JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Article

Occurrence, Shape, and Dimensions of Large Surface
Hemimicelles Made of Semifluorinated Alkanes. Elongated versus
Circular Hemimicelles. Pit- and Tip-Centered Hemimicelles
Guifang Zhang, Pascal Marie, Mounir Maaloum, Pierre Muller, Nicole Benoit, and Marie Pierre Krafft

J. Am. Chem. Soc., 2005, 127 (29), 10412-10419- DOI: 10.1021/ja0510515 « Publication Date (Web): 28 June 2005
Downloaded from http://pubs.acs.org on March 25, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Links to the 6 articles that cite this article, as of the time of this article download
Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja0510515

JIAICIS

ARTICLES

Published on Web 06/28/2005

Occurrence, Shape, and Dimensions of Large Surface
Hemimicelles Made of Semifluorinated Alkanes. Elongated
versus Circular Hemimicelles. Pit- and Tip-Centered
Hemimicelles
Guifang Zhang, Pascal Marie, Mounir Maaloum, Pierre Muller, Nicole Benoit, and
Marie Pierre Krafft*

Contribution from the Institut Charles Sadron (UPR CNRS 22), 6 rue Boussingault,
67083 Strasbourg, France

Received February 18, 2005; E-mail: krafft@ics.u-strasbg.fr

Abstract: The formation of large (~20—35 nm) surface hemimicelles in monolayers of semifluorinated
alkanes, C,F2,11CrnH2m1 (FNHM), observed after transfer onto silicon wafers, is a general phenomenon.
F6H16 and F8H14 exclusively form highly monodisperse circular hemimicelles, organized in a hexagonal
array. The other FnHm investigated form both circular and elongated hemimicelles. The longer FnHm is,
the larger the area fraction of elongated micelles; both the hydrocarbon block (H-block) and the fluorocarbon
block (F-block) affect this area fraction. The length of the elongated micelles increases with the total length
of the diblocks. The diameter of the circular micelles increases with the length of the H-block but,
unexpectedly, not with that of the F-block. Model calculations account for these observations. Close
examination of the circular micelles showed that they generally present a pit or a tip at their center. The
width of the elongated micelles is comparable to the radius of the circular micelles, suggesting that the
latter arise from a partition of elongated micelles, followed by coalescence of the edges of the resulting
fragments. The elongated micelles become shorter and fewer when surface pressure increases, further
suggesting a conversion of elongated into circular micelles. This conversion is reversible. The surface
pressure—molecular area isotherms do not present any feature that forebears the existence of hemimicelles.
The obtaining of stable surface patterns from simple, “nonpolar” molecular fluorocarbon/hydrocarbon diblocks
opens a new approach for producing featured nanostructures from organic templates.

Introduction be used to form features on large surface areas of substrates,
regardless of their nature and physical state (organic or
biological materials with complex three-dimensional shapes can,
in principle, be used). However, the use of self-assemblies of
organic molecules to produce templates for nanostructures has
30 far been hindered by insufficient control of the order, domain
Size, density of defects, and stability of these self-assemblies.
Various studies have been devoted to controlling pattern
formation from high molecular weight diblock copolymérs.

A current key objective of fundamental research is the design
of “meso-scale” systems that have a spatial dimension compa-
rable to the characteristic length of a physical, chemical, or
biological process that involves interactions with multiple
ensembles of molecules. Meso-scale system dimensions exten
from that of macromolecules to that of viruses and eukaryotic
cells (i.e., from~10 nm to~10 um).-? Meso-scale systems
are pivotal in the development of application domains, such as . o

. . . . . .~ Surface micelles, or more generally speaking “surface ag-
microelectronics (ultradense data storage media), microfluidic , ) . .

. . egates”, were found for copolymers with various hydrophilic
devices, sensors, nanoelectromechanical systems, and drug arﬁ

contrast delivery systems. Novel nanolithographic methods for h Olili(sésmdlljd',[ngt%()l}[’(f"vmfl tpyndlnle) qbua:ttlernarllzi:d W'thl alkyl
fabricating and patterning sub-100 nm featured nanostructures & cc>r PO y(tert-butylacrylate), polyg-butylacrylate}, poly-

are being developed based on the emergence of soft lithographi (Timlt(ethylsilox‘lalme)‘,?nd tpoly(eth;zll_inekoxidé)'.l'he fhydrophobic ¢
techniques (replica molding, microcontact printing, eté.A ock is usually poly(styrene). The known surface aggregates

promising alternative approach for further progress is the arel circlﬁs l(iGSO nm in diarr:jeter a(r;_d«S nm r;]igh),lrib_bongl K
formation of patterns via the self-assembly of molecules. Self- or lamella-like aggregates, depending on the relative bloc

assembly is more versatile than lithographic processes as it could

(4) Cox, J. K.; Eisenberg, A.; Lennox, R. Burr. Opin. Colloid Interface
Sci. 1999 4, 52—-59.

