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We have demonstrated by x-ray diffuse scattering that abimolecular layerof a preformed three-tailed
amphiphile, ferric stearate, drastically enhances capillary wave fluctuations on water surface due to a reduction
in surface tension to 1 mN/m. The bimolecular layer is composed of molecules in symmetric configuration, on
top of molecules in asymmetric configuration with ferric ions in contact with water. Unlike the usual Langmuir
monolayers, this layer of molecules does not rupture under compression, but becomes thicker. This behavior
mimics folding of a membrane on a liquid surface and is closely related to the cohesive interaction brought by
the ferric ions. The loweffective tensionof this artificial membrane depends on the available area and reduces
as the microscopic excess area increases.

DOI: 10.1103/PhysRevE.71.041604 PACS numberssd: 68.03.Cd, 61.10.Kw, 68.18.2g

I. INTRODUCTION

Among the anomalous properties of water one is its large
surface tension, the work required to increase a surface by
unit area: gwater=73 mN/m at room temperature. Surface
tension is known to arise from uncompensated interactions at
the surface. More specifically, using the so-called mechanical
definition of surface tensionf1g, g=edzsp'−pid, the surface
tension can be expressed as the difference between the nor-
mal p' sconstantd and parallelpi components of the noniso-
tropic pressure tensor across the interface. Except for critical
interfaces with smooth interfacial gradients, very low inter-
facial tension values<1 mN/m are only achieved in micro-
emulsions f2,3g and lipid membranes. A microemulsion
water-oil interface is indeed saturated with surfactant, and in
the above formalism, repulsion in the chain region compen-
sates for the attraction at the hydrophobic-water interface
which can be described using an effective surface energy
<20 mN/m f4g.

Surface tension controls fluctuations and, therefore, inter-
facial morphology. The water surface is extremely flat, its
rms roughness being of the order of 0.5 nm, due to the large
tension sand not gravity for distances below the capillary
length <2.7 mmd f5–8g. On the other hand, microemulsion
interfaces, membranes, or vesicles are heavily fluctuating
surfaces. In such cases when a low enough surface tension is
reached, entropicsfluctuation-relatedd contributions to the
surface tension are no longer negligiblef9–11g. This is, for
example, the case in vesicles, where the bilayer tension can
be measured in a micropipette experimentf12g. In this com-
munication, we show that a layer of preformed ferric stearate
can be tailored in such a way as to decrease the surface
tension of the water subphase down to 1 mN/m, more than
one order of magnitude below the values<20 mN/md ob-
tained with standard surfactants. As a result, the surface fluc-

tuations, which we are probing from nanometer to microme-
ter length scale using diffuse x-ray scattering measurements
f13,14g, are strongly enhanced.

II. PREFORMED FERRIC STEARATE

A. Motivation

Fluctuations and structures of Langmuir monolayers of
fatty-acid salts of multivalent metals have been studied ex-
tensively f15,16g. The standard way of studying them is to
have the Langmuir monolayer of thefatty-acidspread on the
surface of water containingions of the relevant metal, and
for divalent metals it has been shown that about one hydro-
carbon chain of the fatty acid is associated with one metal
ion f17g fFig. 1, insetsadg. However, in this method the num-
ber of metal ions and the number of acid molecules available
are far from equal and this introduces a large uncertainty in
the composition of the monolayer of a multivalent-metal salt.
On the other hand, if a salt of a long-chain fatty acid is
formed beforehand through chemical reaction and a mono-
layer of thispreformed saltis spread on water, the head-to-
tail ratio of amphiphiles in the monolayer is fixed. But for
such preformed salts of multivalent metals, even the molecu-
lar configuration at the air-water interface is unknown, to the
best of our knowledge.

Ferric salts of amphiphilic fatty acids are amphiphilic
molecules with three hydrocarbon chains. Of these salts the
best known is ferric stearatesFeStd, given by the chemical
formula of FefOOCsCH2d16CH3g3 bearing three hydrocarbon
chains. This salt is easy to prepare and purify, and has many
practical uses. Langmuir monolayers of FeSt have been stud-
ied through surface-pressure specific-molecular-areasp-Ad
isotherms where the surface pressurep is defined asp
=gwater−g, g being the surface tension of monolayer-covered
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water f18,19g. Langmuir-BlodgettsLBd films of FeSt have
been used as templates for synthesis of two-dimensional or-
ganic semiconductorsf20g, of magnetic multilayersf21g, and
as two-dimensional magnets as suchf22g.

