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Compression of Self-Assembled Nano-Objects: 2D/3D Transitions in Films of
(Perfluoroalkyl) Alkanes—Persistence of an Organized Array of Surface

Micelles
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Abstract: Understanding and control-
ling the molecular organization of am-
phiphilic molecules at interfaces is es-
sential for materials and biological sci-
ences. When spread on water, the
model amphiphiles constituted by
CF,..C,Hyyw  (FrRHm)  diblocks
spontaneously self-assemble into sur-
face hemimicelles. Therefore, compres-
sion of monolayers of FnHm diblocks
is actually a compression of nanometric
objects. Langmuir films of F8HI16,
F8H18, F8H20, and F10H16 can ac-
tually be compressed far beyond the
“collapse” of their monolayers at
~30 A2, For molecular areas A between
30 and 10 A2, a partially reversible, 2D/
3D transition occurs between a mono-
layer of surface micelles and a multi-
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layer that coexist on a large plateau.
For A <10 A2 surface pressure increas-
es again, reaching up to ~48 mNm™'
before the film eventually collapses.
Brewster angle microscopy and AFM
indicate a several-fold increase in film
thickness when scanning through the
2D/3D coexistence plateau. Compres-
sion beyond the plateau leads to a fur-
ther increase in film thickness and,
eventually, to film disruption. Reversi-
bility was assessed by using compres-
sion—-expansion cycles. AFM of FSH20

Keywords: fluorocarbon/hydrocar-
bon diblocks - Langmuir-Blodgett
films - micelles - nanostructures -
self-assembly

[a] C. de Gracia Lux, Dr. G. Waton, Dr. M. P. Krafft
Systemes Organisés Fluorés a Finalités Thérapeutiques (SOFFT)

Université de Strasbourg
Institut Charles Sadron (CNRS)

23 rue du Loess, 67034 Strasbourg Cedex 2 (France)

Fax: (+33)388-41-4099
E-mail: krafft@ics.u-strasbg.fr

[b] Dr. J.-L. Gallani

Départment des Matériaux Organiques (DMO)

Université de Strasbourg

Institute of Physics and Chemistry of Materials of Strasbourg

(IPCMS)

23 rue du Loess, 67034 Strasbourg Cedex 2 (France)

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200903535.

WWILEY

7186 ) InterScience®

films shows that the initial monolayer
of micelles is progressively covered by
one (and eventually two) bilayers,
which leads to a hitherto unknown or-
ganized composite arrangement. Com-
pression of films of the more rigid
F10H16 results in crystalline-like inflor-
escences. For both diblocks, a hexago-
nal array of surface micelles is consis-
tently seen, even when the 3D struc-
tures eventually disrupt, which means
that this monolayer persists throughout
the compression experiments. Two ex-
amples of pressure-driven transforma-
tions of films of self-assembled objects
are thus provided. These observations
further illustrate the powerful self-as-
sembling capacity of perfluoroalkyl
chains.

Introduction

The formation of monolayers, bilayer membranes, and even-

tually of living cells relies on the self-assembly of amphiphil-

ic molecules. More generally, amphiphilic molecules provide

a diversity of organized self-assembled interfaces and ob-

jects. This can be achieved by implementing a variety of
weak intermolecular interactions. Highly fluorinated materi-

als provide specific interactions, including “halogen bond-

ing” % and “super” hydrophobic forcesP*! that can, for ex-

ample, be used instead of hydrogen bonds in both materials
science (e.g., crystal engineering, liquid crystals, magnetic

and conducting materials)!! and bioengineering (e.g., nonca-
nonic protein and nucleic acid pairing).”
Perfluoroalkyl (F-alkyl) chains have been instrumental in

molecular interfacial film stabilization® and for inducing
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nanocompartmentalization in self-assemblies.”**™! Due to
the lipophobic character of F-alkyl chains, fluorocarbon/hy-
drocarbon diblocks (C,F,,C,H,,.1, FnHm) display some
amphiphilic behavior, despite the absence of a hydrophilic
polar head group.>%12131 A distinctive feature of semifluori-
nated alkanes is indeed the fact that, although they are
apolar in the sense that they do not dissolve in protic sol-
vents, they possess a significant dipole moment that is locat-
ed at the junction between the two blocks and reflects the
strong electron-withdrawing character of the F-alkyl chain.
These characteristics endow FnHm diblocks with specific
properties in both the solid (liquid-crystal behavior)!'"! and
liquid states (surface freezing),'® in solutions (micelle for-
mation in both hydrocarbons and fluorocarbons),l”" and at
interfaces (formation of stable Langmuir films).*"! FnHm di-
blocks were also found to substantially modify, and usually
stabilize, the interfacial films of emulsions,®! vesicles,'>2!
phospholipid films* and other micro- and nanostruc-
tures.”™ Due to a reduced set of interactions at interfaces,
FnHm diblocks also provide simple models for investigating
the self-assembling behavior of amphiphiles.”*!

Langmuir film compression studies constitute an effective
approach to the investigation of interfacial films. The Lang-
muir film behavior of FnHm diblocks has been reported in
numerous papers from several groups (see in particular
refs. [25-37]), and has been critically analyzed in recent re-
views.”"®! These studies generally report surface pressure
versus molecular area (7/A) isotherms consisting of a mo-
notonous increase in surface pressure until a collapse pres-
sure is reached. The published collapse pressures attain
20 mNm™', depending on the length of the Fn and Hm seg-
ments. The rather low values were taken as reflecting weak
amphiphilic character. The reported extrapolated molecular
areas A, are in the range of 30-35 A2, and depend only
slightly on diblock structure.

