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CONS P EC TU S

F or years, researchers had presumed that Langmuir monolayers
of small CnF2nþ1CmH2mþ1 (FnHm) diblock molecules (such as

F8H16) consisted of continuous, featureless films. Recently we have
discovered that they instead form ordered arrays of unusually large
(∼30�60 nm), discrete self-assembled surface domains or hemi-
micelles both at the surface of water and on solid substrates.

These surface micelles differ in several essential ways from all
previously reported or predicted molecular surface aggregates.
They self-assemble spontaneously, even at zero surface pressure, depending solely on a critical surface concentration. They are very
large (∼100 times the length of the diblock) and involve thousands of molecules (orders of magnitude more than classical micelles).
At the same time, the surface micelles are highly monodisperse and self-organize in close-packed hexagonal patterns (two-
dimensional crystals). Their size is essentially independent from pressure, and they do not coalesce and are unexpectedly sturdy for
soft matter (persisting even beyond surface film collapse). We and other researchers have observed large surface micelles for
numerous diblocks, using Langmuir�Blodgett (LB) transfer, spin-coating and dip-coating techniques, or expulsion from mixed
monolayers, and on diverse supports, establishing that hemimicelle formation and ordering are intrinsic properties of
(perfluoroalkyl)alkanes. Notably, they involve “incomplete” surfactants with limited amphiphilic character, which further illustrates
the outstanding capacity for perfluoroalkyl chains to promote self-assembly and interfacial film structuring.

Using X-ray reflectivity, we determined a perfluoroalkyl-chain-up orientation. Theoretical investigations assigned self-
assembly and hemimicelle stability to electrostatic dipole�dipole interactions at the interface between Fn- and Hm-sublayers.
Grazing-incidence small-angle X-ray scattering (GISAXS) data collected directly on the surface of water unambiguously demon-
strated the presence of surface micelles in monolayers of diblocks prior to LB transfer for atomic force microscopy imaging. We
characterized an almost perfect two-dimensional crystal, with 12 assignable diffraction peaks, which established that self-
assembly and regular nanopatterning were not caused by transfer or induced by the solid support. These experiments also provide
the first direct identification of surface micelles on water, and the first identification of such large-size domains using GISAXS.

Revisiting Langmuir film compression behavior after we realized that it actually was a compression of nanometric objects led to
further unanticipated observations. These films could be compressed far beyond the documented film “collapse”, eventually
leading to the buildup of two superimposed, less-organized bilayers of diblocks on top of the initially formed monolayer of
hemimicelles. Remarkably, the latter withstood the final, irreversible collapse of the composite films.

“Gemini” tetrablocks, di(FnHm), with two Fn-chains and two Hm-chains, provided two superposed layers of discrete micelles,
apparently the first example of thin films made of stacked discrete self-assembled nanoobjects.

Decoration of solid surfaces with domains of predetermined size of these small “nonpolar”molecules is straightforward. Initial
examples of applications include deposition of metal dots and catalytic oxidation of CO, and nanopatterning of SiO2 films.

1. Introduction
The unanticipated finding that Langmuir monolayers of

small fluorocarbon/hydrocarbon (CnF2nþ1CmH2mþ1, FnHm)

diblock molecules consist of organized arrays of large

discrete self-assembled nanometer-size surface domains

(or hemimicelles, Figure 1),1 rather than of the presumed

continuous featureless film, occurred while investigat-

ing the stabilizing effects observed upon incorporation

of such diblocks in phospholipid-based vesicles2�4 and

emulsions.5,6
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A central objective of our team is to explore and exploit the

capacity for perfluoroalkyl chains (CnF2nþ1, F-chains) to promote

self-assembly into molecular systems, as exemplified by the

obtaining of stable vesicles from single-chain fluorinated am-

phiphiles7,8 and tubules from nonchiral fluorinated compo-

nents.9,10 “Fluorous” interactionsandhalogen bonding provide

control over monolayer preparation, liquid crystal proper-

ties, DNA immobilization and purification, and so forth.11�14

We had found that incorporation of small amounts of

appropriate FnHm diblocks into phospholipid-based fluoro-

carbon emulsions increases stability dramatically.15 Likewise,

diblock/phospholipid combinations led tovesicles (liposomes)

with improved stability, reduced membrane permeability

and fusion kinetics,3 and greater resistance to enzymatic

hydrolysis.16 Direct involvement of the diblocks in the

emulsion's6 or vesicle's4 interfacial films was established.