In our previous studies we have observed that surface
densities are anomalously high in films of preformed FeSt at
air-water interfacesf19g and a “constant-pressure collapse”
of the film occurs at very high surface pressure—i.e., very
low surface tension. We have also observed that there is no
surface energy change during formation of LB films of FeSt
from such filmsf23g. These results cannot be reconciled with
the preformed ferric stearate undergoing dissociation at wa-
ter surface to produce the situation depicted in Fig. 1finset
sadg. To explain the anomalous surface density of FeSt film
on water a “symmetric” conformation of FeSt molecules in
the film was involved. This conformation consists of an ad-
jacent pair of FeSt molecules in the “Y and inverted-Y” con-
figurations, as shown in Fig. 1finset sbdg with one stwod
chains below and the other twosoned chains above the Fe-
bearing head group. Both individual molecules, as well as
the pair, has very small dipole moment in this configuration,
and it was suggested that such pairs build up the film of FeSt
on water. Though the symmetric conformation could explain
the surface density anomaly observedf19g, the large repul-
sion between hydrocarbon and water does not tally with the
observed stability of the film. On the other hand, FeSt mol-
ecules in the asymmetric conformation, shown in Fig. 1fin-
set scdg, has the Fe-bearing head group below all three hy-
drocarbon chains. Molecules in the asymmetric conformation
have a high dipole moment and due to the resulting hydro-
philic interaction will be energetically stable on water sur-
face, but they do not explain the density anomaly. It was,
therefore, of considerable interest to find the actual structure

of a film of preformed FeSt on water surface and to study the
reduction of surface tension caused by such a stable film
with a high surface density.

X-ray diffuse scattering techniques have been used exten-
sively to measure surface tension of liquids through ampli-
tude of capillary wavesf5–8,24,25g. We have used this tech-
nique to measure the surface tension of films of preformed
FeSt on water surface, at different macroscopic surface pres-
suressmeasured by a Wilhelmy plated. Scatterings of x rays
in the plane of FeSt-film-covered water and in the plane nor-
mal to the watershorizontald surface are dependent, respec-
tively, on the in-plane and out-of-plane structures of the FeSt
film. Though the main focus of the present communication is
the effect of the FeSt film on reduction of surface tension and
associated structure of FeSt film on water surface, for the
purpose of clarity we have also presented the results of
atomic force microscopysAFMd and x-ray scattering studies
of FeSt films transferred onto Sis001d substrates using a hori-
zontal deposition techniquef26g.

B. Sample preparation

Ferric stearate was prepared through stepwise reactions
f19g. At first sodium stearate was prepared by adding sodium
hydroxide sMerck, 99%d in hot Milli-Q water sresistivity
18.2 MW cmd containing stearic acidsSigma, 99.9%d in ap-
propriate amounts. Sodium hydroxide was added until the
medium was slightly alkalinespH,7.0–7.5d. Sodium stear-
ate was completely soluble in hot water. Measured amount of
ferric chloridesMerck, 99%d solution was then added in the
freshly prepared sodium stearate solution in hot condition so
the FeSt is formed and collected after filtration. As FeSt is
completely insoluble in water at all temperatures, it is then
washed repeatedly by hot Milli-Q water to remove unreacted
sodium stearate and other water soluble impurities. It is then
washed with benzenesSLR, 99.8%d to remove unreacted
stearic acid and other organic impurities. Fourier transform
infraredsFTIRd spectra of the purified FeSt sample were col-
lected in the 670–4000 cm−1 range with a Spectrum GX
sPerkin Elmerd spectrometer in the attenuated total reflection
sATRd mode at a resolution of 4 cm−1. The presence of
strong bands corresponding to carboxylate asymmetric and
symmetric stretch modes indicates a large conversion of the
fatty acid to the metal-bearing salt. Very weak bonds corre-
sponding to COOH deformation and stretch and to hydroxyl
stretch indicate, respectively, very small amounts of free acid
and hydroxy groups in the sample.