(1) Xia, Y.; Rogers, J.; Paul, K. E.; Whitesides, G. @®hem. Re. 1999 99, (5) Zhu, J.; Eisenberg, A.; Lennox, R. B.Am. Chem. S04991, 113 5583—
1823-1848. 5588.

(2) Kumar, A.; Abbott, N. L.; Kim, E.; Biebuyck, H. A.; Whitesides, G. M. (6) Li, S.; Clarke, C. J.; Lennox, R. B.; Eisenberg, @olloids Surf. A1998
Acc. Chem. Red.995 28, 219-226. 133 191-203.

(3) Odom, T. W.; Thalladi, V. R.; Love, J. C.; Whitesides, G. MAm. Chem. (7) Cox, J. K.; Yu, K.; Constantine, B.; Eisenberg, A.; Lennox, RL&gmuir
S0c.2002 124, 12112-12113. 1999 15, 7714-7718.
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Figure 1. Variation of the area fraction of elongated micelles in transferred films of FnHm as a function of (a) the length-dfltuk (for anH-block
of 16 carbons), and (b) the length of thkeblock (for anF-block of 8 carbons).

Figure 2. AFM images (250x 250 nm) of transferred monolayers of (a) F8H16, (b) F8H18, and (c) F8H20 transferred onto silicon wafers at3.mN m

length. Such polymer-patterned surfaces have been successfull)-ray diffraction (GISAXS; European Synchrotron Radiation
used as nanolithographic mask4® Low molecular weight Facility (ESRF), Grenoble), that the surface hemimicelles of
surfactants have also been shown to self-organize onto various=8H16 already exist on the surface of waltkthat is, they are
substrates (silica, gold, mica, and graphite) to yield circular not formed during the transfer. Despite the many studies that
aggregates, cylinders, or bilayéis1® These patterns are, have been conducted on Langmuir monolayers of semifluori-
however, quite small, their size being only5 nm wide and nated alkane¥)~22 the existence of such surface micelles had
~1 nm high, which is comparable to the size of three- not been anticipated.
dimensional surfactant micelles. The well-ordered, highly stable, hexagonally packed lattice
Perfluoroalkylated blocks provide an effective driving force of F8H16 hemimicelles may prove to be useful as a nanomask
for self-aggregation of amphiphilic molecules into molecular in the elaboration of patterned nanostructures. With this objec-
self-assemblies, such as micelles, vesicles, micro- and nanotutive in mind, it was necessary to investigate the generality of
bules!*15self-assembled monolayers (SAM&)as well as for the phenomenon, that is, whether other FnHm molecules also
the elaboration of infinite 1D chains and infinite 2D netwotks.  organize into surface hemimicelles and whether the shape and
We have established that, after transfer onto silicon wafers, dimensions of these hemimicelles could be controlled by varying

Langmuir monolayers of the semifluorinated alkangs1@216H33 the lengths of theF- and H-blocks. We present here an
(F8H16), consist of highly monodisperse surface hemimicelles investigation of the surface morphology of Langmuir mono-
having a diameter of 30 nm and a height of 3 #hilhe layers of a series of FnHm molecular diblocks with= 6, 8,

H-blocks of the F8H16 molecules are directed toward the and 10 andn = 14, 16, 18, and 20 after transfer onto silicon
substrate, while thé&-blocks are pointing outward, as shown wafers.

by specular X-ray reflectivity. The F8H16 hemimicelles form
well-ordered two-dimensional hexagonal arrays even for very

low surface pressures of transfer (i.e:1 mN nr1). More Circular versus Elongated Micelles: Influence of the
recently, we have shown, using grazing incidence small-angle Molecular Structure of the FnHm Diblocks. The observation

&) Park M. Harison . Chalkin P M- Reaister R. A~ Ad - by atomic force microscopy (AFM) of FnHm Langmuir
O e e D5e ot uoy ™ P M Register, R A Adamson, B-H. monolayers transferred onto silicon wafers established that all

(9) Goren, M.; Lennox, R. BNano Lett.2001, 1, 735-738. of the compounds investigated form surface micelles, hence,
(10) Meli, M.-V.; Lennox, R. B.Langmuir2003 19, 9097-9100.