A very remarkable feature of FnHm diblocks is that they
tend to self-assemble spontaneously into surface hemimi-
celles when spread as Langmuir films on water™ or deposit-
ed on solid supports.?*3333740] These surface micelles are
highly monodisperse, start forming at very low surface pres-
sures, following a concentration- rather than pressure-de-
pendent mechanism,*'"! and, upon compression, organize in
regular hexagonal arrays without significant change in mi-
celle size and morphology. The aptitude to form monolayers
patterned by surface micelles was shown to originate in the
dipole moment of the diblocks*? and already covers a wide
range of compounds (n=8-14, m=14-20).F"%1 Therefore,
Langmuir film studies of these FnHm compounds actually
concern the compression of arrays of nanometer-sized ob-
jects, or supramolecular assemblies, rather than of individual
molecules, which provides a unique opportunity for investi-
gating the behavior of films of self-assembled objects. The
Langmuir-Blodgett technique is a versatile method that has
been widely used to organize nanoscale materials of differ-
ent morphologies and sizes, including nanoparticles, nano-
rods, nanowires, carbon nanotubes,” and dendrimers.*! To
our knowledge, however, there is no report of the compres-
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sion of self-assembled nano-objects, except those on surface
micelles of FnHm diblocks.

The collapse of monolayers of amphiphiles upon compres-
sion, although it has been extensively investigated,** is
still poorly understood, even in the case of the widely docu-
mented phospholipid films.*”! A recent paper focuses on di-
block film behavior immediately before reaching monolayer
collapse,”” and concludes that the nucleation-growth—colli-
sion model™! applies to the behavior of the films of certain
diblocks when reaching that collapse; the existence of sur-
face micelles is, however, not taken into account. An inter-
esting recent paper reports the reversible aggregation after
collapse of rigid bolaamphiphiles fitted with F-alkyl chains;
however, these compounds also had highly hydrophilic polar
head groups, and hence a very different set of interac-
tions.P!

Herein, we focus primarily on the fate of the self-assem-
bled surface micelles of FnHm diblocks when compressed at
and beyond monolayer collapse, and evaluate to what
extent these structures and their 2D arrangement resist com-
pression and/or reorganize to form self-assemblies different
from the initially formed ones. By doing so, we address the
question of the compression of self-assembled objects at in-
terfaces. We also explore the behavior of nonpolar interfa-
cial films at pressures beyond the “collapse” of the initially
formed monolayer of hemimicelles, and investigate multilay-
er film formation, 2D/3D film coexistence and reversibility,
and final film disruption. The films were further analyzed by
Brewster angle microscopy (BAM) at the air/water interface
and atomic force microscopy (AFM) after transfer onto sili-
con wafers.

The diblocks investigated were F8Hm (m=16, 18, and 20)
and F10H16. The longer Hm chains were chosen to avoid
possible interference with liquid-crystalline phase forma-
tion,* ! which is only found for diblocks with m <12,
and also because the Langmuir monolayers of these diblocks
have proved to be highly stable.

Results
Compression of FnHm diblocks revisited

Isotherm characteristics: The surface pressure/area per mole-
cule (a/A) compression isotherms of diblocks F8H16,
F8H18, F8H20, and FI10H16 at 15°C are collected in
Figure 1. The isotherms all comprise a first increase in sur-
face pressure that occurs at extrapolated areas A, of 32—
34 A2, with a collapse at 7' =10, 14, 16, and 17 mNm!, re-
spectively, close to the values given in the literature. The
value of A, is close to the cross section of an F-alkyl chain
(~29 A?).*¥ This sequence of events, from the onset of pres-
sure increase until the above, previously identified “col-
lapse”, will be designated as the first regime of compression.

It can be seen in Figure 1 that the films can sustain further
compression, far beyond the previously documented col-
lapse at ~30 A2, The surface pressure then remains essential-
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Figure 1. Surface pressure (;r)/molecular area (A) isotherms of a) FSH16,
b) F8H18, c) F8H20, and d) F10H16 diblocks (compression speed
5 cm’min”'; temperature 15°C); 50 uL of a 2 mmolL™" FnHm solution
were spread.

ly constant over a large plateau of molecular area, until the
latter reaches ~10 A% This value means that only one third
of the molecules are now in contact with the surface of
water, thus indicating growth in the third dimension. The
collapse at ~30 A? clearly represents a reorganization of the
film’s structure rather than the usual dissolution or erratic
disruption of the film. The plateau indicates that the 3D
structures coexist with the monolayer of surface micelles. At
the end of the plateau the surface pressure increases sharply
again. For FI10H16, the second pressure rise is much
smoother than that for the FSHm compounds; it starts well
before A reaches 10 A2, and the threefold decrease in mo-
lecular area is less obvious. The events from 30 A% on will
be designated as the second compression regime.

The pressures at which the films “collapse” for the second
time could actually not be determined precisely, as this
event takes place at molecular area values that are lower
than the lowest area measurable on the trough (when the
barriers come into contact). The maximum attainable values
(7max) are given in Table 1. Increasing the amount of diblock
deposited on the surface allows higher surface pressures to
be reached, and hence a more precise investigation of the
isotherms at smaller molecular areas and a closer approach
to the second collapse. Thus, for example, spreading 50 pL
of a 4 mmol L™ solution of F8H16 at 25°C, instead of 50 uL
of a 2mmol L™ solution, allows the pressure to rise above
40 mNm ', instead of 12 mNm ' (Figure 2).

Influence of temperature: The isotherms measured for
F8H16, F8HI18, F8H20, and F10H16 at 15, 25, and 35°C
(Figure 3) show that the temperature affects the isotherms
in both compression regimes. For all four compounds, the
first collapse pressure, as well as the pressure on the coexis-
tence plateau, increases as the temperature decreases
(Table 1).

The isothermal compressibility coefficients, Cy; and C,, of
the FnHm films were calculated at 15, 25, and 35°C for the
two compression regimes, as well as the corresponding com-
pressional moduli (the reciprocal quantity of C;), Ci;~' and
C,' (see Table1 in the Supporting Information). For
F10H16, the C, values (5.7 to 6.5x10°mNm™) do not
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Table 1. Surface pressure on the 2D/3D coexistence plateau (), surface
pressure at “collapse” in the first regime (7z.'), maximal surface pressure
reachable in the second regime (77,,,), and extrapolated molecular areas
(A, and A) for the two compression regimes of the FnHm diblocks.
Three temperatures were investigated: 15, 25, and 35°C; S0 uL of a
2 mmol L' FnHm solution were spread, unless otherwise specified.

FnHm

Temperature Plateau  First regime of Second regime of

compression compression

[°C] ”pl[a] 7! A T Af
[MNm™'] [mNm™] [AY [mNm™] [A?