III. STUDIES OF FERRIC STEARATE FILMS

A. Experimental details

Ferric stearate molecules were spread from a 1.1 mg/mL
chloroform solution in a homemade Langmuir trough of
800 cm2 surface area on Milli-Q water at room temperature.
100 ml of the spreading solution was spread and the resulting
monolayer was compressed at a slow rates1 mm2/mind. The
surface pressurespd was measured using a Wilhelmy bal-
ance with a paper Wilhelmy plate. For comparison, 100ml of
stearic acid molecules from a 1.2 mg/mL chloroform solu-

FIG. 1. X-ray scattering in the vertical plane of incidence—i.e.,
low-qi scatteringsc=0d from the water surfacesopen squaresd—
from film of stearic acid at surface pressure of 20 mN/m over mil-
limolar aqueous solution of ferric chloridesopen trianglesd and
from film of ferric stearate at the same surface pressure over water
sopen circlesd. Inset: model ofsad stearic acid molecules in a film
over metal ions in water,sbd pair of ferric stearic molecules in the
“symmetric” Y and inverted-Y conformation, andscd pair of ferric
stearate molecules in the “asymmetric” conformation.
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tion were also spread on.10−4M solution of ferric chloride
in water. X-ray scattering experiments described in this com-
munication were carried out at the TROIKA-IIs10IDBd
beamline of the European Synchrotran Research Facility
sESRFd, using an 8.04-kev x-ray beam having wavelength
l=0.15421 nm. The Langmuir trough was mounted on an
active antivibration system with the centre of the six-circle
diffractometer of TROIKA-II lying on water surface of the
trough. Experiments were performed in He atmosphere to
reduce absorption and scattering by air. The incident beam
was definedsFig. 2d by the slitSin s300 mm3100 mmd and
the grazing angle of incidenceuin, with the water surface,
was kept at 1.87 mrad, below the critical angleusc for total
external reflection from water.

In order to record surface scattering over the widest pos-
sible range ofqi=sqx,qyd, two different scattering geom-
etries were used by us in our experiments. The experimental
details have been described elsewheref14g and are presented
schematically in Fig. 2. This figure depicts the geometry
used to collect high-qi data. The scattered data were col-
lected with a vertically mounted position-sensitive detector
sPSDd, scanning the PSD in the plane of the surface around a
vertical axis. The scattering solid angle is defined by the slits
Sc s300 mm wided and Sd s500 mm wided at distances of
605 mm and 809 mm, respectively, from the diffractometer
center. Whereas the intensity profile along the PSD is pro-
portional to the verticalsout-of-planed structure factorSsqzd,
the integrated intensity is proportional to the surface fluctua-
tion spectrum integrated along the propagation directionx,
with qi .s2p /ldcosc where c is the angle the scattered
beam makes with the specular plane, along the water surface
shorizontal planed. This setup was also used to perform graz-
ing incidance diffractionsGIDd measurements at large values
of c. The scattering geometry adopted for collecting the low-
qi part of the data was obtained by scanning a NaI scintilla-
tor or “point detector” in the vertical specular plane, i.e., at
c=0. The scattered beam was defined by two slitsSu
s1.0 mm37.0 mmd and Sv s0.5 mm37.0 mmd placed at
460 mm and 690 mm, respectively, from the diffractometer
center. If the direction of the wide opening of these slits is
taken to be they direction, the collected signal is integrated

over surface fluctuations in they direction. In this geometry,
thus the scattered signal is proportional toSsqzd times the
surface fluctuation spectrumShsqid integrated alongy,
whence qi=qx.sp /ldsuin

2 −usc
2 d. Combining both geom-

etries, fluctuation spectra could be determined over more
than five orders of magnitude from about
105 m−1 to 1010 m−1. Extreme care was taken to minimize
and subtract the background, which is essential for measur-
ing the very small surface signal, less than 10−11 of the inci-
dent intensity, obtained at highqi.

B. Analysis technique

If uin is the incident angle andusc is the scattering angle in
the vertical plane, perpendicular to the water surface, andc
is the azimuthal angle of this vertical plane, on water surface,
with respect to the specular planesc=0, for specular planed,
then the momentum transfer vector is given by its compo-
nents qx=s2p /ldscosusccosc−cosuind, qy

=s2p /ldcosuscsinc, and qz=2p /lssinusc+sinuind. For
specular reflection, qx=qy=0 and usc=uin; hence, qz
=s4p /ldsinuin.