(11) Manne, S.: Schaffer, T. E.. Huo, Q.; Hansma, P. K.; Morse, D. E.; Stucky, that surface micelle formation appears to be a general phenom-

Results and Discussion

G. D.; Aksay, |. A.Langmuir1997 13, 6382-6387. enon for semifluorinated alkanes in these conditions. For some
(12) Jaschke, M.; Butt, H.-J.; Gaub, H. E.; Mannel.&gmuir1997 13, 1381~ . . .

1384, of the FnHm diblocks, elongated (or wormlike) micelles (see
(13) Warr, G. G.Curr. Opin. Colloid Interface Sci200Q 5, 88—94. i i i i i
(12) Rioss, J. GTelrahedron2002 58, 41134131 Figure 2) were found to coexist with circular micelles of the

(15) Krafft, M. P. InHandbook of Fluorous Chemistrladysz, J. A., Horih,
I., Curran, D. P., Eds.; Wiley-VCH: Weinheim, Germany, 2004; pp478 (19) Fontaine, P.; Goldmann, M.; Muller, P.; FauM.-C.; Kolovanov, O.;

490. Krafft, M. P. J. Am. Chem. So@005 127, 512-513.

(16) Barriet, D.; Lee, TCurr. Opin. Colloid Interface Sci2003 8, 236-242. (20) Gaines, G. LLangmuir1991, 7, 3054-3056.

(17) Metrangolo, P.; Pilati, T.; Resnati, G.; StevenazziCArr. Opin. Colloid (21) Huang, Z.; Acero, A. A;; Lei, N.; Rice, S. A.; Zhang, Z.; Schlossman, M.
Interface Sci2003 8, 215-222. L. J. Chem. Soc., Faraday Trank996 92, 545-552.

(18) Maaloum, M.; Muller, P.; Krafft, M. PAngew. Chem., Int. EQ002 41, (22) El-Abed, A.; Pouzet, E.; Faurbl.-C.; Saniee, M.; Abillon, O.Phys. Re.
4331-4334. E 200Q 62, R5895-R5898.

J. AM. CHEM. SOC. = VOL. 127, NO. 29, 2005 10413



ARTICLES Zhang et al.

€
(=
£ 1404 a) g 291 (b)
8 1204 3 1204
= o
g 100 ‘E 100
= 80 2 80
S 60 g’ 60
S 40] S 401
e [s)
S 20] £ 20]
= (=]
6 7 8 9 10 14 15 16 17 18 19 20

Number of carbons in the F-block Number of carbons in the H-block

Figure 3. Variation of the length of the elongated micelles of FnHm as a function of (a) the length Bftifeek (for anH-block of 16 carbons), and (b)
the length of theH-block (for anF-block of 8 carbons).

w
o
—
O
~

28+

26+

24

22

15

14 15 16 17 18 19 20

Number of carbons in the H-block

6 7 8 9 10

Diameter of the circular micelles (nm)
Diameter of the circular micelles (nm)

Number of carbons in the F-block

Figure 4. Variation of the mean diameter (solid lines) of the circular surface micelles of FnHm as a function of (a) the lengtf-bfable (for anH-block
of 16 carbons), and (b) the length of thieblock (for anF-block of 8 carbons). Theoretical variations (dashed lines) are also shown.

Table 1. Characteristics of the Elongated Micelles Present in Table 2. Mean Diameter of the Circular Micelles in Transferred
Transferred Monolayers of FnHm Molecules, As Assessed by Monolayers of FnHm Molecules Measured with NanoScope
Image Analysis Software (D), Visilog Software (D), and Calculated (Dcaica) (S€€
part ¢ of Results and Discussion)
surface pressure area average average
FnHm of transfer (mN m=?) fraction (%) length (nm) width (nm) surface pressure
F6H16 5 0 0 0 FnHm of transfer (mN m~?) Dy (nm) D, (nm) Deateq (M)
F8H14 5 0 0 0 F6H16 5 30.1-0.2 25.3+0.8 22.5
F8H16 2 125-25 143.7£8.6 a F8H14 5 254 1.2 199+ 1.6 24.1
5 28+1.4 57.4+18.4 13.6+2.6 F8H16 2 35112 27.8+1.0 26.0
F8H18 2 9.7+ 4.6 132.3-32.8 a 5 305+12 246+23 26.0
5 7.8+14 109.2+7.4 17.2+ 1.7 F8H18 2 345-08 27.5+0.7 27.8
8 6.2+2.6 100.8+105 16.9+1.9 5 328+09 27.2+16 27.8
12 33+15 84.8+ 7.5 15.2+ 0.7 8 347+16 29.3t17 27.8
F8H20 5 10.4£ 2.3 121.9+124 20.6+3.1 12 33.6£2.0 29.1+3.0 27.8
18 28+1 118.0+ 15.8 18.4+2.8 F8H20 5 38.6-24 33.9+24 28.7
F10H16 5 55-15 100.3£20.1 17.2+1.7 18 358+ 25 28.7
10 1.6+0.8 80.8+ 5.9 10.7£ 1.6 F10H16 5 30.2£23 254+ 34 29.3
10 39.0£2.1 27.0£3.9 29.3

aCould not be determined.