15 10 10 33 27 11

F8H16 25" 8 9 33 21 8
35tel 7 8 32 43 6

15 14 14 33 41 12

F8H18 25 12 12 33 39 11
35 7 8 3419 9

15 16 16 33 48 13

F8H20 25 14 14 33 42 13
35 10 9 34 36 11

15 13 17 34 25 12
F10H16 25 1 15 34 30 9
35 10 10 33 22 10

[a] Surface pressure &, at ~20 A2, that is, in the middle of the plateau.
[b] 60 uL of a 2x10°molL™" solution was spread. [c] 50 uL of a 4x
107> mol L ™! solution was spread.
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Figure 2. Influence of the amount of F8H16 spread on the surface of
water at 25°C: a) 50 uL of a 2 mmolL™" solution (e), and b) 50 uL of a
4 mmol L' solution (V).

vary significantly with temperature, and are in line with
those previously reported. C;~' values range from 154 to
175 mNm™', thus indicating that the F10H16 monolayers are
in a liquid condensed state in the range of temperatures in-
vestigated. In the second regime, the compressional moduli
C, ' of FIOH16 are much lower than those in the first
regime (~20-30 mNm™') at all temperatures. The meaning
of these values is less straightforward as they relate to a
multilayer. For the F8Hm series, the C,~' values decrease
strongly at 35°C, and all the more when Hm is shorter.

Isotherm reversibility: To determine whether the diblock
films would expand again after compression in the two re-
gimes, several increasingly high target pressures were
chosen and, in each case, two compression—expansion cycles
were performed for each diblock. These experiments also
provide an assessment of film stability.

In a first series of experiments, the diblocks were com-
pressed below z.' at 25°C (Figure 4). It is seen that the iso-
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Figure 3. Influence of temperature on films of a) F8H16, b) FSH18,
c) F8H20, and d) FI0H16 (compression speed 5 cm*min'). The amounts
of FnHm spread are given in Table 1 (o: 15°C, @: 25°C, v: 35°C).

therms were fully reversible, without hysteresis, during these
compression—expansion cycles, which indicates that below
the first collapse the monolayers of FnHm diblock hemimi-
celles re-expand on the surface without loss of material.

In a second series of experiments, the diblock films were
compressed beyond the first collapse, approximately until
the middle of the coexistence plateau (i.e., up to ~8, ~11,
~14, and ~13 mNm ™', with targeted molecular areas of ~17,
16, 16, and 20 A2, for FSH16, FSH18, FSH20, and F10H16,
respectively). Figure 5a;, b;, ¢;, and d; show that the di-
blocks re-expand on the surface without loss of material, but
definite hysteresis is now seen during the compression—ex-
pansion cycles.

The third series of compressions—expansions was achieved
in the second pressure increase after the plateau. FSHIS,
F8H?20, and F10H16 were compressed up to ~25 mNm™
(Figure 5b,, c,, and d,). In these cases the films did not re-
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Figure 4. Compression-expansion isotherms 7/A of a) F8H16, b) FSH20,
and c) F10H16 diblocks. The diblocks are compressed below 7' and sub-

sequently re-expanded (compression speed 5cm’min'; temperature

25°C). Two compression—expansion cycles (first cycle: solid symbols,
second cycle: empty symbols) are performed for each diblock. The iso-
therms of F8H18 fall in between curves a and b and are omitted for clari-
ty. 50 uL of a 2 mmol L~ FnHm solution were spread.

expand totally. The loss of amphiphiles is substantial to
moderate (34, 9, and ~14% for F8H18, F8H20, and
F10H16, respectively). Because the maximal pressure that
could be reached at 25°C for FS8H16 molecules was only
~13mNm™ (Figure 5a,), the respreading ability of FSH16
was also tested at 15°C. Under these conditions, the maxi-
mal surface pressure was about 25 mNm~' (Figure 5a;), and
~14 % of the molecules were lost after the first cycle.

Compressing the films at pressures larger than 25 mNm™
resulted in greater loss of material. For example, at
40mNm !, a pressure that could be attained for FSH20
without spreading a larger amount of material (50 uL of a
2 mmol L™! solution), 71% of the molecules were lost after
the first cycle.

1

BAM of FnHm diblock films on water: Continuous BAM
monitoring was carried out for films of F8H20 and F10H16
throughout the course of the two compression regimes. The
quality of the images allowed dependable analysis of the
variation of film height upon compression. An interesting
feature of the diblock films investigated is that the mole-
cules stand on average perpendicular to the surface of water
in the initial monolayer of surface micelles, and it can rea-
sonably be supposed that this remains the case throughout
the compression experiments. Thus, one of the inherent
biases of BAM, namely that the refraction index of an am-
phiphilic molecule varies as its orientation changes upon
compression, which can affect thickness values, is largely
eliminated.

The compression—expansion experiments were conducted
with F8H20 between molecular areas of 33 and 8 A? near
and beyond the first collapse (Figure 6). This range of A
values (allowed for an amount of 60 uL of a 2 mmolL™" so-
lution) comprises the first increase in pressure, starting from
~1.5mNm™, the coexistence plateau, and a portion of the
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Figure 5. Two successive compression-expansion cycles measured for
a) F8H16, b) F8H18, c) F8H20, and d) F10H16 films (compression speed
5 cm’min~', temperature 25°C unless otherwise stated). The films were
compressed in different stages: a,)up to SmNm™, 17 A% a,)up to
13mNm™, 5A% a)at 15°C, up to 23mNm™', 5A% b)up to
~11mNm™, 16 A% by)up to 23mNm™, 7A% ¢)up to 14mNm™,
16 A%; ¢,) up to 27 mNm™!, 8 A% d,) up to 13 mNm™", 20 A; and d,) up
to 24mNm~', 5 A% 50 uL of a 2 mmolL~' FnHm solution were spread,
except for FI0H16 (60 pL).

second increase in pressure, up to ~23 mNm™'. Figure 6 ex-
emplifies typical BAM snapshots of an F8H20 film; the
pressures at which the images were taken are indicated on
the isotherm of Figure 7.

