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Atomic force microscopy observations of a (hydrocarbon guanidinium/fluorocarbon carboxylic acid) mixed monolayer
revealed that a nanoscopic phase-separated structure was formed by a combination of attractive interaction between
the oppositely charged head groups and repulsive phase separation of the hydrocarbon and fluorocarbon chains.

Nanostructures having dimensions of 1 t& bon are often
fabricated by a self-assembly process, as typically shown by the
nucleic acid helix, virus, and organelle in biological systems as
well as by artificially organized quantum ddts® Fabricating
nanostructures by taking advantage of phase separation ir
molecular layers is a fundamentally advantageous approach
because structural control arising from molecular diversity should
be versatile. Nanometer-sized domain structures of mixed
monolayer%’ may be candidates for the fabrication of novel
electrical and optical devices by the confinement of organic
functional molecules in a finite space. We have developed a new
approach for this purpose based on the control of interactions
among hydrophobic parts as well as among hydrophilic parts in
monolayer components.

Our strategy in this approach is described in Figure 1. From
atomic force microscope (AFM), lateral force microscope (LFM),
and electron microscope observations, the phase separation g
hydrocarbon and fluorocarbon components due to the surface
free energy difference is known to produce domains of submi-
crometers to micrometefs!” However, surface pressurarea
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Figure 1. Schematic drawing of the strategy in this study. The
mixed monolayer is sketched in a side view by a circle (hydrophilic
group: plus, cation; minus, anion) and a rectangle (hydrophobic
group: open, fluorocarbon; closed, hydrocarbon), as well as a bird’s
eye view. (a) Mixed monolayer composed of fluorocarbon and
hydrocarbon skeletons with the same ionic hydrophilic parts. In
certain cases, the counterionic polymer contains a subphase. (b)
Mixed monolayer composed of hydrocarbon amphiphiles with
opposite ionic hydrophilic parts involving a complementary hydrogen
bonding interaction. (c) Mixed monolayer composed of fluorocarbon
and hydrocarbon skeletons with opposite ionic hydrophilic parts.

measurements have indicated the molecular mixing of hydro-
carbon multicomponents in monolayéfdn fact, AFM observa-
tion and X-ray diffraction measurements demonstrated that
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Figure 2. Molecular structure of synthetic lipidk and 2.
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Figure 3. 7—Aisotherms of the mixed monolayer bfand2 with
different molar fractions.

monolayer components of 1-octadecylguanidinidrB/dbis-
(octadecyloxy)isopropyl orotat®and triacontanoic acid/nona-
cosylaminé®were molecularly miscible in a single phase through
the electrostatic and hydrogen bonding interactions. We conceived
that these opposing effects ofimmiscibility between hydrocarbon
and fluorocarbon skeletons and attractive interaction, both
electrostatic and hydrogen bonding, would be combined in
controlling 2D molecular mixing, resulting in the construction
of nanometer-sized phase-separated surfaces. We fabricated here
such a separated surface domain from the hydrocarbon guani-
dinium of 1 and the fluorocarbon carboxylic acid af(Figure

2).

The synthesis of has been described in elsewhéf@.was
synthesized through the esterification of glutamic acid with 1H,-
1H,2H,2H-perfluorodecanol followed by amidation with succinic
anhydride. The product was obtained as a white solid (20%, not
optimized): mp 94.9C (liquid-crystal phase)> 136.5-137.0
°C.1H NMR (CDCl3;, 300 MHz): 6 1.99-2.78 (m, 12H, 2CH
in the glutamate side chain, 2GEF,, and C(O)CHCH,C(O)),
4.37-4.54 (m, 4H, 2COOCH), 4.61-4.68 (m, 1H,a-H in
glutamate), 6.44 (d, 1H} = 7.5 Hz, amide H). Anal. Calcd for  Figure 4. Surface images of the 25:75 mold2 mixed monolayer.
CooH19NO;F34: C,30.57; H,1.68; N, 1.23. Found: C,30.64;H, (a) AFM and (b) LFM images were obtained simultaneously over
1.84 N, 1.24. a scan area of 6& 60 nn¥.