type found in the transferred films of F8H16. To assess the effect films; they become more numerous with F8H20. Quantitative
of the molecular structure of FnHmM on the shape and dimensionsimage analysis determined that the elongated micelles become
of the surface micelles, we determined quantitatively, by image longer when the total length of the FnHm increases. Figure 3
analysis, the relative amount of elongated micelles present. Theshows that the longer th&- or H-blocks, the longer the
area fraction, average length, and average width of elongatedelongated micelles.
micelles formed are displayed in Table 1. The length of the  Circular Micelles: Size and Organization. (a) Diameter
elongated micelles was determined by measuring the length ofof the Circular Micelles. Table 2 collects the average diameters
their backbone. of the circular micelles as measured with the usual NanoScope
It can be seen that the shortest FnHm (F6H16 and F8H14) software and with the Visilog image analysis software. The
exclusively form circular micelles. For the other compounds, NanoScope software only provides a mean diameter for the
the area fraction of elongated micelles ranges fre18 to domains present, whether circular or elongated, indistinctly.
~12.5%. Figure 1 shows that, at a given surface pressure ofVisilog, which allows removing the elongated micelles from
transferzy (5 mN m1), the relative proportion of elongated the investigated field, provides an analysis of the circular
micelles increases with the length of both thélock and the micelles only. The Visilog datal(;), which are significantly

H-block. lower than the Nanoscope valués), are, therefore, expected
Figure 2 illustrates the effect of the overall FnHm length on to better reflect the actual values.
the occurrence of elongated micelles. Figure 4 displays the variations of the mean diameter of the

While circular micelles are present almost exclusively in films circular micelles as a function of the lengths of theblock
of F8H16, some elongated surface micelles are seen in F8H18and H-block.

10414 J. AM. CHEM. SOC. = VOL. 127, NO. 29, 2005
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Figure 4 shows that increasing the length offelock, while
keeping theH-block’s length constant, has surprisingly little
effect on the diameter of the micelles. On the other hand, this
diameter increases strongly with the length of Hwblock (at
constant-block length). Consequently, for a given total chain
length, increasing the weight of tHe-block in the molecule
results in a decrease in micelle size. Thus, at 5 mN, rthe
diameter of the micelles formed by F6H16 (25:30.8 nm) is
larger than that formed by F8H14 (19491.6 nm).

In the case of partially fluorinated carboxylic acf@she mean
diameter of the surface micelles, as assessed using the Nano- Surface pressure of transfer (mN m’)

Scope software, also increased with theéblock’s length and nglh{(fjelfo'- Vaf?t'i:%“HTghg diﬁmﬁer OfCifCU}af n}ice"efstﬂqade fffom F8H16
did not change with thé-block’s length. Qualitatively, the (()Sfotr'an'sr;gz_an (dashed line) as a function of the surface pressure
shape of the micelles was reported to change from circular to

so-called “irregular”. The average diameter of the surface surface micelles progressively come closer together during
micelles formed by FBH16COOH33 nm) was similar to that ~ compression; that is, their arrangement becomes more compact,
of surface micelles of F8H16 (306 1.2 nm) when measured  but their diameter does not change. Importantly, no coalescence
using the NanoScope software in this work. between micelles was ever observed to occur, even at the highest