The total diffuse scattered x-ray intensity spectra obtained
in our experiments can be expressed in terms of the differ-
ential scattering cross section for a two-component, hetero-
geneousf14g film:

ds

dV
= Are

2ut01
in u2ut01

scu2fS̄sqzdShsqi,qzd + dSsqzdSdsqi,qzdg.

s1d

HereA is the illuminated area on the surface,re is the scat-
tering length of the classical electrons2.8310−15 md, and
t0,1
in and t0,1

sc are, in the present approximation, the Fresnel
transmission coefficients of the bare water surface for the
incident and scattering angles. The first term within brackets
in Eq. s1d describes scattering by height fluctuations due to
capillary waves. The second term is relevant for heteroge-
neous films. It describes the noncapillary scattering by do-
mains of the more strongly scattering componentssay, a1d
with respect to the otherssay,a2d f27,28g. The average struc-
ture factor of this heterogeneous film is given by

S̄sqzd = ufcr̃a1
sqzd + s1 − cdr̃a2

sqzdg − irwater/qzu2, s2ad

wherec the surface coverage of domains of componenta1.
Here r̃a1

sqzd and r̃a2
sqzd are, respectively, the Fourier trans-

form of the electron densities of thea1 anda2 components of
the layer andcr̃a1

sqzd+s1−cdr̃a2
sqzd is the average electron

density of the layer. Withc=0 or c=1, Eq. s1d gives the
usual scattering from a film, which is sensitive to both its
normal structure throughSsqzd and to the height-height fluc-
tuation spectrum throughShsqi ,qzd, where all interfaces are
assumed to fluctuate conformally. The scattering by height
fluctuations for a simple film is given by

Shsqi,qzd = e−qz
2kz2l E dr iseqz

2Csr id − 1deiqi·r i, s2bd

wherez is the interface height andCsr id=kzs0dzsr idl is the
height-height correlation function whose limiting value for

FIG. 2. Schematics of the experiment. The scattering solid angle
is defined by the slitsSin=300mm3100 mm sH3Vd. Two scatter-
ing geometries with two different detectors are used; for low-qi

scatteringc is set to zero and the PSD is replaced by a point de-
tector srefer textd.
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r i→0 is the rms roughnessÎkz2l. For a heterogeneous film,
the noncapillary scattering by domains gives the two addi-
tional quantities in the second term of Eq.s1d. The relative
structure factor of domains ofa1 with respect toa2 is given
by

dSsqzd = ur̃a1
sqzd − r̃a2

sqzdu2 s2cd

and the domain scattering function by

Sdsqi,qzd = e−qz
2kz2l E dr ieqz

2Csr idsPsr id − c2deiqi·r i, s2dd

wherepsr id is the the probability of finding a domain ofa1 at
r i. Generally,Psr id=kps0dpsr idl will be a function decreasing
from c to c2 over a domain sizer0. We have usedPsr id
=cs1−cdexpsr i /2r0d+c2 which has the right dependence. For
c=1, the correlation function for a liquid surface with sur-
face tensiong and bending rigidityk is given byf7g

Csr id = kBT/s2pgdfK0sr i
ÎDrg/gd − K0sr i

Îg/kdg, s3d

wherekB is Boltzman’s constant,T the absolute temperature,
g the acceleration due to gravity,Dr the density difference
across the liquid interface, andK0 the modified Bessel func-
tion of second kind of order 0. The limits ofK0 are
K0sxdx→0< ln 2−gE ln x where gE is Euler constant, and
K0sxdx→`=0. The correlation function in Eq.s3d adequately
describes scattering by capillary waves on various liquid sur-
faces upto wave vectors,1 nm−1 f7,25g.

C. Results and discussions

Figure 1 shows the intensity profiles from bare water
sopen squaresd, from a stearic acid monolayer on water con-
taining ferric chloridesopen trianglesd and from a film of
preformed ferric stearate on pure watersopen circlesd. It is
clear that whereas the acid monolayer behaves exactly as
other standard Langmuir monolayersf6,24g, the behavior of
the preformed fatty-acid salt film is distinctly different,
showing much higher diffuse scattering for same surface
pressure,p=20 mN/m. The most striking features of the
scattered intensity from preformed FeSt film at higher sur-
face pressure aresid an increase of the scattering by two
orders of magnitude over the wholeqx range andsii d appear-
ance of a split peak at aroundqx=108 m−1. We shall discuss
about the dramatic increase of scattering in the relevant sub-
section and shall concentrate on the peak shape, which re-

