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Experimental evidence for an original two-dimensional phase structure: An antiparallel
semifluorinated monolayer at the air-water interface
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We show the spontaneous formation of an antiparallel monolayer of diblock semifluoriratkane mol-
ecules spread at the air-water interface. We used simultaneous measurements of surface pressure and surface
potential versus molecular area and performed grazing x-ray reflectivity experiments to characterize the studied
monolayer, which is obtained at almost zero surface pressure and precedes the formation of a bilayer at higher
surface pressure. Its thickness, equal to 2.7 nm, was found to be independent of the molecular area. This
behavior may be explained by van der Waals and electrostatic interactions.
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The presence of both a strong hydrophilic polar head anghonolayer from which the F4F bilayer builds up. In this
a long hydrophobic chain were believed, until the prelimi-article, we give experimental evidence for the existence of
nary work of Gaine$1] in 1991 on semifluorinated-alkane  such a monolayer in the 0.45 Rr0.7 nnf molecular area
molecules, to be necessary to obtain stable Langmuir mondange, at nearly zero surface pressure. This goal was
layers at the air-water interfa¢g]. Indeed, some semifluori- achieved using surface pressure versus molecular area iso-
nated alkanegF(CF2),(CH2),,H, denoted FH,,] can spread therm diagrams, surface potential measurements, and x-ray
as Langmuir films although they carry no hydrophilic group. reflectivity experiments.

Therefore, the determination of their orientation at the air- 1h€ FsHig compound used in this study was synthesized

water interface is a crucial point because both hydrogenate@d Purified 98%) by M. Saniee of the ReneDescartes
University (CNRS, UMR 860} according to a well-known

and fluorinated chains are known to be hydrophobic and non

miscible, and also because of a large difference between t . ) o
cross sections of fluorinated and hydrogenated blocks (dine phase whose structure is under investigation. The length

spectivelyA.=0.285 nmd andA,—0.185 nm. and volume of a fully extendedsH,5 molecule may be cal-

In the bulk state, fH,,, compounds form lamellar phases, ::uftzegdrusr:rrwr? t\z;\bilzteglnlirge;falr]x?u:%dl i/_i.io ;lm
and more particularly smectic phases, whose structural chaﬁ'0 45 - PR TRSET ' HE T2 TH
a_cterizgtion appears to be hard to aChi@ed']' In two- The surface pressurer] and surface potentialV) ver-
dimensional2D) systems, such as Langmuir monolayers, ags molecular aret) isotherm diagrams were recorded si-
well as the FH molecular packing, whgre fluorinated Cha'“smultaneously using a Langmuir trough purchased from Nima
extend upward and hydrocarbon chains extend toward th@echnology Ltd. The surface potential sensor consists of a
water subphase, as suggested by Gdiaand Huanget al.  commercial Kelvin probéwith an area of~0.2 cnf) which
[5] in their studies on FH;g Langmuir monolayers, molecu- s suspended above the film spread at the air-water interface.
lar dynamics simulations, carried out by Kim and SfBhon  Surface pressure, surface potential, and molecular area val-
F1.H1g monolayers, support the existence of an antiparallelies were measured with an accuracy of, respectively, 0.1
molecular packing which will be denoted in this study as themN/m, 10 mV, and 5%.
FH/HF model. Figure 1 showsm-A and AV-A isotherm diagrams ob-
Recently, we have shown thagHf;g molecules form a  tained simultaneously on compressing the film gHE; at
stable condensed phase at the air-water interface, which WBe air-water interface. Whereas theA isotherm diagram
labeled the FBF phase, over a molecular area of aboutindicates the existence of a unique phase at a molecular area
0.30 nnf. The FHF phase consists of a bilayer, whose of about 0.3 nrf, the AV-A isotherm diagram shows the
thickness was found to be about 3.3 nm and where m0|occurrence of a phase transition in the 04529613 nrﬁ
ecules orient antiparallel with respect to each off¥@r In molecular area range.
such a bilayer, molecules extend their fluorinated chains out- The surface potentiahVV of a monolayer may be calcu-
ward and aggregate their hydrocarbon chains inward. Thergated, at a given molecular aréa according to the modified
fore, one may speculate upon the existence of a primitivg4elmoltz formula[10]

AV= Mz
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tively, molecular areas in thB,; and theP, phases, as ob-

| (Am) AV,

f . 1 0 > .