During the first pressure rise (~30-34 A?), a rather uni-
form light gray phase is seen on the images (Figure 6a,
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Figure 6. BAM images taken during compression of a film of F8H20 at
the air/water interface. The size of the micrographs is 500 x 600 um?;
60 uL of a 2 mmol L™ diblock solution were spread.

taken at pointa in Figure 7). At 30 A2 a brighter upper
phase appears on top of the monolayer and progressively
develops upon compression across the plateau (see, for ex-
ample, Figure 6b, which corresponds to point b in Figure 7).
Upon further compression, a densification of the upper
phase is seen. At the end of the coexistence plateau
(=11 A2, point ¢ in Figure 7), a still brighter upper phase is
seen that completely covers the lower phase (Figure 6c¢).
Remarkably, when pressure is further increased (beyond
15 mNm™'; points d and e in Figure 7), cracks appear (Figur-

35+ /’k 416
— n
T 30 1145
c 143

i =
z 25 i 1123
@ 20 . 5
%15» 8
& 10 3
» 04
5 : : 2

10 15 20 25 30 35
Molecular Area (A?)

(4]

Figure 7. Surface pressure (@) and film thickness (o) as a function of mo-
lecular area for films of FSH20 (60 uL of a 2 mmol L™ diblock solution
spread on water). Surface pressures prior to compression were around
1.5mNm™". The letters a—e indicate the molecular areas at which the
BAM snapshots of Figure 6 were taken, and i—k the film thicknesses at
various A values (see text).
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e 6d,e), followed by the appearance of zones of the initial
lower gray phase, which indicates disruption of the upper
layers. When the film is allowed to expand again down to
~0mNm™, the light gray lower phase of Figure 6a eventu-
ally reappears (Figure 6 f).

The variation of the thickness of the film of F8H20 as a
function of molecular area is shown in Figure 7, in which the
number of molecules deposited at the interface was such
that the maximum and minimum reachable molecular areas
were ~33 and ~8 A2, respectively. Under these conditions,
the thickness of the film increases from (4.4+1) to (11.1+
2) nm (points i and j in Figure 7) when the pressure increas-
es from a few to ~15mNm . The value of 4.4 nm is close
to the length of the fully extended F8H20 diblock (3.90 nm).
The value of 11.1 nm is about three times the height of the
initial film. Then, when the pressure further increases from
~15 to ~30mNm™!, the thickness of the film reaches
~(14.7£1) nm (point k in Figure 7), which corresponds to
about four to five times the length of the diblock.

In the case of FI0H16, separate BAM experiments (with
increasing amounts of diblocks) were run to investigate the
first collapse and the coexistence plateau, to explore the
highest reachable surface pressures (during the second pres-
sure increase), and to probe reversibility.

The first compression experiment (Figure 8 A) was con-
ducted with F10H16 between molecular areas of 38 and
8 A2, the range of A values allowed for the amount (40 uL
of a 2mmolL™" solution) of material deposited (Fig-
ure 8 Aa—e). At molecular areas approaching the first pres-
sure lift-off (~38 A2, pointa in Figure 9), FI0H16 forms
large domains on the surface of water that have a typical
liquid condensed-like aspect, that is, sharp edges and high
optical density (Figure 8 Aa).

During the first pressure rise (30-34 A?), these domains
cover the whole observation field, and a uniform light gray
phase is seen in the images (Figure 8 Ab, which corresponds
to point b in Figure 9), which is comparable to that seen for
F8H20 at the low pressures. At 30 A? (the collapse of the
monolayer, point ¢ in Figure 9), bright dots start to appear
(Figure 8 Ac) that reflect punctual increases in film height.
Beyond this first collapse, as further compression is applied,
these dots become more numerous and larger (Figure 8 Ad,
point d in Figure 9). An upper layer is observed to develop
that progressively covers the initial monolayer (Figure 8 Ae,
point e in Figure 9).

The second compression experiment (Figure 8B) was de-
vised to explore the higher surface pressures. Therefore, a
larger amount of diblock (60 puL instead of 40 uL of the
2 mmol solution) was deposited, which allows a surface pres-
sure of ~30mNm™' (isotherm indicated by triangles in
Figure 9) to be reached. Figure 8Bf (16 mNm™', 6 A%, corre-
sponding to point f in Figure 9) is essentially identical to Fig-
ure 8 Ae, but further compression results in the appearance
of an increasingly dense maze of fiberlike structures (Figur-
e8Bg: 20mNm™', 5A2 pointg; and Figure 8 Bh:
22mNm™!, <5 A2 point h), which was not seen in any of
the BAM images of the F8H20 films.
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Figure 8. BAM images taken during compression and expansion of a film
of F10H16 at the air/water interface. A) First compression experiment
between A=38 and 8 A? (40 uL of a 2mmolL"" solution). The lower-
case letters indicate the molecular areas (shown on the isotherm of
Figure 9) at which the selected snapshots were taken. B) Compression of
a larger amount of material (60 uL of a 2 mmolL"" solution), which al-
lowed investigation at higher pressures. C,D) Expansions of the films
imaged in (A) and (B), respectively. The size of the micrographs is 500 x
600 pm”.
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Figure 9. Surface pressure as a function of molecular area for F10H16
films for two amounts deposited (@: 40 pL, and v: 60 pL, of a 2 mmol L™
solution). Average film thickness (0) as a function of molecular area for
F10H16 films (60 pL of a 4 mmolL™" solution deposited). Thin arrows
and letters: points at which BAM images were taken during compression
(a-h); broad arrows: during expansion (i-j’).

Film expansion experiments were performed starting both
at 1ISmNm™!, 5 A, in the first experiment (Figure 8C) and
at 30mNm™, 4 A, in the second (Figure 8D). When the
film is allowed to re-expand from the end of the plateau
(A=~5A? in Figure9), the upper domains progressively
disappear, as seen in Figure 8 Ci at 8 A? (point i in Figure 9).
Eventually, at ~30 A?, the upper domains have completely
disappeared and the initial uniform light gray lower phase is
seen again (Figure 8 Cj and j’; 10 min have elapsed between
points j and j). When expansion is achieved starting from
the highest pressures (30 mNm™), one likewise observes
progressive disappearance of the upper maze (Figure 8 Dk)
until the initial light gray lower phase re-appears (Figur-
e 8D1). Both expansion experiments establish the reversibili-
ty of the 2D/3D transitions.

