e., ~1 h. We did not study their stability dur-
ing longer periods of time.

Because alamethicin and FgH,3 molecules demix sponta-
neously, as shown previously [16,17], along the normal to
the air-water interface when mixed together, we have to dis-
tinguish between FgH g molecular areas, Ay, and alamethicin
molecular areas, A,,,, which we define as Ap=S/np and
Ayam=S/n4,, where S, ng, and n,,, represent the overall
film area S, the number of FgH,g, and alamethicin molecules,
respectively. Also, we define Ry um=nr/Ryan as the
FgH,g/alam molecular mixture ratio. Thus, to convert for in-
stance the m—A isotherm diagram x axis from Ap to A,
one should simply multiply Ay values by the considered
RF/alum value.

III. RESULTS AND DISCUSSION
A. Characterization of the supporting alamethicin monolayer

Curve (a) of Fig. 1(A) shows the m—A isotherm diagram
of a pure alamethicin monolayer. It indicates that the alame-
thicin molecules form a dense monolayer at a surface pres-
sure of about 20 mN/m and a molecular area of about
3.20 nm?. In this phase, as shown in detail in previous stud-
ies [18,19], molecules organize in a 2D crystalline rectangu-
lar lattice where the alamethicin a-helix axis aligns parallel
to the air/water interface. The most important feature of the
alamethicin monolayer, for the present study, is that upon
further compression, the m—A isotherm diagram exhibits a
collapse plateau region at about 77=30 mN/m, which corre-
sponds to a solubilization process versus compression, of the
alamethicin molecules into the water subphase [18,19]. In
this plateau region, the density of alamethicin molecules re-
mains constant as corroborated by surface-potential measure-
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FIG. 1. (Color online) Surface pressure 7 versus A, (figure
A) and Ay (figure B) isotherm diagrams of the pure alamethicin
monolayer (curve A-a), the pure FgH ;g monolayer (curve B-a) and
two mixed FgHjg/alamethicin films with two different molecular
mixture 1atios: Rpyum=3.68 (curve b) and Ry, .,=11.06 (curve c);
the compression rate was about 2 cm?/min and the temperature
was set at 7=20 °C.

ments, shown in Fig. 4(A)-curve (a). The positive sign of the
recorded AV shows that the normal component i, ; of the
alamethicin electric dipole moment g, is oriented up-
wards. From the measured value AV=0.540 mV at A,,,
=3.20 nm?, one could deduce the effective normal compo-
nent value of the alamethicin monolayer dipole moment:
lu’alam,J_/salam=4‘62 D.

B. Structural characterization of mixed FgH g
and alamethicin monolayers

Despite the missing of a hydrophilic group in SFA mol-
ecules, stable monolayers of these molecules can be obtained
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at the air-water interface. We would like to present first the
m—A isotherm diagram of the pure FgH;g monolayer spread
at he air-water interface, see curve (a) of Fig. 1(B). It shows
the existence of a stable dense phase at a molecular area of
about 0.30 nm?, which is very close to the cross section of
fluorinated chains (0.28 nm?) whose structure was studied
by many authors [11,20,23-26] (see for a recent review Refs.
[27,28)).

The curves (b) of Figs. 1(A) and 1(B) show the 7m—A
isotherm diagram of a mixed alam/FgH g film, with Rp;,,,
=3.68, versus A, and Ap molecular areas (as defined in
the experimental section), respectively. We notice that the
surface pressure 7 increases steeply at an alamethicin mo-
lecular area A, of about 3.2 nm? as like as for the pure
alamethicin monolayer [Fig. 1(A)]. On compressing the film
further, a second increase in surface pressure occurs around
=45 mN/m and Ap~0.28 nm?, as like as for the pure
FgH,g film [Fig. 1(B)]. The first increase in surface pressure
corresponds to the compression of a pure alamethicin mono-
layer and the second increase in surface pressure corresponds
to the compression of pure FgH ;g monolayer. Such a behav-
ior originates from the spontaneous vertical phase separation
between FgH g and alamethicin molecules and the formation
of a FgH 3 monolayer on the top of the alamethicin mono-
layer as discussed in detail in a previous study [16].

The curves (¢) of Figs. 1(A) and 1(B) correspond to a
particular case where Rp,,==11 for which the underlying
alam monolayer should be fully covered by FgH g molecules.
Indeed, the molecular mixture ratio can be expressed also as
RF/alam.=AO,alam/AF0=11'06’ where Ag ;14 =3.20 nm? and
A F0=0.28 nm? represent molecular areas of the close-packed
pure alam and FgH;g monolayers, respectively. In this case,
the surface pressure increases steadily from O mN/m up to 45
mN/m at a molecular area of about 0.3 nm?.