lates to a particular structural aspect of the film.S̄sqzd, the
average structure factor of the FeSt film in the total scatter-
ing function, yields the electron density profilesEDPd along
the depth. In particular, the low-qx part of the scattered in-
tensity, obtained from both the point detector and “PSD,”
was sensitive to this EDP—i.e., the out-of-plane structure of
FeSt on water. The split peak clearly indicates a sandwiched
structure more complex than either a simple monolayer with
head groups in contact with water as shown in Fig. 1finset
sad or scdg or a layer composed of molecules in the symmetric
conformation of Fig. 1finset sbdg.

Figure 3sad shows the intensity profiles from bare water
sdotted squaresd, from FeSt film atp=5 mN/m sdotted tri-

anglesd and from FeSt film atp=20 mN/m sdotted circlesd
with the corresponding fits having the total diffuse scattering
function fgiven by Eq.s1dg represented by dashed, dotted,
and solid lines. The EDP obtained from the fit to the data
fusing Eq.s2adg is shown in Fig. 3. This EDP can only be
reconciled with a model of the FeSt film as a bimolecular

FIG. 3. sad Scattering from water surfacesdotted squaresd and
ferric stearate films atp=5mN/m sdotted trianglesd and at p
=20 mN/m sdotted circlesd. The corresponding fits are given by
dashed, dotted, and solid lines, respectively. Scattering in the plane
of incidence gives the low-qi scattering whereas scanning around a
vertical axis using the PSD and integrating between 2.0 mrad and
12 mradsmultiplied by 100, on the rightd gives the large-qi part. On
the same curve, the peak between 1010 m−1 and 231010 m−1 is due
to GID. The scattering from the morphologies observed in AFM is
shown insbd. The dotted line is calculated for the scattering of the
domains and the dash-dotted line is calculated using a Gaussian
correlation function.scd Electron density of the compressed film.
Inset: schematics of the compressed film. Grey circles represent
Fe3+ and open squares represent free COOH groups.
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film on water. In this bimolecular layer, shown in the cartoon
of Fig. 3, the bottom layer consists of FeSt molecules in the
asymmetric conformation of Fig. 1finset scdg with the Fe-
bearing head groups touching water surface, while the top
layer has the molecules in the symmetric “Y and inverted-Y”
pairs shown in Fig. 1finset sbdg. The coexistence of such
“symmetric” and “asymmetric” conformations of am-
phiphilic molecules has been demonstrated in LB films of
fatty-acid salts of divalent metalsf29,30g. The bottom layer,
due to the large dipole moment of the head groups in the
asymmetric conformation, couples strongly to the water sur-
face while the top layer has much smaller contribution to the
dipole moment of the overall film. This bimolecular combi-
nation makes the film stable as well as very dense. It should
be noted that this cartoon is only a schematic depiction and
the coplanarity of the hydrocarbon chains has not been ex-
amined directly. Also the absence of free carboxylic groups
in the upper layer could not be established directly, though it
is hard to conceive the transfer of such dissociated groups to
the upper layer, especially at low surface pressures. The bi-
molecular model fits the data at all values of surface pressure
measured in our experimentss5–20 mN/md, with the thick-
ness of the head group in touch with water decreasing
slightly at lower surface pressures. It must be noted here that
the scattering profile of FeSt film at 5 mN/m is almost the
same as the profile of a stearic acid monolayer over ferric
chloride solution at 20 mN/m and both can be explained by
a monolayer model given by Fig. 1finset sad or scdg. The
in-plane structure, as obtained from GID, shows a hexagonal
packing of untilted chains with in-plane domain size around
6–7 nm and an unit-cell areasarea per chaind of around
0.2 nm2, for all values of surface pressures measured by us.

The most interesting feature of the diffuse scattering pro-
file of FeSt film on water, shown in Fig. 3sad, is the large
enhancement, by about two orders of magnitude, of the dif-
fuse scattered intensity as the film is compressed from
5 mN/m to 20 mN/m. We ascribe this difference to en-
hanced conformal capillary wave height fluctuations at the
air-film and film-water interfaces. The only other possible
source of large off-specular scattering is the noncapillary
scattering from bimolecular domains. To estimate this non-
capillary contribution the FeSt films were transferred onto
hydrophilic Si substrates at surface pressures of 1 mN/m,
10 mN/m, and 20 mN/m using a horizontal deposition
scheme developed by us.