& Z 400 < served experimentally. Note that one has to move the com-
E / /4 R 0»8(032;»6“’ 1 2, pressing barrier very slowly (3 citmin) and even has to

R 57 Z q1-600 stop it for several minutes at the beginning of the transition

at about 0.43 ni(see arrow on Fig.)lin order to letAV
-800 stabilize to its equilibrium value. This pause is not necessary
for other molecular areas.

The overall EH,g dipole moment«ltot may be subdivided
into three components which are assigned to the terminal
CF; group (z¢), the CR-CH, junction (1), and the ter-

FIG. 1. Simultaneous surface pressurdcurvea) and surface  minal CH; group (IZH) It is oriented along the long axis of
potential AV (curveb) versus molecular are&isotherm diagrams the molecule from the fluorinated chain toward the hydroge-
obtained on compressingf;s molecules at the air-water interface. nated chain. Also, by analogy with the Demchack and Fort
The compression speed was about 3%nin and the Langmuir  model [11], we consider theP, phase (FHF bilaye) as
trough temperature was=23°C. Arrow indicates a stop for 10 three superposed layers with three dielectric constagts
min to allow for stabilization ofAV. €, and e; and three dipole momenta= ur+ ey, u’

= pcH,~ mcH,=0, and —u=—ury—pe. Thus, the sur-
whereu, is the average vertical component of the molecularface potentialV, of the FHF bilayer can be expressed as
dipole momentu, €, is the permittivity of the void, and is  follows:
the relative dielectric constant of the monolayk¥ is often
assumed to result from the reorientation of hydrophobic AV.— 2u
chains under compression. Basically, the surface potential 27 Ase
variationAV also results from a change, under compression,

of the conformation of hydrophilic head groups and from theyhere g, and 6, represent, respectively, tilt angles pf
reorientation of water molecules underneath the monolayefwhich is associated with the terminal -¢Eroup and the

This is particularly true in the case of Langmuir monolayers.cF,-CH,- junctior) in the lower and the upper layers. The

of classical fatty acids where the hydrophilic -COOH headﬁ intensity has been calculated initio and was found to be

groups undergo strong anchoring at the water surface, but gbout,u=3.1 D. Replacings, 6, and 8, by, respectively,
is not valid in the case of JH,; molecules for which the 31 D, 28°, and 41°7] in Egs. (3) and (2), one finds
hydrophilic head groups are missing. Consequently, theq 75/, —0.88/,)~0.55. As far as we know, this is the first
negative sign of the recorded surface potential in our experigstimate of the problematic gradient of the dielectric constant
ment indicates that the vertical componept) of the mean  across a Langmuir film, located at the interface of two media
dipole moment of gH;g molecules is becoming oriented of very different dielectric constants such as water and air,
downward upon compressidne., from air toward the water respectively, 80 and 1. Thus, the jump&¥ observed dur-
subphase More interesting is that the surface potential re-ing the P,— P, phase transition should be correlated with
mains practically zero after the spreading of the film overthe location of the lower and the upper electric dipole mo-
molecular areas larger than 0.45 Tirtsee Fig. 1 This  ments, respectively, near the water and the air: The dielectric
means that the meanglf;g molecular dipole moment is constant of a monolayer indeed depends on the surrounding
equal to zero,(u,)~0, for molecular areas larger than phasg12,13.
0.45 nnf. As we show in the following, the The setup used for measurements of x-ray specular reflec-
0.45 nnt—0.30 nn? region corresponds to a first order tran- tivity of liquid surfaces was described elsewh¢id]. The
sition from a nonpolar monolayer to the previously charac-characteristics of the x-ray beam are 0.154 nm for the wave-
terized FHF bilayer[7]. The nonzero surface potential base-length\ ; about 2< 10° photons per second for the intensity;
line is mainly inherent in the electric experimental setup: The8 mm for the horizontal widthv; and 50xm for the heighe.
baseline is shifted rapidly from 0 V to 40 mV approximately As the x-ray reflectivity is a function of the vertical electron
at the start of the film compressidsee the inset of Fig.)1  density profile, it gives information on the molecular pack-
The linear decrease of surface potentid vs molecular ing. Experimental curves are fitted using classical optics with
areaA indicates the occurrence of a first order phase transia one- or two-slab mod¢lL5]. The roughness of the inter-
tion. Indeed, let us refer to the first phase and the seconthce induced by thermal fluctuations is also taken into ac-
(FH,F) phase as?; and P, phases. During thé>;— P, count: It just adds a damping term exgf’?), q being the
phase transition and according to the lever rule, the surfaceansfer wave vectof16]. Electron densities are derived
potential AV should vary linearly vs molecular arés as  from the area per molecuke and from the chemical compo-
shown: sition and the thickness of the slab. Ass determined by the
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20 TABLE I. Fit parameter values of the experimental x-ray reflec-
28 tivity curve, recorded at a molecular area of 0.64 2nmbtained
a7 %{}) %HH using different packing models: FH, H®ith a limit on the fluori-
1 % nated slab thickness of 1.2 nm), and FH/HE, h,, andh repre-
sent, respectively, the thickness of the upper slab, lower slab, and
ost : . overall film. The value found for the roughnessof the film is
0.5 0.55 0.6 0.65 0.7 0.75| . . . . .
Molecular Area (nm2) typical at an air-water interface with a low surface pressure: For
pure watero=0.27 nm.