Investigation of Langmuir films as models of the inter-

facial film of phospholipid/diblock-based emulsions was a

logical approach to determining the mechanism of these

effects. Separate examination of monolayers of the two

film components was part of good laboratory practice.

Atomic force microscopy (AFM) was a choice method for

film imaging at the nanometer level. Stable Langmuirmono-

layers of FnHm diblocks had been reported and invest-

igated.17,18 However, formation of surface micelles had

not been anticipated and came as a delightful surprise.

AFM examination of monolayers of F8H16 spread on

water as Langmuir films and deposited on silicon wafers

using the Langmuir�Blodgett (LB) technique revealed close-

packed discrete circular domains (hemimicelles; Figure 1a,b),

about 30 nm in diameter and 2.3 nm in height.1 The hemi-

micelle population was remarkably monodisperse. Their

diameter was essentially independent of transfer pressure

(0.5�7 mN m�1). They formed a close-packed hexagonal

two-dimensional array even at low transfer pressures (e.g.,

1 mN m�1); at 0.5 mN m�1 ordering diminished sharply,

gaps became wider, and defects more frequent.

The hemimicelles obtained from F8H16 differ from pre-

viously reported or predicted surface aggregates in several

important respects: They are much larger (30 nm) and

also much larger than the length of the extended diblock

(∼3nm); their aggregationnumber (∼3000) is higher by1�2

orders of magnitude; their polydispersity is surprisingly low;

their size is essentially independent from pressure; they do

not coalesce and are unexpectedly sturdy; the π/A compres-

sion isotherms (Figure 2) lack the break and linear segment

predicted in case of surface micelle formation. Notably also,

they involve “incomplete” surfactants without polar head

and limited amphiphilic character.

These findings raised numerous questions: Was forma-

tion of surface domains from F8H16 an isolated observation

or an intrinsic property of FnHm diblocks? Is their formation

really spontaneous? And independent from pressure? Why

are they so large? Andmonodisperse?Howdo their sizes and

morphology relate to block lengths? Is their diameter pre-

dictable/controllable? Is their existence reflected/foreseeable

FIGURE 1. AFM images of films of (a) F8H16 transferred on a silicon wafer
at 7mNm�1 (topography);1 (b) enlargement; (c) F8H20 transferred at 5mN
m�1;24 (d) F14H20spin-coatedonmica;36 (e) F8H18spin-coatedonawetted
silicon wafer; inset: Fourier transform;51 (f) scanning-force microscopy of
mica exposed to F12H19 dissolved in supercritical CO2.

37 (Part (a) reprinted
withpermission from ref 1. Copyright 2002WileyandSons. Part (f) reprinted
with permission from ref 37. Copyright 2006 Royal Society of Chemistry).

FIGURE 2. Typical Langmuir compression isotherms of FnHm diblocks.
On the left of the dotted line, the recently uncovered coexistence
plateau and second pressure rise.44
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in Langmuir film compression isotherms? Do self-assembly

and ordering occur on water, or during LB transfer for AFM,

or are they induced by the solid substrate? What is diblock

orientation, F-chain-up or F-chain-down? Can self-assembly

and ordering be explained theoretically? What force drives

their formation? What happens when the surface films

collapse upon compression? Are the hemimicelles stable

enough to provide practical templates (with tunable

periodicity?) for elaborating surface nanostructures?

2. Semifluorinated Alkanes: SimpleMolecules
and Yet...
FnHm diblocks are amphiphilic, one block being fluorophilic

and lipophobic, the other lipophilic and fluorophobic, result-

ing in definite surfactant or cosurfactant activity. They are

amphisteric, with cross sections of ∼0.30 nm2 for the Fn block

versus ∼0.20 nm2 for the Hm block, and different block con-

formations (helical vs planar). They are also amphidynamic,

onemoiety being stiff, rod-like and prone to crystallization, the

other flexible and prone to defects, and experience different

types ofmotions and activation energies. Finally, they carry a

strong dipole at the junction between blocks.19

Despite the absence of hydrophilic headgroup, FnHm

diblocks form Langmuir monolayers on water.17 Numerous

pressure π versusmolecular area A isothermswere recorded

(Scheme 1).1,18�26 The reported “collapse” pressure πc (or

what was then considered as the collapse pressure) ranged

from ∼12 to ∼22 mN m�1, increasing with diblock length

and degree of fluorination. The extrapolated molecular

areas remained always close to 0.30 nm2, slightly larger

than the cross-section of F-chains, suggesting that packing

is essentially governed by segregated Fn blocks.