In order to give a better view of the structure of the mixed
films, we present in Fig. 2 AFM images of two different
alam/FgH g films which were transferred, onto silicon sub-
strates using the Langmuir-Blodgett technique [1]. Figure
2(a) shows the AFM image transferred at 7=24 mN/m(Ap
=0.6 nm?) while Fig. 2(b) shows the image transferred at
m=34 mN/m(A;=0.3 nm?). Analysis of these images
shows that FgHg molecules form, on the top of the underly-

FIG. 2. AFM images of two
alam/FgHg mixed bilayers trans-
ferred at (a) Ap=0.6 nm? the
FgH ;g monolayer occupy roughly
half of the overall surface as ex-
pected, (b) Ar=0.3 nm?, an al-
most densely packed monolayer
of FgH;3 molecules can be
observed.
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FIG. 3. (Color online) Schematic representation of the used
monolayer model system which consists on the spontaneous orga-
nization of an upper FgH;g monolayer on the top of alamethicin
monolayer. Arrows indicate the direction of the vertical components
of the molecular dipole moments.

ing alamethicin monolayer, nanosized circular domains with
a characteristic diameter size of about 4.0 nm and a thickness
approximately equal to 2.6 nm. As we can notice, at the
smaller A value of 0.3 nm?, a close-packed monolayer of
FgH,3 molecules with a similar nanoscopic pattern can be
observed [Fig. 2(b)]. The measured thickness value of 2.6
nm is in agreement with the monolayer organization model
sketched in Fig. 3. In such organization, the FgH,g molecules
point their fluorinated blocs upwards and align their long
molecular axis normally to the air-water interface. Such an
organization has been shown previously in more detail using
grazing x-ray reflectivity [16] and grazing x-ray diffraction
[17]. Taking account of the calculated value of the electric
dipole moment of semifluorinated n-alkanes, uy=2.8 D, and
its orientation by regards to the long molecular axis, 35°
[20], one may deduce the vertical component of the FgH g
electric dipole moment: uy | =2.3 D for these mixed films.

C. Measured and calculated surface potential isotherm
diagrams of mixed FgH;g and alamethicin monolayers

Curves (b—d) of Figs. 4(A) and 4(B) show the AV-A
isotherm diagrams of the alam/FgH;3 mixed films versus
Agam and Ap for different molecular mixture ratios: Rpujan
=3.68, Rg/yiam="7.06, and R, ;,.,=11.06, respectively. As we
can notice, the greater the density of the upper FgH ;g mono-
layer the lower the surface potential of the mixed film. Such
a result indicates that the surface potential of the upper FgH g
layer is negative and thus FgH;g molecules should orient
their electric dipole moment downward, i.e., fluorinated seg-
ments should be oriented upward and hydrocarbon segments
should be oriented downward as sketched in Fig. 3.

In order to analyze these results, we consider, using the
Demchak and Fort model [3], the mixed alamethicin/FgH g
film as a two-layer capacitor where the lower and the upper
layers are those of alamethicin and FgH;g, to which we as-
sign respectively two relative dielectric constants &, and
e and two dipole moments i, ; and wg . Thus, the sur-
face potential of the alamethicin/FgH;g film may be ex-
pressed as follows:

SOAV= Malam, L MFE, L i (3)
8alamAalam 8FAF
where AV and A are expressed in V and nm?, respectively;

Matam. ! €alam=4.62 D and A,;,,=3.2 nm? in the m—A iso-
therm region of interest [29].
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FIG. 4. (Color online) Surface potential AV versus A, (figure
A) and Ay (figure B) isotherm diagrams of the pure alamethicin
monolayer (curve A-a) and of the FgH,g/alamethicin mixed films:
Re g, yalam=3.68  (curve b), Rrp yaiam=7.06 (curve c¢), and
Rr i, yalam=11.06 (curve d). The vertical dot line shows the A,
molecular area value, 3.20 nm?, at which AV values used to plot
AV versus A% F as represented in Fig. 5.