The variation of the thickness of F10H20 films is shown
in Figure 9. The initial value of the film thickness is ~(3.4+
1) nm, which is in good agreement with the length of the
fully extended F10H16 diblock (3.66 nm). At the end of the
2D/3D coexistence plateau (pointe in Figure 9), the film
thickness is ~(9+2) nm, the pressure remaining essentially
constant at ~12 mNm™!. As found for FSH20, the thickness
of the film at the end of the plateau is about three times its
initial thickness. It is noteworthy that the thickness of the
film after its expansion is 3 nm, which is similar to its value
before compression. Further compression (see Figure 9,
squares) causes the thickness of the F10H16 film to increase
well above 15 nm, the limiting value obtained for FSH20
films.

AFM of transferred FnHm diblock films: It has previously
been established that FnHm diblocks self-assemble into reg-
ular arrays of surface micelles when spread as monolayers at
the air/water interface,™ or when deposited on a solid sur-
face using Langmuir-Blodgett™ or spin-coating tech-
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niques.* AFM monitoring was essential for achieving the
prime objective of this work, namely to investigate the 3D
structures that build up upon compression of the monolayer
of surface hemimicelles beyond its collapse. F8H20 was se-
lected for this study because it allows compression at the
highest pressure values.

When transferred during the first regime of compression,
that is, at 7 <14 mNm™" at 25°C, all the films of F8H20 ex-
hibit the expected characteristic pattern of surface hemimi-
celles, each with a diameter of ~35nm and a height of
~3nm (Figure 10). As long as the surface pressure is low,
the number of elongated micelles is limited, in agreement
with the literature.™

Figure 10. AFM image (1x1um?) of a film of F8H20 compressed at
3mNm ™' and transferred onto a silicon wafer. Inset: Magnification of
the hexagonal array of surface micelles.

Figure 11 shows AFM images taken beyond the collapse
of the monolayer, at the beginning of the 2D/3D coexistence
plateau, for F8H20 films transferred onto a silicon wafer at
25°C. At the beginning of the plateau (~14 mNm™,
~27 A?), the carpet of surface micelles is still observed (Fig-
ure 11a). The micelles are, however, packed more closely
than in Figure 10, and are somewhat deformed from circular
to faceted (inset of Figure 11a’}); the number of elongated
micelles has increased, as reported in ref. [30]. The new ob-
servation is that some higher aggregates are now seen,
which were not present at lower surface pressures. The
large-field images display many such aggregates (Fig-
ure 11a,). The height of the upper aggregates above the
carpet of hemimicelles (as determined on 20 separate ob-
jects) is ~(6+1) nm (the height of the hemimicelles remain-
ing (3+1) nm). A first indication that the upper aggregate
domains lie on top of the monolayer of hemimicelles is, for
example, provided by Figure 12a’, in which partially cov-
ered micelles can be seen under the rim of these domains.

When the films are transferred at a molecular area that
corresponds to about the middle of the coexistence plateau,
the upper aggregates form large, micrometer-sized domains.
The profiles show that their height remains essentially con-
stant (~6 nm) and that, in spite of their rugged aspect, the
rugosity of their surface is low (less than 1 nm, about the
precision of the AFM z measurements; Figure 12). The sur-
face presents irregular circumvolutions. It is seen in Figur-
e 12 a, that the upper aggregates do not consist of layers of
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Figure 11. AFM images: a,) 5x5 pm® and, at a larger scale, a'y,a’,) 1x
1 umz, of a film of F8H20 diblocks after transfer onto silicon wafers at
the beginning of the 2D/3D coexistence plateau (~14 mNm™", 27 A?%); the
inset in (a’,) shows a magnification of the carpet of surface micelles. The
indices (h) and (p) refer to the height and phase images, respectively. To
the right are the corresponding AFM height profiles taken between the
two arrowheads shown in the corresponding AFM images.

surface micelles, which means that the diblocks have been
rearranged in a different type of assembly.

At the end of the plateau, the upper domains cover
almost completely the surface of the film, thus forming an
essentially continuous layer. However, even before the film
of micelles is entirely covered by the 6-nm-high upper layer,
it is seen that the 3D phase begins to further increase in
height at certain spots. At 25 mNm™', that is, in the second
increase of surface pressure, this additional level of domains
(height above the monolayer of micelles: ~12 nm) develops
that coexists with the previous 6 nm one (Figure 13).

At 35mNm™', the upper phase of FSH20 becomes still
higher in some spots (from ~20 up to 80 nm, see arrows in
Figure 14a,) and becomes significantly more chaotic. This
suggests that the upper phase undergoes general disruption
with some protruding stacking of film fragments as part of
its collapse process. Most interestingly, the lower monolayer
of hemimicelles can be seen again in some areas, which sup-
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Figure 12. a) AFM images (1x1 um?) of a film of F8H20 diblocks after
transfer onto silicon wafers in the middle of the coexistence plateau (at
~14mNm™', 20 A%). The indices (h) and (p) refer to the height and
phase images, respectively. To the right is the height profile taken be-
tween the two arrowheads shown in image (a,). White arrows in (a’,) in-
dicate examples of hemimicelles partially covered by a protruding upper
domain.
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Figure 13. Height (a,) and phase (a,) AFM images (2x2 pm?) of a film of
F8H20 diblocks after transfer onto silicon wafers at a pressure of
25mNm . Under the images are the corresponding AFM profiles mea-
sured between the two marks shown in the height image: a) black and
b) white arrowheads.

ports the notion that disruption does not affect this mono-
layer. In particular, the diameter of the surface micelles is
essentially unchanged. Instead of the areas of nude wafer
usually seen when a Langmuir film collapses, the carpet of
hemimicelles (3 nm in height) is again clearly and consis-
tently visible.
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Figure 14. Height (top) and phase (bottom) AFM images (a: 2x2, b: 1x
1 um?) of a film of F8H20 diblocks after transfer onto silicon wafers at a
pressure of 35 mNm™". The white arrows in (a,) indicate higher aggre-
gates (up to 80 nm). Under the images are the corresponding AFM
height profiles taken between the two arrowheads in each height image.