Since the π/A isotherms and GIXD data18 collected on

Langmuir films did not present any feature that foretold the

existence of a patterned surface of hemimicelles, it was

presumed that diblock monolayers were continuous and

featureless.

Formation of small 2D surface micelles had been predic-

ted for surfactant monolayers on water.27 A specific “surface

micelle isotherm” was calculated that exhibits characteristic

breaks (clearly visible when the micellar aggregation num-

ber reaches∼10, and unmissable when it exceeds 100). The

disk-shaped micelles' radii were foretold to be smaller than

the length of the extended surfactant molecule. Examina-

tion of published isotherms concluded to the existence of

surface nanostructures with aggregation numbers in the

tens-to-hundreds. However, the surfactants considered

had a hydrophilic headgroup, contrary to FnHm diblocks,

where bothmoieties tend to avoid contact with water (and

with each other), and where the Fn blocks provide a strong

driving force for self-assembly.

Micelle-like aggregates, have been observed in surfac-

tants layers adsorbed at solid/solution interfaces.28 Surface

patterns are common for copolymers with hydrophilic

blocks.29�31 Gemini surfactants with ammoniumhead-groups

form small-size (4�8 nm) aggregates at solid/liquid interfaces,

whose morphology is largely substrate-controlled.32

The only previous report of comparably large surface

aggregates self-assembled from small molecules in mono-

layers concerns the highly amphiphilic semifluorinated car-

boxylic acids FnHmCOOH (n = 4�8; m = 10�22), for which

∼30 nm large domains were observed by AFM after trans-

fer on glass.33 However, their formation required high con-

centrations of cations (Kþ, Cd2þ, La3þ,33 or Mg2þ34) in the

subphase. The surface patterns' sharpness and organization

increased with the ionic charge, implying a decisive role of

these ions in aggregation.

3. An Inherent Behavior for (F-Alkyl)alkyl
Diblocks
All the Langmuir films of FnHm diblocks investigated that

were stable enough to withstand transfer on a silicon wafer

andAFM imagingwere found to exhibit surfacemicelles and

patterned surface films (Scheme 1). Micelle morphologies

and dimensions depend on diblock.24,35 The short F6H16

and F8H14 essentially produce circular hemimicelles. Other

diblocks also formelongated (worm-like)micelles coexisting

with circular ones (e.g., Figure 1c). Morphologic variants, in-

cluding toroids (doughnuts), pit and tip-centered hemimicelles,

coils (nanospirals), ribbons, are also seen (Figure 1).24,36,37

The mean diameter of the circular FnHm hemimicelles is

SCHEME 1. Stability Grid for Langmuir Monolayers of FnHm Diblocksa

aIncreasing stability is depicted by increasingly darkened patterns. `,24 #,36

and 237 indicate observation of surface micelles; g on water;42,43 ;, not
investigated.
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essentially independent from pressure and support. It in-

creases with Hm-block length, and notably, depends very

little on F-chain length, in line with theoretical calculations

(section 8).38

Our circular hemimicelles typically comprise 2000�6000

molecules. They are much larger than those formed from

standard low-molecular-weight surfactants (a few nm) in

solution or on solid substrates.28,32 The spherical micelles

of block copolymers formed in solution are always smaller

than themolecule's length, while ours are typically 10 times

larger.

The area fraction and length of elongated hemimicelles

increase regularly (up to 12%) with the length of both blocks

and with total diblock length. The AFM images suggest that

the circular micelles result from fragmentation, curling and

closing of elongated ones. The width of the latter is indeed

close to half the diameter of the former. Furthermore, their

occurrence and length diminish when surface pressure of

transfer πt increases. The circular/elongated hemimicelle

interconversion is reversible.24 When curling of the seg-

ments is incomplete (lower pressures) or not restricted to

the interfacial plane (higher pressures), tip-centered or spiral-

shaped micelles are formed. For F8H18, low πt clearly in-

duces formation of pits, while higher pressures favor curling

and tip formation.