Several points need to be highlighted here. First, the diametersm: values.
of the circular surface micelles of semifluorinated amphiphiles ~ Grazing incidence small-angle X-ray diffraction (GISAXS)
(either semifluorinated alkanes or semifluorinated carboxylic experiments directly conducted on the surface of water also
acids) are much larger{20—35 nm) than those of the surface showed that the diameter of surface micelles of FSH16 was not
micelles formed by nonfluorinated surfactantss(nm)1+2The affected by variations of the surface presstire.
driving force for their formation is likely to be different. The (c) Model. We propose a disklike model that allows calcula-
fact that discrete curved objects are formed, rather than the flattion of the mean radius of the micelleR, In this model, the
monolayers observed with classical surfactants, is in itself interfacial area between the hydrocarbon and fluorocarbon layers
remarkable. It can be ascribed to the forced coexistence, withinwithin the surface micelleSntertace is being calculated (eq 1):
the hydrophobic tail, oF- andH-blocks, which have different
cross-sections. The packing of FnHm in a conventional flat Shterface= 7 (R~ LFnHm) +a (R=Legy) Lym =
monolayer would result in a lack of density in the hydrocarbon Sim X Nepam (D)
sheet within the monolayer. This lack of density is relieved by
the formation of aggregates, the bending of the edges towardWhere Lum, Lrn, Leanm are the lengths of the fully stretched
the interface, resulting in an increase of the density of the H-block, F-block, and FnHm molecule, respectively.
hydrocarbon sheet. Finally, it is remarkable that the organization =~ SiNC€Snwertacemust be equal to the product of the cross-section
into hemimicelles is driven solely by the hydrophobic segments, area of the FnHm diblockStnnm) by the number of molecules
not by the polar head. The formation of hemimicelles from (NenHm) that constitute one micelle, and sinNgmHm = Via/Vim
simple semifluorinated alkanes indicates that when a carboxylic (Vim is the volume of thé4-block), one obtains eq 2 that allows
headgroup is present in the amphiphile, it likely plays little or calculation ofR, knowing that $num = 28.3 A2.24
no role in the formation of hemimicelles.

Interestingly, the diameters of the hemimicelles involving (R— LF”Hm) T2 (R~ Led) Lym =
small semifluorinated molecules are comparable to those of  Searm{[(R~ L)’ Lum T 72 R = Lennn) L™ +
surface micelles obtained from block copolymers several orders 213L, Vet (2)
of magnitude larger. These diameters fit well within the
presently accepted range of sizes desired for organic templates Figure 4 shows that the calculated diameter values are in good
intended for the elaboration of nanostructures. agreement with the experimental values. In particular, the model

Hexagonal arrays of similarly sized circular hemimicelles of adequately reflects the fact that increasing faklock length
F8H16 and F8H18 have also been observed when the mono-does not increase the micelle’s diameter in any substantial way.
layers were transferred onto glass plates rather than silicon Pit-and Tip-Centered Micelles.Close scrutiny of the AFM
wafers. The fact that the morphology of the patterns does notimages of the circular micelles shows that their surface is not
depend on the nature of the substrate is another point offlat. In most cases, they exhibit a pit at their center, that is,
resemblance of semifluorinated compounds with diblock co- they have a doughnut-shaped morphology. In other cases, they
polymers. By contrast, the shape of the patterns formed by present a tip at their center. Figure 6a shows an AFM image of
standard surfactants in self-assembled monolayers is stronglysurface micelles of F8H18 (transferred at 8 mNYjrshowing
influenced by the nature of the substréte. pits. The pit is clearly visible on the AFM profile analysis. The

(b) Influence of the Surface Pressure of Transfer on depth of the pit could, however, not be determined quantitatively
Circular Micelles. Figure 5 shows that varying; does not ~ due to the limitations of the AFM method (probe size,
influence the diameter of the circular micelles significantly. For convolution by the AFM tip). It can also be seen in Figure 6a

all of the FnHm compounds investigated, it was found that the that some of the doughnut-shaped micelles are not totally closed
up, as if the formation process had remained incomplete. Figure

20

Diameter of the circular micelles (nm)

4 6 8 10 12

N

(23) Kato, T.; Kameyama, M.; Ehara, M.; limura, K.ilangmuir 1998 14,
1786-1798. (24) Lo Nostro, P.; Chen, S. Phys. Chem1993 97, 6535-6540.
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Figure 6. AFM images (336x 336 nm) of films of F8H18 transferred at (a) 8 mN#and (b) 12 mN m. Below each panel are the corresponding image
analyses of the AFM profiles along the solid lines shown in the images, as well as schematic representations of surface hemimicelles displatying (a) a p
and (b) a tip at their center. In (a), the arrows show doughnut-shaped surface micelles that are not completely closed up. In (b), the solid arrow shows
an elongated micelle, and the dotted arrows show micelles with a tip at their center that may result from the protrusion of one of the edges during
curling.