Hydrophilic silicon substrates were kept horizontally in a
homemade L-shaped Teflon substrate holder which is at-
tached to the clip of the trough dipper. The substrate holder
thus can be moved up and down with desired speed. At the
time of film deposition water surface was properly cleaned
and the L-shaped substrate holder was immersed into the
water so that the substrate was kept parallel to water surface
and 10 mm below the air-water interface. Transfer onto
Sis001d were done at room temperature, with the substrate
moving upwards at the rate of 0.5 mm/min, in this modified
inverse Langmuir-Schaefer methodf26g. X-ray specular re-
flectivity data of the transferred films were collected using a
rotating anode generatorf31g.

The reflectivity profile of FeSt film transferred onto a
Sis001d surface atp=20 mN/m is shownsopen circlesd in

Fig. 4 and the fits to the data obtained using standard proce-
duref31g are shown by the solid line. From the fit the EDP of
the FeSt film on the Sis001d surface has been extracted and is
shown in the inset of Fig. 4. The EDP clearly indicates a
bimolecular layer of FeSt almost identical to the film on
water at the same surface pressurefFig. 3g. This proves again
that FeSt films are stable during transfer from water surface
to solid surface; in particular, they remain unchanged con-
figurationally during horizontal transfer. FTIR studies of
these transferred films show the presence of some COOH
groups, obviously due to a small degree of hydrolysis of the
head groups, most probably those in contact with water, as
indicated in Fig. 3. Again, we cannot say whether some head
groups in the upper layer have been dissociated.

Contact-mode AFM data of transferred FeSt films were
collected using a Park Scientific Autoprobe CP AFM
equipped with a 100-mm scanning head and silicon nitride
cantilever swith 0.05-N/m spring constantd and pyramidal
tips. The cantilever with lower spring constant value was
chosen to minimize damage of the organic films in this
mode. Scans were performed over several portions of the
film over different scan areas. The film transferred atp
=1 mN/m were found to consist of domains of bimolecular
layers coexisting with the monolayer in asymmetric molecu-
lar configuration, leading to an overall height fluctuation of
.1.5 nm and a bimodal distribution in the height histogram
fFig. 5sadg, whereas the film transferred atp=10 mN/m was
found to be homogeneousfFig. 5sbdg, consistent with the
EDP of transferred film at higher surface pressure.

Comparison of EDP’s on water surface and on Si surface
have demonstrated that transferred films are representative of
the “frozen” structures at the water surface. Using Eq.s1d,
we first calculated the scattering profile expected from do-
mains.5 nm high and 100 nm is radius as observed in Fig.
5sad. The profile for a rough film on water having the same

FIG. 4. Reflectivity profilesopen circlesd of ferric stearate film
transferred onto Sis001d surface atp=20 mN/m by the method
described in text. Fit to the data is shown by the solid line. Inset:
electron density profile of the film on Sis001d surface extracted
from the fit.
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height-height correlation as that of a compressed filmfFig.
5sbdg can be modeled as the Gaussian functionkzs0dzsr idl
=s2 expsr i

2/2j2d with interface widths=0.5 nm and a cor-
relation lengthj=0.14mm in Eq. s1d. These noncapillary
contributions to the diffuse scattering were found to be much
lower than the observed scatteringfFig. 3sbdg. In particular,
they do not exhibit the low-qi divergence observed in our
data, which is characteristic of capillary fluctuationsf7g, im-
plying that the capillary contributions to the height fluctua-
tions are dominant.

We fitted our diffuse scattering data to Eq.s1d with c=1
using the correlation function expected for a liquid surface,
given by Eq.s3d. This model describes our data very well
fFig. 3sadg over almost four orders of magnitude withg
=1.3 mN/m. For the compressed filmsg values ranging
from 0.5 mN/m to 5.0 mN/m were found. It is to be noted
that the high-qi scattering from the compressed membrane
cannot be accounted for without putting a scattering from
small domainssradiusa<1.2 nmd. It has been included in
the analysis using a simple form factor for cylindrical do-
mains: 2J1sqiad / sqiad, whereJ1 is a Bessel function of the
first kind of order 1. It therefore appears that the effective
surface tension of the film-covered water surface can be as
low as.1 mN/m, more than one order of magnitude below
the values.20 mN/md obtained with standard surfactants.
The fluctuation corresponding to this surface tension comes
out to beÎkz2l.2.2 nm.