Compression causes circular domains to come closer

together, causing some deformation from circular to hexa-

gonal, but without merging, and results in more compact

arrangement. No coalescence was ever seen, even at pres-

sures near or “beyond” collapse (section 9).

The micelles also resist well, for soft self-assembled

organic nano-objects, to the tip of the AFM cantilever, even

at small scale/large resolution (Figure 1b) when the frequ-

ency of contact is high.

Patterned films of self-assembled domains of FnHm di-

blockswerealsoobservedbyother authors,36,37 usingvarious

preparation conditions (e.g., LB, spin-coating, dip-coating in

scCO2 solutions;37 Figure 1d�f) and supports (hydrophilic

silicon, negatively charged mica, hydrophobic graphite, or

phospholipid monolayers39), confirming that self-assembly

is not controlled by transfer procedure or substrate. Only

on highly oriented pyrolitic graphite, did the diblocks

organize in stripes along the substrate's main crystal-

lographic axis, indicating strong H-block/substrate inter-

actions.37 Exposure to different solvents can also cause

morphological modifications.36

All the available data establish that spontaneous self-

assembly in very large surface micelles, and surface film

ordering in nanometric patterns is an intrinsic property of

FnHm diblocks (Scheme 1).

4. Surface Micelle Structure: F-Chains-Up,
H-Chains-Down
The question of the structure of the surface film and orienta-

tion of the FnHm molecules in Langmuir monolayers had

been controversial even at the time when the monolayers

were considered continuous and featureless.

Early structural studies usingGIXDof F12H18monolayers

deposited on water detected a strong diffraction peak that

was in agreementwith hexagonally close-packed Fn-blocks.18

X-ray reflectivity measured a higher electronic density in

the film's upper sublayer, and concluded that it most pro-

bably consisted of a dense sublayer of vertically oriented,

close-packed F12-blocks organized on top of a sublayer

of poorly organized H18-blocks in contact with water

(Scheme 2a). A different structure was proposed for F8H18

that consisted of a bilayer of antiparallel diblocks, with inter-

leavedH18-blocks inside, and F8-chainsoutside (Scheme2c).20

This would bring the “super”hydrophobic Fn-chains in con-

tact with water, thus creating a considerably higher surface

FIGURE 3. (a) X-ray reflectivity curve of a monolayer of F8H16 transferred
ontosiliconat7mNm�1; the (almost completelyoverlaid) dottedcurve is the
fitwith the two-layermodel; (b) electrondensity (D) versusheight (Z), showing
a lower-H-slab and an upper-F-slab; (c) disklike model used in calculations.1

(Reprinted with permission from ref 1. Copyright 2002Wiley and Sons).
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tension than when Hm-chains are on water, and would

involve sublayers thinner than the actual resolution of the

X-ray reflectivity method used (∼1 nm). Still a further struc-

ture was suggested by molecular dynamics simulations40

and at low pressures22 that had mixed diblock orientations

(Scheme 2b).20

The diblock orientation within the surface domains was

established by X-ray specular reflectivity on LB films of

F8H16 (∼97% circular micelles).1,35 The electron density

distribution data were in excellent agreement with a two-

layermodel (Figure 3)with a 1.0 nm thick upper-layer having

an electron density of 487 e nm�3 (a fluorinated layer) and

a 1.93 nm thick lower-layer with an electron density of

290 e nm�3 (a hydrogenated layer). The total film thickness

was 2.93 nm, comparable to the length of the F8H16 mole-

cule (3.39 nm, as calculated from ref 41). This diblock ori-

entation confirms theearlierX-ray studies on F12H1818and is

in linewithmore recent dataon F14H20.36 It is also supported

by our theoretical investigation of diblock self-assembly.38

5. Predicting Hemimicelle Size
Theheight of the surfacemicelles (2.93nm) is slightly shorter

than the fully extended length of a F8H16 molecule (3.32

nm), likely reflecting the liquidlike state of the Hm-chains.

The proportion of electrons found by the reflectivity

experiment in the upper sublayer is only 46%,while it should

be 61% for a continuous flat sublayer with all Fn-blocks

parallel. Such packing would result in a lack of density in

theH-sublayer. This lack of density can indeedbe relievedby

formation of discrete domains with edges bend toward the

surface.