Film thickness (nm)

Model FH HF FH/HF

h, (nm) 1.20(F) 2.61(H)

h, (nm) 1.25(H) 1.20(F)

h (nm) 2.45 3.81 2.75
o (nm) 0.45 0.24 0.30
e 5.3 10 0.5

0 2 4 6 electronic density across the film and the nonpolarity of the
q (m1 monolayer. In order to get an estimate for the uncertainty on
) . . the ratio between the up and down molecules, one may note
FIG. 2. Experimental reflectivity curves obtained from the the existence of a small increase &%, +20 mV (to be
FgH1g film spread at thg air-water interface over a mlolecular are%ompared with the accuracy of 10 m\}; see inset of Fig. 1
A=0.64 nnf. The full line corresponds to the best fit of the ex- during the compression of the FH/HF phase. Applying Eq. 1

perimental points using the FH/HF model; the dashed line corre- d . 1d he | d . fth |
sponds to the best fit of the experimental points using the FHANC assuming~ ue to the low density of the monolayer

model; the dotted line corresponds to the best fit of the experimentdp the FH/HF phasg10,13, such a difference would indicate

points using the HF model. Inset: Plot of the x-ray measured filmthat ~51% of FgHig molecules point their electric dipole
thicknessh,, a5 Vs molecular ared. upward, i.e., their fluorinated chains downward.

The FH/HF model leads to a film thicknelsg . ,s0f about

Langmuir trough, the only free parameters of the model ar@.7 nm. All fit parameter values are reported in Table I. It
the thickness of the slab and its roughness. should be noted that this up-down organization must be ful-

Figure 2 shows typical experimental x-ray reflectivity filled in an area smaller than the area of coherehgaf the
curves obtained for all molecular areas ranging betw&en X-ray beam on the Langmuir trough. From the geometry of
=0.70 nnt and A=0.45 nnt (P, phasé. For larger mo- the experiment, a typical size of this area of coherence can be
lecular areas, recording several successive x-ray reflectivitioughly estimated15]: Ac~(AD/)?(ew) *~1000 nnf,
curves at fixed molecular area allows us to show that the filmiwhereD=0.4 m is the distance between the x-ray source
is not homogenous: For these molecular areas, the film corand the trough, anéw=0.05<8 nn? is the geometry of
sists of large domains that exhibit the reflectivity of thg  the beam.
phase and domains that exhibit the reflectivity of an almost Let us now discuss the in-plane organization of tielf
clean water surface, i.e., a gas phase. These observatiomolecules according to the measured thickness value
allow for the estimation of the molecular ared  (hmeas=2.7 nm) of the FH/HF monolayer. If one assumes
~0.70 nnt, at which theP; phase becomes homogeneous,that i;H;g molecules are at their maximum density, one may
which cannot be deduced from-A andAV-A isotherm dia- deduce a value of about,.=(Ve+Vy)/A=1.2 nm for
grams. the thickness of the monolayer. This value is much smaller