The AFM images of films of F1I0H16 (also transferred at
25°C) are substantially different from those of films of
F8H?20. Spectacular images were obtained at the end of the
coexistence plateau (at 12 mNm™', A~10 A?). In the large-
scale image (Figure 15a,; 12x 12 um?), the surface is almost
completely covered by well-developed entangled dendritic
inflorescences. These structures start developing from pre-
cisely identifiable nodes or nuclei (see white arrows in Figur-
e 15a,) and have a consistent height of about 20-30 nm (see
also the 3 x3 um? image, Figure 15b,). These dendritic struc-
tures have a striated, crystalline aspect (Figure 15¢;).

Again, a carpet of hemimicelles is consistently seen in the
background under the leaflike structures. The AFM phase
images show clearly the superimposition of the two types of
self-assemblies that coexist in the films (Figure 15c,).

Transfer of F10H16 films at the beginning of the plateau
(20-25 A%, 12mNm ') was attempted. Dendritic structures,
comparable to those found at the end of the plateau but
smaller in size, were expected. However, AFM experiments
(see Figure 1 in the Supporting Information) only revealed
the presence of surface micelles, similar in size and mor-
phology to those typically observed in the first regime of
compression. It may be that the smaller, not yet entangled,
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Figure 15. Height AFM images (a,: 12x12, b,: 3x3, ¢,: 1.5x 1.5 um?) of a
film of F10H16 diblocks after transfer onto silicon wafers at a pressure of
12mNm™ (A~10A?). c,) Phase image corresponding to (c;) (1.5x
1.5 um?). Under the images are the corresponding AFM height profiles.
Typical heights are measured between the two arrowheads shown in each
image.

dendritic nuclei are more labile and are eliminated during
the transfer.

Discussion

(F-alkyl)alkanes constitute a family of simplified model sur-
factants, devoid of polar head groups.'?*%! When spread
on water, these compounds spontaneously self-assemble into
surface hemimicelles. When reaching the first pressure lift-
off recorded on their Langmuir isotherms, their monolayers
consist of regular hexagonal arrays of such surface mi-
celles,**30-33341 a5 further confirmed by the AFM studies
reported here. Therefore, the present study really concerns
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the compression of monolayers of self-assembled objects
rather than of independent molecules.

We wanted to determine what happens to this array of
surface micelles upon further compression, whether these
objects and their arrangement resist compression beyond
monolayer collapse, whether they are still present within the
film that develops on the 2D/3D coexistence plateau, wheth-
er the reorganization that occurs on this plateau is reversi-
ble, and to determine the eventual fate of the surface mi-
celles when the multilayer collapses.

Compressing FnHm diblocks at the air/water interface—par-
tially reversible 2D/3D structural transformations: This
study establishes that the films of surface micelles of the
FnHm diblocks investigated here are compressible well
above their previously reported “collapse” pressure. The
compression isotherms of these diblocks all display the re-
markable feature of having two successive rises in surface
pressure, which leads to two successive collapses with a pla-
teau in between. However, the 3D structures that grow on
the plateau differ strongly, depending on the molecular
structure of the diblock. Self-assembled hemimicelles are ex-
pected to be labile, and therefore prone to reassembly in
different ways.

In the case of F8H20, at the collapse of the initially
formed monolayer, a bilayer starts nucleating on top of the
surface hemimicelles. This first “collapse” thus corresponds
to a 2D/3D transition in which the monolayer of surface mi-
celles experiences the growth of 3D domains the height of
which corresponds to a bilayer. This collapse is thus not of
the usually encountered type that corresponds to an irrever-
sible disorganization and loss of molecules, but relates to a
reorganization of the film from a monolayer to a composite
trilayer. During the reorganization process, individual di-
block molecules, or hemimicelles, need therefore to be ex-
pelled from the surface to form the upper layers. It is ex-
pected that, when deprived of their anchorage on water, the
hydrocarbon segments will tend to segregate to form an in-
ternal core and isolate themselves from the fluorocarbon
segments, whereas the latter would extend outwards, there-
by initiating the formation of a bilayer. The multilayer
(monolayer plus bilayer on top) develops on a large-molecu-
lar-area plateau (from ~30 to ~10 A), without significant
change in surface pressure. It is notable that the upper layer
is not a second layer of hemimicelles.

At the end of the plateau of the FSH20 m/A curve, the
surface pressure rises again, which means that the bilayer
has completely covered the carpet of surface micelles and is
being compressed. Still higher surface pressures can be ap-
plied (up to 48 mNm™ at 15°C in the case of FSH20),
which result in the development of a second bilayer on top
of the first. The latter may result from buckling and folding
of the first bilayer, as established in the case of phospholi-
pids.**2 Eventually, further compression leads to the rup-
ture and final “collapse” of the film, at which point frag-
ments of bilayer start piling up in the third dimension, on a
scale larger than the molecular scale. At this point, the ap-
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parently “indestructible” carpet of surface hemimicelles re-
appears consistently on the AFM images.

The 2D/3D transition is reversible until the middle of the
plateau, approximately. Further compression leads to signifi-
cant, irreversible loss of molecules, in line with the fact that
when the bilayer develops to a large extent on the carpet of
surface micelles, it becomes increasingly difficult, or takes
more time, for the film to re-expand.

BAM and AFM measurements of the heights of the films
made at the different stages of compression are in good
agreement. Both methods demonstrate that, starting from
an initial height corresponding to the diblock molecules’
length, the film reaches a height of about three times this
length at the end of the coexistence plateau. Then, the film’s
height rapidly increases to about five times the molecular
length during the second surface pressure increase. The
AFM images indicate that the collapse of the bilayer into a
double bilayer starts as soon as it is compressed, immediate-
ly after the plateau.

The behavior of films of F8H20 diblocks upon compres-
sion is summarized in Figure 16. The diblock chain orienta-
tions proposed maximize the favorable Fn—Fn chain and Fn
chain—air interactions, and minimize the unfavorable Fn-—
Hm chain interactions. The orientation of the diblocks in
their monolayers has been established by X-ray reflectivi-
ty.?*®! It has also been found for surface-frozen diblock
films and Gibbs films.’>>* The sublayers formed by the Fn
blocks are expected to be rather rigid and well organized,
whereas the Hm sublayers are in a liquid state.®!