We proposed a disk-like shape for the circularmicelles on

the basis of electron density calculations.24 Indeed, the

interfacial area between F- and H-sublayers should be equal

to the product of the cross-section (0.28 nm2) of the FnHm

molecule by its aggregation number. The micelle's size is

then solely controlled by the density mismatch between

F- and H-blocks, and depends primarily on m. The model

allows reasonably accurate prediction of the micelle's

diameter for any given diblock.

Othermodels consider themismatch between the blocks'

cross sections.36 However, all the models assume fully

extended H-blocks, which is likely not the case. The density

mismatch could indeed also be mitigated without resorting

to micelle formation by tilting of Hm-chains or by conforma-

tion defects.38

FIGURE 4. Compression isotherm and AFM images of hemimicelles
self-assembled from F8H16 and transferred at (a) 7, (b) 0.5, and
(c) ≈0 mN m�1 pressure.25 (Reprinted with permission from ref 25.
Copyright 2007 Royal Society of Chemistry).

SCHEME 2. Structures Proposed for FnHm Monolayersa

a(a) F-chain-up/H-chain-down two-slab model in continuous films18 or hemi-
micelles;1,21 (b) alternating anti-parallel nanodomains;22,40 (c) three-slab con-
tinuous bilayer hypothesis;20 (d) two-phase model: upright hemimicelle
FH-phase1 embedded in a liquid-condensed P-phase of diblocks laying parallel
to the surface.38
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6. Surface Micelle Formation at Zero Surface
Pressure
Understanding hemimicelles formation within Langmuir

monolayers required information about their possible oc-

currence, size and morphology at zero or very low surface

pressures. Information about isolated micelles could not

be obtained directly on water since they are too small for

Brewster angle (BAM) and other optical microscopy techni-

ques and not sufficiently organized for diffraction techni-

ques. AFM after transfer on a solid surface was deemed a

reasonable alternative.

No surface aggregates were seen for F8Hm (m = 14�20)

at very large molecular areas (0.20 to 0.60 nm2). In contrast,

well-formed isolated disklike micelles were observed by

AFM for F8H14 and F8H16 (Figure 4) for A = 0.49 and 0.41

nm2, respectively. At such large A values, the surface pres-

sure experienced by the molecules is essentially null. The

micelles were not regularly organized. Again, compression

did not affect their size. No surface aggregates were seen at

πt = 0 for the longer Hm diblocks F8H18 and F8H20, but

micelles were found for all the diblocks investigated when

transferred at πt = 0.5 mN m�1.

The absence of surface aggregates at very large Ameans

that a critical surface concentration is required for diblock

self-assembly. We thus established that micelle formation is

not promoted by surface pressure, and did not result from

nucleation induced by evaporation of the spreading solvent,

but depends solely on the surface area available, and hence,

on a critical surface concentration. These experimental

results are in line with the theory for hemimicelle forma-

tion developed in section 8.

7. FnHm Hemimicelles Self-Assemble and
Organize Directly on Water
When we first identified hemimicelles for F8H16, it was on

Langmuir films transferred onto silicon wafers using the LB

procedure.1 This immediately raised the critical question of

whether micelle formation occurred on water or was in-

duced by transfer or involved the solid support. This ques-

tion was resolved by a grazing-incidence small-angle X-ray

scattering (GISAXS) study of F8H16 monolayers performed

directly on the surface of water in the Langmuir trough using

the European Synchrotron Facility (ESRF) in Grenoble.

GISAXS provided unambiguous direct evidence for a

highly organized hexagonal network of circular domains

on the surface ofwater.42 The domainswere seen as soon as

GISAXSmeasurements started (∼15min after diblock depo-

sition) and their size did not change throughout the observa-

tion period (up to 6 h). The domains were ∼33 nm in dia-

meter, in line with those observed by AFM after transfer.1,24

Measurements at surface pressures ranging from 0.5 to

7 mN m�1 confirmed that hemimicelle size was essentially

independent of pressure and that hexagonal ordering per-

sisted at pressures as low as 0.5 mN m�1.42

The diffraction spectrum at 5 mN m�1 (Figure 5) exhibits

12 assignable peaks (which is exceptional for soft matter)

that could be fitted by Lorentzian curves. Peak indexation is

consistent with a 2D-pattern of circular structures of 33.5 nm

in diameter, close-packed in a regular hexagonal lattice.