6b shows an AFM image of surface micelles of F8H18 Scheme 1. Schematic Representation of the Partition of an
transferred at 12 mN . In this case, the profile analysis shows ~Elongated Micelle (a) to Yield Formation of (b) a Pit-Centered

. ; . ...... Micelle and (c) a Tip-Centered Micelle, Depending on the
the presence of a tip at the center of the micelles. The possibility conditions of Transfer

of these features (pits or tips) being artifactual can be discarded
because they were observed reproducibly and because they are
reproducibly located at the very center of the micelle. / b

To our knowledge, this is the first observation of such
morphologies in surface micelles. It was, therefore, desirable

to get some insight on the mechanism of formation of these
surface micelles. Mastering micelle morphology is, indeed, a \
key issue when the objective is to use them as templates for a c
the elaboration of nanostructured materials.
Mechanism of Formation of Surface Micelles. (a) Conver-
sion of Elongated Micelles into Spherical MicellesThe AFM surface pressures of transfer would induce the formation of pits,

images suggest that the circular micelles likely originate from While high surface pressure would favor the formation of tips.
elongated micelles that have partitioned into smaller segments.This is indeed the case for F8H18 (Figure 6).
In support of this hypothesis is the observation that the width  (b) Influence of the Surface Pressure of Transfer on the
of the elongated micelles is close to half the diameter of the Area Fraction and Length of the Elongated Micelles.To
circular micelles (Tables 1 and 2). This observation is valid for determine whether elongated micelles can convert into circular
all the FnHm molecules and under all the surface pressuremicelles, we have investigated whether the relative proportions
conditions investigated. The segments that result from the of elongated versus circular micelles were sensitive to the
sectioned elongated micelles may then curl and their two surface pressure of transfer.
extremities fuse together, thus forming pit-centered micelles, Figure 7a shows that the higheris, the smaller is the area
as shown in Figure 6a (see also Scheme 1). In certain casesfraction of elongated micelles (see also Table 1). It was also
the curling of the segments is not complete, resulting in the found that the length of the elongated micelles decreases with
formation of open doughnut-shaped structures. It may also the surface pressure (Figure 7b). In addition, when the mono-
happen that the two extremities of the sectioned elongatedlayer was allowed to re-expand following compression, the area
micelle do not curl in the same plane, one of them staying in fractions and lengths of elongated micelles were found to be
contact with the substrate while the other extremity spirals comparable to the values found before compression. This
upward. This may result in the formation of a tip-centered indicates that a dynamic conversion process of the elongated
micelle (Figure 6b and Scheme 1). micelles into circular micelles is at work, the former ones
It can be inferred that the conditions of transfer should disappearing to the benefit of the latter ones when surface
influence the occurrence of pits or tips in surface micelles; low pressure increases, the phenomenon being reversible.

10416 J. AM. CHEM. SOC. = VOL. 127, NO. 29, 2005
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161 +70- diblock used, but also the compound having the shortest
14 160 F-block), all the FnHm investigated form stable Langmuir
12] 1501 monolayers.

140
130
120
110
100

90|

80

T T T v v v 70+ T T T T
2 4 6 8 10 12 2 4 6 8 10 12

The collapse pressures,, range from~12 to 22 mN nt?.
The longer the FnHmM molecule, the highey and the more
stable the monolayer. When comparing diblocks of the same
total length, it is that compound with the longésblock that
always gives the most stable monolayer. Thus, F8H14 forms a
stable monolayer{, = 12 mN nT1), while FEH16 progressively
desorbs from the water surface during compression. Also
Surface pressure of transfer (mN m’) Surface pressure of transfer (mN m'") :I:Igatiztlve ' the fact that f 10RLS ha% higher than that of

20 vs 15 mN n1i, respectively).

Figure 7. Variation of (a) the area fraction and (b) the length of the . .
elongated micelles as a function of the surface pressure of transfer for F8H18 E).(CGpt for F6H16, all of the isotherms d'SP'ay compa_rable
(solid lines) and F10H16 (dotted lines). limiting molecular areasAp) of 31 4 0.5 A2 This Aq value is
significantly lower than those found fquartially fluorinated
24- carboxylic acids, GFan+1(CH2)mCOOH ( = 8, 10; m = 10,
16, 22), which typically range from 35 to 40?A325By contrast,

*:\ % FEH16 the Ag values of FnHm are only slightly larger than those
k

Area fraction of elongated micelles (%)
Length of elongated micelles (nm)

—v— F8H14 commonly measured fqrerfluoroalkylated surfactants (2928
—o— F8H16 which, in turn, is very close to the usually accepted value for
%1 . ¥\: T reHis the cross-section of a perfluorinated chain (28.3.%& In
Langmuir monolayers, the liquid condensed (LC) phase struc-
tures of perfluoroalkylated carboxylic acids, perfluoroalkylated
alcohols, or perfluoroeicosane all consist of molecules vertically
packed in a well-organized 2D hexagonal lattice with a unit
cell area of~29 A2 as determined by grazing incidence X-ray
diffraction 26

The larger disorder commonly observed in the packing of
partially fluorinated amphiphiles, as compared to that of

Surface pressure (mN m™)