The macroscopic behaviors of FI0H16 and F8H20 are
similar, with two pressure increases and a 2D/3D coexis-
tence plateau. However, the nanostructures revealed by
AFM are substantially different. Instead of forming a bilay-
er after the collapse of the monolayer of hemimicelles, the
F10H16 molecules expelled from the water surface form
large crystalline-like dendritic structures or inflorescences.
The height of these structures is typically ~20-30 nm. The
inflorescences were detected only when the transfers on the
silicon wafers were achieved at the end of the plateau. At
this advanced stage of compression the dendrites have
indeed grown enough to entangle and form a network,
which may help them withstand transfer onto the wafer. On
the other hand, no dendritic structures are detected when
the transfer was done at the beginning of the plateau. The
only structures seen under the latter conditions are the
usual, omnipresent arrays of surface micelles (see Figure 1
in the Supporting Information). At these early compression
stages, the dendrites that are most likely formed would still
be small and independent, and hence more easily drained
off during the transfer or more prone to disappear when
compression stress is released during transfer. The fact that
the isotherms of F10H16 are reversible until the middle of
the plateau also supports the view that the dendritic nuclei
remain small enough over a large range of molecular areas
such that they can be reintegrated in the carpet of surface
micelles during expansion. The observation of bright dots in
the BAM images of F10H16 (but not for F8H20) just at the
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Figure 16. Schematic representation of the behavior of F8H20 diblock
films when compressed at the air/water interface: a) during the first in-
crease in surface pressure; b) at the end of the monolayer/(monolayer+
bilayer) coexistence plateau; c) during piling up of a second bilayer
during the second pressure rise; and d) at the collapse of this pentalayer,
when bilayer fragments start stacking and the monolayer of surface hemi-
micelles reappears (not to scale).

beginning of the plateau (Figure 8 Ac) may be related to the
formation of the nuclei. Likewise, the upper bright maze
seen at 20mNm' (A~5 A% Figure 8Bg,h) could be the
BAM visualization of the large dendrites seen by AFM after
transfer when nearing the end of the plateau. F10H16 has
the highest F/H ratio among the diblocks investigated; the
rigidity of the F10 block appears then to take over the di-
block behavior. Eventually, the behavior of F10H16 rejoins
that of FSH20 in that the monolayer of hemimicelles is still
visible at the highest attainable pressures.
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Persistence of regular arrays of surface hemimicelles as part
of composite surface films: The self-assembly of F8H16 di-
blocks into surface micelles and the regular organization of
the latter on water have previously been established through
grazing incidence small-angle X-ray scattering experiments
performed directly on the surface of water at surface pres-
sures ranging from 0.5 to 7mNm™P" These hemimicelles
are circular, ~30 nm in diameter, independently of pressure
and compression conditions.*!! Their size after transfer onto
silicon wafers is very close to that measured on water.F"*!
They were qualified as “sturdy” on the basis that AFM
images could be recorded at very small scales without de-
struction.

A remarkable result of the present study is that a carpet
of hemimicelles is observed to remain present throughout
all the compression experiments and for all the diblocks in-
vestigated: 1) during the first compression regime, they pro-
gressively cover the surface of water and are seen on wafers
for any chosen pressure (forming a regularly patterned mon-
olayer; e.g., Figure 10); 2) hemimicelles with essentially un-
changed shape and size are seen in the AFM images under
the rim of the upper bilayer domains formed in the films of
F8H20 during the second compression regime (e.g., Fig-
ure 12a,"); 3) they are consistently seen in the background
behind the dendritic inflorescences formed by F10H16 (e.g.,
Figure 15¢, and 15c,); and 4)they eventually reappear
when nearing the second collapse, when the surface film of
F8H20 is disrupted during the second increase in surface
pressure. It can be added that the Fn chains of the upper bi-
layer are similar to air in terms of intermolecular interac-
tions,” and are not expected to perturb the carpet of mi-
celles significantly.

The unique, composite nature of the films of diblocks,
which comprise a highly organized layer of surface micelles
topped by 3D structures consisting of a more compressible
bilayer or double bilayer, or of crystalline-like inflorescen-
ces, constitutes a novel situation. The former system may be
viewed as an example of spontaneously formed Langmuir—
Blodgett self-assembly.

The present data confirm the outstanding sturdiness of
the monolayers of hemimicelles of FnHm diblocks, as these
micelles appear to withstand both compression episodes
without detectable changes in size and morphology (apart
from deformations from essentially circular to somewhat
hexagonal), which suggests their possible use as templates in
bottom-up elaboration of organized arrays of metallic or
polymeric nanostructures.

Organizing capacity of semifluorinated alkanes versus “com-
plete” surfactants: The recorded second collapse pressures
are unexpectedly high (up to 48 mNm ™ at 15°C for F8H20)
for molecules that have no hydrophilic polar head group
(and hence, no possibility of hydrogen-bonding or other in-
teractions stronger than van der Waals), and that are gener-
ally considered as being only weakly amphiphilic. FnHm di-
blocks display, however, substantial dipole-dipole interac-
tions.!*”! The surface tension reduction potential of FnHm di-
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blocks has indeed been evaluated to be on the order of 3—
SmNm™ only,® and is, at any rate, lower than the differ-
ence in surface tension between fluorocarbons and hydro-
carbons, that is, ~10 mNm ™. For F8H?20, the surface pres-
sures at which the film eventually “collapses” attain values
that are over two times larger than those measured for the
first collapse. The former values are comparable to those
typically measured for standard (or “complete”) surfactants
fitted with a hydrophilic polar head group.

The unanticipated observation that the simple “apolar”
FnHm diblock molecules can form stable and complex or-
ganized films on water implies that the parameters that de-
termine film organization and stability are not confined to
surface tension, but also include the outstanding capacity for
F-alkyl chains to promote self-assembly and ordering. In
doing so, they convert the compression of layers of mole-
cules into compression of arrays of self-assembled objects.
The hydrophobic interactions generated by F-alkyl chains
provide a powerful driving force, not only for stabilizing mono-
layers of FnHm diblocks at the air/water and air/solid inter-
faces, but also for driving and stabilizing the formation of
composite multilayers and other assemblies at these interfaces.