Long-range ordering was greater than that after LB transfer,

providing a unique example of almost perfect two-dimen-

sionnal crystal self-assembled from small molecules at the

surface of a liquid.42

These data demonstrate unambiguously that hemimi-

celles of F8H16 exist in Langmuir monolayers spread on

water prior to LB transfer and that diblock self-assembly and

nanoscale surface patterning are not caused by transfer and

not induced by the support. No micelles were detected by

GISAXS on water at zero surface pressure, likely because

they would not be sufficiently organized to diffract X-rays.

To our knowledge, this is the first time that surface

micelles are identified directly on water; previous evi-

dence for such micelles had always been obtained on

FIGURE5. GISAXS spectrum recordeddirectly onwater on amonolayer
of F8H16. Note the exceptional number of reflections.42
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solid substrates.28 Further studies performed directly on

water for the F8Hm series (m = 14�20), combining BAM,

GISAXS and GIXD, confirm these findings.43

8. Theory: A Two-Phase Formation Process
A theoretical investigation using statistical physics con-

firmed that FnHm should form stable, large, and narrowly

dispersed circular surface micelles that should organize in

essentially crystalline hexagonal arrays at the water/air

interface. It describes the micelle formation process and

highlights the essential role of dipole�dipole interac-

tions.38 Interestingly, it also emphasized that the experi-

mentally observed, thermodynamically more favorable

upright micellar phase (or FH-phase) should coexist with

an ordered interstitial phase (the P-phase) in which the

diblocks lie parallel to the surface.

The proposed two-phase liquid�liquid model involves a

high-density phase, consisting of disklike hemimicelles

whose molecules are perpendicular to the interface, coex-

isting with a lower density matrix of diblock molecules lying

on the surface of water within the film.38 The stability and

large size of the micelles, much larger than the molecule's

length, called for long-range electrostatic interactions. These

interactions were determined to involve the permanent

dipole moments carried by the micelles at the interface be-

tween their Fn- and Hm-sublayers. This dipole moment is

reflected by a measurable surface potential of ∼0.9 V

(F8H18).22 Electrostatic repulsion between micelles pre-

vents them from growing or fusing and is the cause for

polydispersity lowering as surface pressure increases.

Reinterpretation of published X-ray reflectivity data that

indicated a nearly uniform electron density atA>45nm2 for

F8H18,22 suggested for the P-phase a structure in which the

Fn- and Hm-blocks of the FnHm molecules parallel to the

surface form alternating stripes, with each stripe being a

bilayer of oppositely oriented similar blocks (Scheme 2d). A

first-order transition between P- and FH-phases is supported

experimentally by the change in surface electric potential

measured for F8H18.22

The sequence along which hemimicelles of FnHm di-

blocks were anticipated to develop at zero pressure is the

following: initially, the molecules would be more or less

randomly disseminated on the surface. Spontaneous self-

assembly would produce small islands of P-phase sur-

rounded by a very dilute surface gas phase. As the islands

grow, the energetically more favorable FH-phase would nu-

cleate in these P-phase islands, turning them into upright FH-

islands standing out of a continuous P-matrix. The FH-phase

islandswouldgrow further, likely through fusion (coalescence)

until electrostatic repulsion would suppress fusion and limit

growth. As A decreases further, the surface gas phase even-

tually disappears. The reason why the break that was pre-

dicted to occur in the π/A isothermswhen surfacemicelles are

present27 is not seenmaybe that it occurs at such high surface

areas that it cannot be detected.

Compression increases surface pressure. A pressure

threshold is reached for the interaction-driven suppression

ofmicelle polydispersity (e.g.,≈0.5mNm�1 for F8H16). Data

from the AFM and GISAXS experiments1,24,42 allowed calcu-

lation of the parameters that determine the compression

isotherms. Transition from disordered (liquid) polydisperse

micelles to anordered (crystalline) hexagonal array ofmono-

disperse micelles occurs for F8H16 at roughly 0.5 mN m�1

(A ≈ 0.33 nm2).