27 28 29 30 31 32 34 perfluorinated compounds, is generally assigned to the combined
Molecular area (A% effects (1) of the cross-sections mismatch between the fluori-
Figure 8. Surface pressuremolecular area compression isotherms of the nated terminal chain and the hydrogenated spacer within the
FnHm diblocks at the air/water interface at 20. hydrophobic chain, and (2) of the repulsive interactions between
the dipoles associated with the £FCH, linkages. Such disorder
Surface Pressure-Molecular Area (z—A) Compression can result in the apparition of a liquid expanded (LE) phase in

Isotherms of FnHmM Diblock Monolayers. Figure 8 collects their phase diagram. The occurrence of such an LE phase is
the isotherms of the FnHm diblocks investigated. Although the inhibited for perfluorinated surfactants by the rigidity of the
isotherms of some of these compounds have been pub-F-chain?® The fact that simple FnHm molecules are better
lished18:20-22 the relative effects of thE- andH-blocks on the organized than semifluorinated carboxylic acids with similar
monolayer behavior have not been determined. Figure 8 showshydrophobic chains indicates that the polar head is also,
that, except for F6H16 (which, along with F8H14, is the shortest unexpectedly, a factor of disorder.
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Figure 9. Variation of the surface pressure (thin lines) and isothermal compressibility coefficients (heavy lines) as a function of molecular area for (a)
F8H16, (b) F10H16, and (c) F8H20.
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Table 3. Values of Surface Pressure and Molecular Area theH-block. The limiting molecular area of the FnHm molecules
Corresponding to Minimum Compressibility Values, Cspin, in FnHm is lower than those found for carboxylic acids that have similar
Langmuir Monolayers . . . . s

partially fluorinated hydrophobic chains, indicating that the

surface pressure molecular area CSpmin (x1073) .
EnHm (=10 mN m-2) 07 ) (14 mmN-) former compounds are better organized and that the polar head
Fenia 106 Y 16 is a factor of disorder.
F8H16 9.6 301 33 We also found that the circular surface micelles have a hole
F8H18 10.7 30.3 5.2 or a tip at their center, two morphologic features that had never
F8H20 15.7 28.4 32 been reported for any surface micelles. The width of the
F10H16 15.3 29.1 45

elongated micelles, when present, is very close to the radius of
the circular micelles. An interconversion between the two types

The isothermal compressibility coefficients (Cs) of FnHm ©f Obiects appears to occur, by which circular micelles are
monolayers were calculated fram-A isotherms according to ~ formed from elongated ones. This hypothesis is supported by
Cs= (—1/A)(dA/dr), whereA is the area per molecule and the fact that the occurrence of elongated micelles is reduced

the surface pressure (Figure 9). The minimum compressibility V1" _sulrface pressure of transfer is high. The phenomenon is
values, Cgin (Table 3), do not vary significantly with the ~"€versible.

molecular structure. These values, which range from 3.2 to 5.2  1he formation of stable, large nanometric surface hemimi-
x 103 m mN-L, are lower than those (56.2 x 103 m celles from simple fluorocarbon/hydrocarbon amphiphiles de-

mN-1) reported for partially fluorinated carboxylic acids of Veid of a polar head may provide a new approach to organic
similar F- andH-block length?s The compressional moduli (the ~ t€mPplates for the elaboration of metallic or polymeric nano-
reciprocal quantity of Cs), C$, range from 192 to 312 mN structures and deserve further investigation. X-ray-induced
m~1, indicating that the FnHm monolayers are in an LC state.  "adiolysis of metal ions present in the subphase of nonpatterned

It is noteworthy that the surface hemimicelles have no -angmuir monolayers is being explorédand the potential of
detectable effect on the surface pressiumeea isotherms, and the arrays of hemimicelles of FnHm diblocks as nanomasks
that their existence could not be inferred from the isotherms. USiNg this method is under investigation.

Conclusions and Perspectives Experimental Section
We have established that Langmuir monolayers of semiflu-  Materials. FnHm diblocks were synthesized according to ref 29 and
orinated alkanes (Fon+1CmHom+1 (FNHM, n = 6, 8, 10;m = were thoroughly purified by repeated crystallizations from methanol.

Chemical purity £ 99%) was determined by TLC, NMR, and elemental

14, 16, 18, 20), transferred onto silicon wafers, consist of surface ) A ! )
analysis. Polarization microscopy established that the compounds were

hemimicelles rather than of classical, laterally featureless ; . !