Conclusion

We have reported a number of unanticipated observations.
1) Monolayers of FnHm diblocks can be compressed far
beyond their documented “collapse”. 2) Rather than disso-
lution or random disruption, such compression results, in the
case of F8H20, in the building up of one, and eventually
two, superimposed bilayers on top of the initially formed
monolayer of surface micelles, and, in the case of the stiffer
F10H16, in the development of crystalline-like dendritic in-
florescences. 3) A large 2D/3D coexistence plateau exists
from ~30 to ~10 A2 between the monolayer of surface hem-
imicelles and the above 3D structures. 4) The building up of
the 3D film is essentially reversible up to the middle of the
plateau. 5) The final (irreversible) “collapse” of the films
occurs at remarkably high pressures, comparable to those
achieved for films of regular surfactants with polar head
groups. 6) A lower monolayer of self-assembled, regularly
organized surface hemimicelles is preserved throughout the
two compression events, without significant change in size
and morphology of the micelles, thus confirming their out-
standing sturdiness. 7) The films formed beyond the first col-
lapse are composite in nature, and comprise a bottom layer
of organized, compressed self-assembled objects topped, in
the case of F8H20, by one, and eventually a second, less or-
ganized bilayer(s) of diblock molecules, and, in the case of
F10H16, by dendritic inflorescences. 8) This article thus pro-
vides two examples of pressure-driven transformations be-
tween discrete self-assembled objects and different types of
assemblies of the same molecule within a surface film.
9) These observations further illustrate the outstanding self-
assembling capacity of perfluoroalkyl chains and their ca-
pacity to promote the formation of sturdy interfacial films.
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Experimental Section

Materials: The diblocks F8H16, FSH18, F8H20, and F10H16 were syn-
thesized according to ref. [55] and purified by repeated crystallizations
from methanol. Chemical purity (>99 %) was determined by TLC, NMR
spectroscopy, elemental analysis, and MALDI-TOF mass spectrometry.
Spreading solutions of FnHm (2 or 4 mmol L™") were prepared in analyti-
cal-grade chloroform (Aldrich). Water was purified with a Millipore
system (surface tension: 72.1 mN'm™" at 20°C; resistivity: 18.2 MQcm).

The lengths of the fully extended FnHm diblocks were calculated, by
using the formula /=1.306141.265m+3.26 (A),¥ to be 3.39, 3.65, 3.90,
and 3.66 nm for F8H16, FSH18, F8H20, and F10H16, respectively.

Compression isotherms: Surface pressure versus molecular area (7/A)
isotherms were recorded on a Langmuir minitrough (Riegler & Kirstein
GmbH, Potsdam, Germany) equipped with two movable barriers. The
surface pressure was measured by the Wilhelmy plate method. FnHm so-
lution (50 uL, 2 mmol L") was spread on the water surface (unless other-
wise specified) and 10 min were allowed for solvent evaporation. The
compression speed was kept at 5 cm?min~" for all experiments. The tem-
perature was regulated at +0.5°C. Each experiment was run at least
three times. Experimental errors were +0.5 mNm ™' on the surface pres-
sure values, and reproducibility on the molecular area values was
+0.5 A% The minimum compressibility values, C,=(—1/A;,)(dA/dx),
were calculated for the two compression regimes (see Table 1 in the Sup-
porting Information). The value of A at collapse and the minimal A
value were taken for the A, value, for the first and second increase in
surface pressure, respectively.

Langmuir-Blodgett films: The films of diblocks were compressed up to
the desired surface pressure and transferred (at constant pressure) onto a
silicon wafer, previously treated with piranha solution (concd H,SO,+
30% H,0, 3:1), by using the Langmuir-Blodgett technique (one mono-
layer transferred; lift speed: 1 mmmin').

AFM images: The transferred films were analyzed with an atomic force
microscope (Multimode AFM, NanoScope IV Controller, Digital Instru-
ments, Santa Barbara, CA) in tapping mode. The cantilever (Olympus)
was fitted with a 3-10 nm tip. The resonance frequency was 300 kHz and
the spring constant was 40 mN'm ', At least three different samples were
analyzed, and several positions were scanned on the wafer for each
sample. The error on measurements along the z axis was estimated at
+0.5 nm.

Brewster angle microscopy: BAM allows observation of monolayers di-
rectly at the air/water interface. When a light beam linearly polarized
parallel to the plane of incidence hits the air/water interface at an angle
of 53.15° (Brewster angle =arctan fy,./n,;, n being the refractive index),
essentially no light is reflected. However, when a monolayer is present at
the interface, light is reflected because the Brewster conditions are no
longer fulfilled. The water surface then appears dark and the thin film
lighter. The intensity of the reflected light is proportional to the thickness
(d) and refractive index (n) of the film. The refractive indices of the
FnHm diblocks (1.37 for F8H16, 1.38 for F8H18 and F8H?20, and 1.36
for FI0H16) were estimated with the equation n=(1.26 n+1.43)/(n+m),
1.26 and 1.43 being the refractive indices for a fluorocarbon and a hydro-
carbon, respectively.’**’! A Bam2Plus microscope (NFT, Gottingen, Ger-
many) equipped with a KSV Minitrough Langmuir system was used for
the experiments. The compression speed was 1.5 cm?min~' for capturing
snapshots, and 3.75 cm*min " for film-thickness monitoring. The amounts
of diblocks deposited were: 60 uL of a 2 mmol L™ solution of FSH20 for
the snapshots of Figure 6af, isotherm, and thickness profile; 40 uL of a
2 mmolL™! solution of FI0H16 for the snapshots of Figure 8 Aa—e and
Figure 8Ci—j’; 60 uL of the 2 mmol L™! solution for the snapshots of Figur-
e 8Bf-h and Figure 8Dk,1; 40 or 60 uL of the 2 mmol L' solution for the
isotherm measurements; and 40 uL of a 4 mmolL~" solution for the
thickness profile. Errors on the height measurements were estimated at
+1 or 2 nm, depending on the experiment.
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