The experimental curve in Fig. 2 shows typical Kiessigthan the experimental value: THe, phase is far from a
fringes damped by the surface roughness: The data are vedgnse phase. On the contrary, if one assumes that the fluori-
well fitted by a one-slab model. The electronic density is thushated chains are packed in nanodomains, oriented either up
constant along the vertical axis in the monolayer. Monolayeor down(see Fig. 3 and uses a simple geometrical analysis,
models with extra slab&.g., FH and HF modelsio not fit one can calculate a monolayer thickness of ablog.
the experimental curve if the thickness of the fluorinated slab=2.78 nm. When packed, the thicknelss of the fluori-
is constrained to values below 1.2 nm, i.e., the length of aated slab is equal to 1.20 nm, i.e., the total length of the
fully extended fluorinated chaitdashed lines in Fig.)2  rigid fluorinated chains; the 18 -GHgroups of each hydro-
Moreover, since FH and HF monolayers are polar, the surgenated chain are then confined in a cylinder whose cross
face potentialAV would depart significantly from zero as the section is equal tAr=0.28 nn¥; the thicknesshy, of the
film is being compressed, and this not observed experimeriydrogenated slab is then 1.58 nm. This calculated mono-
tally. For both these reasons the FH and HF models have tayer thickness, 2.78 nm, is in very good agreement with the
be rejected. On the contrary, an up-down FH/HF modelmeasured value. The suggested nanodomain formation,
where statistically half of the molecules orient their fluori- which is also supported by the well-known tendancy of flu-
nated chains upward and the other half orient their fluori-orinated chains to aggregate, leads to an overall surface frac-
nated chains downward, can explain both the homogeneoumn of void defects in the monolayer of about 50% at a
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vored compared to domains with their fluorinated chains
downward (domains dowh However, a rough calculation
shows that the difference in energy between the two orienta-
tions is of the order okT. On the other hand, the down
orientation may also be favored because of hydrogen bond-
ing and dipolar interaction between the termini C-F groups
and the polar water molecules of the subphase. Thus, to bet-

7 i ter understand the physics of these original systems, it is
W/////////////////////// necessary to perform a detailed theoretical study which, in
7 addition to the above discussed effects, should take into ac-

count electrostatic interaction within and between the do-
FIG. 3. ‘Structure model for the FH/HF.phase' Arrows ShOWmains;, van der Waals interactions, and line tension effects.
antiparallel orientation of mean nanodomain electric dipole mo- ) . .
ments. In conclusion, we have shown that thgHzg semifluori-
nated alkane forms a two-dimensional antiparallel monolayer
(denoted FH/HFat the air-water interface. The surface pres-
molecular aread=0.6 nnt. These voids are rather surpris- sure of this monolayer is nearly zero and the area per mol-
ing but a plot ofh,,.,sversus molecular aref (see the inset  ecule is between 0.7 rfmand 0.45 nrf. Half of the RyHyg
of Fig. 2 shows that the film thickness remains constantmolecules are oriented with their fluorinated chains down-
upon compression in th&=0.7—-0.5 nmM range. This result ward, i.e., in contact with the water, and the other half with
suggests indeed the existence of voids in the monolayeheir fluorinated chains upward, i.e., in contact with the air.
which are progressively filled upon compression. Experimental x-ray data are consistent with the organization
Let us finally discuss briefly some energetic aspects of thef FgH,;5 molecules in dense nanodomains and surface po-
observed up and down structure. On one hand and on thential variation gives an estimate for the gradient of the
basis of surface tension arguments, domains with their fludielectric constant across the monoalyer spread at the air-
orinated chains oriented upwatdomains upwould be fa-  water interface.
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