9. Surface Micelles Survive Film Collapse:
Exploring the 2D/3D Transition
Langmuir film compression behavior was revisited after we

realized that it actually concerns the compression of nano-

metric objects, and also because the observation that surface

micelles withstand compression without coalescence raised

the question of what happens to themwhen Langmuir films

of FnHm diblocks collapse. This led to the unanticipated

observations that compression could be pursued far beyond

the documented film “collapse” and that the hemimicelles

FIGURE 6. Diblocks beyond collapse.44 Phase AFM images of F8H20
films transferredon silicon at (a) 3mNm�1; (b) 16mNm�1 (0.20nm2); (c)
35 mN m�1.
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coexist (in part reversibly)withmultilayered structures over a

large pressure range.44

We recorded π/A isotherms of various diblock films at

pressures near and beyond the published “collapse” pressures

(from here on designated as πc
1) and found an unexpected,

wide horizontal plateau, followed by a second pressure

rise (Figure 2b). Thus, Langmuir films of F8H16, F8H18,

F8H20, and F10H16 could be compressed far beyond πc
1 at

∼0.30 nm2. For A between 0.30 and 0.10 nm2, a partially

reversible transition occurs between the monolayer of hemi-

micelles and amultilayer on the plateau.WhenA<0.10 nm2,

π increases again, reaching ∼48 mN m�1 before the film

eventually collapses irreversibly.

BAM and AFM monitoring of F8H20 films on the plateau

established that the initial monolayer of hemimicelles is

progressively covered by one and eventually two super-

imposed bilayers of diblocks (Figures 6 and 7).44 Further

compression leads to further increase in film thickness and,

eventually, to film disruption.

The films formed beyond πc
1 are composite, comprising

a bottom layer of close-packed hemimicelles, toped, in the

case of F8H20, by one, and eventually a second, less-organi-

zed bilayer(s) of diblocks. Compression of films of the more

rigid F10H16 diblock, resulted in formation of crystalline-like

dendritic influorescences. Remarkably, in both cases, the

lower hexagonal array of surface micelles is consistently

seen, even when the film eventually disrupts, meaning that

the monolayer of hemimicelles resists both pressure rises,

confirming outstanding sturdiness. It is also noteworthy that

the final (irreversible) collapse of the composite films occurs

at pressures comparable to those found for regular surfac-

tants bearing polar head groups.

10. Tetrablocks: Stacked Layers of Self-As-
sembled Nano-Objects
A further question (motivated by potential applications)

was whether one could further improve the stability of one-

molecule-thin arrays of surface micelles. Grafting a polar

headdid not seempromising since even the small carboxylic

headgroup of FnHmCOOH, in spite of organization via posi-

tively charged ions in the subphase,33 appears to provide

less-ordered films than the neutral “head-less” FnHm di-

blocks. One logical approach was to covalently link two or

FIGURE 7. Diblocks before and beyond “collapse”: BAM of films of F8H20 on water. (a) Homogenous, compact monolayer; (b, c) development
of a higher phase in the 3rd dimension; (d, e) disruption of the upper phase; (f) re-expansion of the film. Blue, compression isotherm; red, film
height variation.44

SCHEME 3. Molecular Structure of Gemini Fluorocarbon/Hydrocarbon
Tetrablocks
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more diblocks and thus benefit from expected entropic

effects. We therefore synthesized gemini fluorocarbon/hy-

drocarbon tetrablock amphiphiles (di(FnHm), Scheme 3).45

AFM and BAM investigations of films of di(F8H20) spin-

coated on silicon or mica established that the tetrablock

self-assembles into stratified nanopatterned surface films

that display, at high pressures, two levels of structuration

(Figure 8).45 The π/A isotherms show, like for diblocks, two

surface pressure increases separated by a large plateau. At

large molecular areas (A > ∼0.60 nm2) and during the first

pressure increase, the tetrablocks form a carpet of densely

packed, essentially circular hemimicelles (∼40 nm large,

∼4 nm high), very similar to those of diblocks. Gentle

scratching of the film with the tip of the cantilever success-

fully separated individual micelles of di(F8H20) (Figure 9),

allowing determination of micelle height (∼4.0 nm). This

had not been possible with diblocks, indicating increased

stability/resistance of the micelles of tetrablocks. Upon

further compression, this lower carpet, contrary to diblocks,

is progressively surmounted by a second layer of discrete
domains, also∼4.0 nm in height, most of which circular, also

∼40 nm in diameter, some of which worm-like, again

FIGURE9. AFM image (1�0.3 μm2) of tetrablock di(F8H20) spin-coated
onto mica. Gentle scratching with the cantilever tip separated intact
individual micelles; height profile between the red marks.