From the point of view of interfacial energy, the main
difference between monolayers at the oil-water and at the
air-water interface is an additional surface tension of about
20 mN/m at the air-water interface which is not compen-
sated for by chain repulsion. This repulsion can in principle
be increased by compressing the film, but with usual surfac-
tant monolayers, “collapse” generally occurs before very low
values of surface tension can be reached. Collapse proceeds
by folding or disruption of the film followed by the growth
of multilayer domains. This explains why very low values of
surface tension are not reached at the air-water interface. The
FeSt bimolecular film has two completely different molecu-
lar conformations in its two layers. It can, on one hand,
couple to the water surface, possibly through the aligned
dipoles of the water molecules at the surfacef32g. On the
other hand, the top layer is expected to have very small di-
pole moment and serves to increase the chain density and
therebypi without destabilizing the film. Compared to usual

monolayers, the processes of folding or rupture leading to
collapse will require a much higher energy for this bimolecu-
lar layer. A larger decrease in surface tension can therefore
be expected on reduction of the area as repulsionspid can
increase to higher values without collapse.

The large scattered intensity atp=20 mN/m and the con-
siderable scattered intensity even atp=5 mN/m fFig. 3sadg
both point to a discrepancy between the actual areasAd of the
film as measured directly on the trough and the projected
areasApd covered by the domains, the former being much
larger. The height fluctuations must increase for the almost
incompressible film to accomodate this discrepancy. This is
reminiscent of membranes and would result in an effective
Hamiltonianf10g, with an effective tension directly linked to
the difference between the film area and the projected area
fixed here by the Langmuir trough size. If we use the surface
spectrumkzsqizd−qil=kBT/ sDrg+gqi

2+kqi
4d for our height-

height correlation function, we find that, withdA=A−Ap,

dA/A = kBT/s8pkdlnf1 + kL0
2/gg + C+ s4ad

or

dA/A < kBTL0
2/s8pgd + C+, s4bd

where 2p /L0 is a molecular cutoff andC+ is a constant
accounting for a possible residual compressibility of the film
f10g. Here,g is not an intrinsic surface tension but the me-
chanical response to the external constraint fixingAp. In Fig.
6 we plotted 1/g obtained from the x-ray measurements
againstdA obtained from direct measurement of the trough
area assuming that for an incompressible film, the reduction
in Ap must be equal to −dA. As can be seen in Fig. 6, 1/g
increases linearly withdA in agreement with theoryf10g.

IV. CONCLUSION

We have shown that ferric stearate, a three-tailed am-
phiphile, forms a stable bimolecular, rather than a monomo-
lecular, film on a water surface, with molecules in two dif-
ferent conformations in the top and bottom layers. More
importantly, we have shown that height fluctuations of the
water surface are drastically enhanced in the presence of this
bimolecular film. This effect is attributed to the cohesive
interactions through the Fe-bearing head groups. The very
small resulting surface tension can be interpreted as the me-

FIG. 5. AFM images s5
35 mm2d of uncompressedsad
and compressedsbd films depos-
ited on silicon wafers. Height his-
tograms for the topographs are
shown in corresponding insets.
Gaussian fits, also shown, yield
for sad the height maxima at
5.0 nm and 6.9 nm, and the
roughnessfgiven by the full width
at half maximum sFWHMdg as
1.5 nm and 1.9 nm, respectively.
For sbd the maximum is at 2.6 nm
and the roughness is 1.0 nm.
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chanical response of the bimolecular film to the constraint of
limited available area. We do not know of any independent

macroscopic measurement of such drastic reduction in sur-
face tension due to a surface film on water. Such measure-
ments will confirm this effect and are planned to be under-
taken by us. These results are expected to be observed with
other multivalent ions and, more generally, with any surface
layer which do not rupture under compression as usual Lang-
muir films do. Our work extends the concept of the effective
surface tension of membranes to liquid surfaces and there-
fore represents an important step in the understanding of sur-
face tension, bridging the gap between the better understood
fields of membrane tension and intrinsic tension of liquid
surfaces.
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