. . L crystalline when pure. Spreading solutions of FnHm (1 mmd! for
monolayers. T,he size of these hemimicelles 'S,m the 29 . LB transfer and 0.5 mmol t* for surface pressurearea isotherm
nm range, that is, much larger than those of the micelles obtainedmeasyrement) were prepared in analytical grade chloroform. Water was
from classical molecular surfactants. Depending on the molec- pyrified using a Millipore system (surface tensien72.1 mN nt at
ular structure of the FnHm diblocks, the hemimicelles are 20 °C; resistivity= 18.2 MQ cm).
circular or elongated. Increasing the FnHm length favors the  Monolayer Isotherms: Transfer of the Monolayers. Surface
formation of elongated micelles at the expense of the circular pressure versus molecular area—@) isotherms were recorded on a
ones. Highly monodisperse circular hemimicelles are formed Langmuir minitrough (Riegler & Kirstein GmbH, Potsdam, Germany)
by F8H16 and F8H20. When transferred at high surface equipped with two movable barriers (compression spee@.1 nnt
pressure, these hemimicelles form highly organized and stableMin * molecule®). The surface pressure was measured using the
hexagonal networks. It is remarkable that the hemimicelles do Wilhelmy plate method. Temperature was regulated at 20005°C;

not shrink nor coalesce and retain their circular shape when 22#L ©f FnHm solution was spread on the water surface and 5 min
was allowed for solvent evaporation.

compressed at surface pressures close to collapse, while the .

. . The monolayers were compressed up to the desired surface pressure
much smaller surface micelles formed by conventional surfa_c- and transferred onto a silicon wafer previously treated with a piranha
tants are deformed a_nd event_ually C(_)alesce upon compressiongqtion (concentrated 480, + 30% HO; 3:1), using the Langmuir
The diameter of the circular micelles is controlled by the length gjodgett technique (one monolayer is transferred: lift speetl mm
of theH-block, while the length of th&-block has no significant min~2).
influence. The formation of these surface micelles cannot be  AFM Images. The transferred films were analyzed with an atomic
predicted from the surface presstiraolecular area isotherms.  force microscope (NanoScope I, Digital Instruments, Santa Barbara,
However, the experimental data are in good agreement with aCA) in tapping mode. The cantilever (Olympus) was fitted with a very
model based on the fact that the interfacial area between thesharp tip (5 nm). The resonance frequency was 300 kHz and the spring
hydrocarbon and fluorocarbon layers within a circular surface constant 42 mN . At least three different samples were analyzed,
micelle is equal to the product of the cross-section area of the 2nd several positions were scanned on the wafer for each sample.
FnHm molecule by the number of FnHm per micelle. This Image Analysis.The mean values of the parameters that characterize

model allows prediction of the micelle diameter for a given the micelles (dlameter_ or W|dth,_ area, length, area fraction) were
. . . measured on the AFM images using the NanoScope software and the
FnHm. It also shows that the size of the micelles is only

) . Visilog Image Analysis Software (Noesis, Les Ulis, France). The
controlled by the density mismatch between fhélock and average values of these parameters and standard deviations (SD) were

calculated from the analysis of at least three images. The NanoScope

(25) Bernett, M. K.; Zisman, W. AJ. Phys. Chem1963 67, 1534-1540.
(26) Krafft, M. P.; Goldmann, MCurr. Opin. Colloid Interface Sci2003 8,

243-250. (28) Muller, F.; Fontaine, P.; Remita, S.; Fauk&-C.; Lacaze, E.; Goldmann,
(27) Harkins, W. D.The Physical Chemistry of Surface FilmReinhold M. Langmuir2004 20, 4791-4794.
Publishing Corp.: New York, 1952; p 135. (29) Brace, N. OJ. Org. Chem1973 38, 3167+3172.
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software allowed automatic determination of the mean diameter of the the desired domains, that is, circular or elongated, by filtering them
domains in the image, but did not allow discrimination between circular with a shape factor.

and elongated micelles nor calculation of their dimensions indepen-
dently. The digitized AFM images were analyzed with the Visilog

. A ; ) Acknowledgment. G.Z. thanks the French Minister of
Image Analysis Software using filtering techniques, a morphological Research for a Postdoctoral Eellowship. We also acknowledae
gradient method, mathematical morphology functions, and adaptive S N WShIp. S wiedg

thresholding® Visilog allowed determination of the parameters of both Ato!:ina for the gift of fluorinat.ed _p.recursors, and the_ Cen'Fre
circular and elongated micelles independently by extracting selectively National de la Recherche Scientifique (CNRS) for financial
support.

(30) Coster, M.; Chermant, J. Précis d Analyse d'Image$resses du CNRS:
Paris, 1989. JA0510515

J. AM. CHEM. SOC. = VOL. 127, NO. 29, 2005 10419