FIGURE 10. Lateral and vertical phase separation of F8H16 hemimi-
celles within and on top of a monolayer of DPPE. π/A isotherms for (a)
F8H16, (b) DPPE, and (c) the F8H16/DPPE (1.3:1) molar ratio corre-
sponding to the threshold at which F8H16 forms a continuous mono-
layer of hemimicelles on top of a continuous monolayer of DPPC. AFM:
In (d) domains of circular F8H16 micelles coexist with laterally phase-
separated DPPE domains; (e) shows higher regions of vertically phase-
separated hemimicelles; in (f) the hemimicelles cover totally the DPPE
monolayer; the film is indistinguishable from that of pure F8H16.39

FIGURE11. (a) AFM image (1.75�1.75 μm2) of a hexagonal networkof
gold nanoparticles deposited on a Langmuir�Blodgett network of
hemimicelles of F8H20; (b) detail.48

FIGURE 8. (a) AFM image of films of di(F8H20) spin-coated onto mica;
(b) magnification (0.23� 0.23 μm2) of the framed area, highlighting the
two stories ofmicelles; (c) height profiles takenbetween the redor green
marks.45
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comparable to those found for FnHm diblocks (Figure 8).

Eventually (A <∼0.30 nm2), surface pressure increases again,

reaching an irreversible collapse at πc
2 g 50 mN m�1 (again

remarkably high for amphiphiles devoid of polar head).

The self-assembly behavior of the di(FnHm) tetrablocks is

thus substantially different from that of the FnHm diblocks

and provides the first example of thin filmsmade of stacked

self-assembled molecular nano-objects.

11. Vertical Phase Separation in Mixed Films
of Diblocks with Phospholipids
Mixing FnHm diblocks with other amphiphiles (e.g., phos-

pholipids for fluorocarbon emulsion stabilization6) does not

prevent surface micelle formation. In addition to lateral seg-

regation of the diblocks from nonfluorinated components

within monolayers, we observed a reversible vertical phase

segregation phenomenon within Langmuir films.21,46

Investigation of monolayers of F8H16/dipalmitoylpho-

sphatidylethanolamine (DPPE) mixtures after transfer on

siliconwafers demonstrated coexistence of separate regions

of densely packed circular F8H16 hemimicelles with regions

of DPPE monolayer. Further compression led to vertical

separation of the two components (Figure 10).21 The FnHm

micelles formed on the lipophilic substrate constituted by

the DPPE-only monolayer are essentially identical to those

obtained from F8H16alone, furtherdemonstrating thathemi-

micelle formation is independent of substrate.39

12. Perspectives and Applications
The possibility of decorating solid surfaces with regular

arrays of stable highly hydrophobic nanometric surface

domains of predetermined size using simple small “nonpo-

lar” FnHm diblockmoleculesmayprovide a newapproach to

organic 2D templates of tunable periodicity for controlled

elaboration of arrays of nanoparticles. The development of

nanoelectronics and “smart” materials relies on suitably

sized functional building blocks. Nanoparticles, which fill

the ten-to-hundred nanometer gap between supramole-

cules, dendrimers and bio(macro)molecules, and patterns

obtained by the most advanced lithographic procedures,

offer a route to a variety of electronic and sensor compo-

nents. Control of nanoparticle organization on surfaces is

pivotal in the development of such architectures because it

governs their collective properties.47

Examples of applications in materials science have al-

ready been reported. Thus, self-assembly of FnHm diblocks

allowed patterning of square-centimeter-large surfaces with

metal nanoparticles arranged in a high-density hexagonal

network (Figure 11).48 Catalyzed oxidation of CO into CO2

could be achieved at low temperature. Hemimicelles of per-

fluorinated acids have served as templates for producing

patterned thin films of SiO2.
34

Surfaces nanopatterned with highly hydrophobic, low

adhesion material could influence cell behavior (e.g., allow

cell adhesion control) and play a role in lung surfactant re-

placement preparations.49,50
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