As stated above, the estimation of €5 value is more diffi-
cult. Macdonald and Barlow [4] gave a simple evaluation of
the relative dielectric constant € of LMs as a function of the
monolayer smallest intermolecular distance a (given in A)
and, therefore, of the molecular area A:

11.0342
e=1+——5a, (4)
a

where a represents the monolayer electronic polarizability
(given in 4me, A%). Taylor ef al. [3] used the image dipoles
method to take into account the contribution of the subphase.
Later, Iwamoto and co-workers [30] suggested to take ac-
count of both contributions of the subphase and the orienta-
tional distribution f(cos 6) of the monolayer molecules at a
given monolayer dipole moment tilt angle 6. These authors
showed that the monolayer effective relative dielectric con-
stant € may be expressed as follows:

11.0342  2e,
+ 3 «
a €+1

11.0342( 2€, ) 1

a3

w?(1 —cos 6)?
12kT

+

)

e+ 1/4me,
where €g represent the relative dielectric constant of the sub-
phase and where a and « represent respectively the smallest
intermolecular distance and the monolayer electronic polar-
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FIG. 5. (Color online) Plot of surface potential AV versus A;l
The different values of AV were measured from different mixed
FgHg/alamethicin films at a fixed alamethicin molecular area of
Aglam=3.20 nm?, with Rpy,.m varying from 2.46 to 11.

izability. According to either Eq. (4) or Eq. (5), the value of
€7 should vary versus a3, i.e., A_

Nevertheless, one should note that Eq. (5) has been estab-
lished assuming a uniform assembly of equally separated
dipoles, whereas in our case, as seen from AFM images, the
monolayer consists of nanosized domains within which mol-
ecules are closely packed. Thus, the relative dielectric con-
stant € in our case should be more likely comparable to that
of a condensed monolayer. Moreover if one plots the mea-
sured surface potential AV Versus A7 7 (Fig. 5), one observes
a linear variation AV versus A which indicates that the
relative dielectric constant &p of the FgH g3 monolayer does
not depend on the Ar molecular area value. The determina-
tion of the slope value of the obtained linear curve AV versus
A;l gives the value of the effective electric dipole moment of
FgH,g molecules: ur | /ep=-0.78 D which gives in turn an
experimental value for the relative dielectric constant of the
FgH 3 monolayer of about €x=2.9. It is interesting to note
that such a value is very close to the 2.8 value suggested by
Oliveira et al. for the u; relative dielectric constant of a
monolayer made of long aliphatic chains [6].

We calculate the film surface potential versus Ay molecu-

lar area by substituting ’:—f in Eq. (3) with the measured con-
stant value of —0.78 D. The corresponding diagram is shown
in Fig. 6 curve (b). We calculate also the film surface poten-
tial in the case where € is considered as a function of the
intermolecular distance a, given by Eq. (5). The correspond-
ing diagram is shown in Fig. 6 curve (c). In the former case,
we calculate the ez value from Eq. (5) by assuming an hex-
agonal organization of the molecules in the monolayer and
by replacing ur , by the above calculated 2.3 D value. The
electronic polarizability « of the FgH;3 monolayer is esti-
mated from literature data [3,30,31] by assuming that «
should be associated with the two dipole groups of the FgH g
molecules, i.e., the terminal CF; and the CH,-CF, junction
groups. Israelachvili [31] gives the electronic polarizability
of a C-F bond as 0.55 X 47e, A3 and the electronic polariz-
ability of a C-H bond as 0.65 X 41re, A3. As an upper limit,
a may be calculated as the following:
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FIG. 6. Measured AV(mV)—A(nm?) isotherm diagram (curve
a) and calculated ones (curves b and c¢). A good agreement is ob-
tained when considering the apparent dipole moment u/ ey in Eq.
(3) as constant and equal to the obtained experimental value
pplep=—0.78 D (curve b), unlike the case where € is considered
as a function of the intermolecular distance a given in Eq. (5).

@.cF, T @CH,-CF,
a=

2
_3Xacpt2Xacpt+2 X acy
2
=22 X 4mey A3. (6)

We plot in Fig. 6 the experimental AV—A[ isotherm dia-
gram obtained for R=3.68 (curve a) and the calculated ones
(curves b and ¢). As we can notice, there is a good agreement
between the experimental and the calculated AV-Ay iso-
therm diagrams in the case where € is considered constant,
unlike the case where € is considered as a function of the
intermolecular distance.

IV. CONCLUSION

We have shown in this paper by combining surface pres-
sure, surface potential measurements, and atomic force mi-
croscopy that mixed films made of a nonhydrophilic semif-
luorinated FgH,g molecules spread on the hydrophobic top of
an alamethicin Langmuir monolayer constitute a very inter-
esting experimental model which allows for a good agree-
ment between measured and calculated surface potential iso-
therm diagrams. The particular chemical structure of FgH g
molecules, the suitable structure of the underlying alamethi-
cin monolayer and its collapse properties, allow for a con-
tinuous compression of the upper FgH;g monolayer while the
density of the lower alamethicin monolayer remains con-
stant. We show also that the relative dielectric constant of the
FgH ;3 monolayer does not vary upon compression in this
particular system. We attribute this result to the self-
aggregation of FgH,g3 molecules in nanosized circular do-
mains whose size remains constant upon compression as ob-
served by atomic force microscopy.
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