Abenzene/ethanol solution (80/20)laind2 at a concentration
of 8 x 10~*M was spread on pure water at a subphase temperature .
of 293 K. The monolayer was transferred onto a freshly cleaved Instrur.nen.ts, Japan). The AFM was operated in constant force
mica by the horizontal drawing-up meth&fter compressing ~ Mode in air at 293 K using a 2@m x 20 um scan head and a
to a surface pressure of 20 mN-fwhere the monolayer is in silicon nitride tip on a cantilever with a spring cons'tant of 0.022
a condensed state as shown in Figure 3. The transfer ratio wady M - Lateral force measurements were made simultaneously
unity, indicating that each monolayer was covered on mica. With the topographic measurement. To obtain the maximum LFM

Topographic images of the monolayer surfaces were taken Signal, t_he sample surface was scanneql along the direction
with an atomic force microscope (AFM, SPA300, Seiko Perpendicular to the long axis of the cantilever.

Figure 4a shows a 6@ 60 nn? top-view AFM image of the

(18) Gaines, G. L., Jrinsoluble Monolayers at Liquid-Gas Interfaces  (1/2) mixed monolayer with a molar fraction of 25:75, where the
'mefgzc)'%?gﬁi" yfvyr;(i’i’rk\’(_l;gfgt'o’ T.. Kuramori, M.: Suehiro, K.; Ariga, K;  Prighter and darker portions correspond to the higher and lower
Taguchi, K.; Kamino, A.; Koyano, H.; Kunitake, Laagmuir 1997 13, 519. regions of the monolayer surface, respectively. Round islandlike

(20) Gidalevitz, D.; Weissbush, I.; Bouwman, W. G.; Kjaer, K.; Nielsen, J. P i
A Letserowitz. L. 11006 12 1011, morphology was observed, with an 382 nm diameter (at the

(21) Kamino, A.; Koyano, H.; Ariga, K.; Kunitake, S bottom of the domain) and a height of 3t40.1 nm above the
1996 69, 3619. surrounding film. The area fraction of the circular domain and

(22) For subsequent studies, we adopted the horizontal drawing-up method, ; : ; . ;
which is of wide application. That is, it is capable of transfer even at 0 mN/m: the surrounding matrix agreed closely with the 1:3 molar fraction

Oishi, Y.; Kuri, T.; Takashima, Y.; Kajiyama, TThem. Lett1994 1445, of 1/2in the sample solution. The same image was observed over
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almost all of the mica plate. Previous observations by other groups
on mixed monolayers composed of hydrocarbon and fluorocarbon
skeletons gave phase-separated structures composed of domains
with diameters from 150 nm to @m.8-17 The current system
produced much smaller domains, and an AFM image of i (
mixed monolayer in a larger scan area ofx55 um? was
morphologically homogeneous.

Figure 4b shows an LFM image recorded simultaneously with
the AFM image of Figure 4a. The contrast in the LFM image
corresponds to the different magnitude of lateral force. The bright
partin Figure 4b corresponds to the region with the higher lateral
force, and the dark part corresponds to that with lower%itie.
is clear that the monolayer is composed of two regions different
in lateral force. Interestingly, parts a and b of Figure 4 show
opposite contrast to individual domains. Overney et8Briscoe
and Evang?and Kajiyama et al.reported that the lateral force
on the alkyl surface was lower than that on the fluoroalkyl one.
Therefore, we conclude that the regions of lower and higher
lateral forces are composediadind?, respectively, in agreement
with the assignment based on the molar fraction and the AFM
area fraction.

The domain size (diameter, about 18 nm) observed in Figure
4a was very close to the radius of curvature (manufacturer-
specified 20 nm) of the AFM tip. In such case, the finite size
of the tip causes a lateral deformation of the object imaged. We
therefore corrected the domain size by the equapr R, —

(2Rh — h?)¥2, whereRy is the real domain radius, is the
observed domain radius (at the bottom of the domé&nis the
radius of curvature of the AFM tip, artdis the domain height

on the assumption that the domain shape is a disc. The real
domain diameter in Figure 4a is estimated to be 11 nm on the
basis of the above correction. The number of molecules involved
in a domain of diameter 11 nm is estimated to be only 200 from
the molecular occupied area of 0.4fmmolecule tin the surface

pregsurearea isotherm, . . . Figure 5. AFM images of thel/2 mixed monolayer with molar
Figure 5a,b shows AFM images of the mixed monolayer with fractions of (a) 50:50 and (b) 75:25 over a scan area of 6&EDO
molar fractions of 50:50 and 75:25, respectively. The surface nne.

morphology of Figure 5a appears to be derived from assembled
circular domains. In Figure 5b, the higher flat surface with holes \,q1ecules in the region of the domain or matrix. Hence, the
of 12 nm diameter (at hole top) and 0.4 nm depth was observed.;yo i cial region between domain and matrix may increase; that

The area fractlpn of the two regions again closely agrees V.V'th is, the domain size decreases to reduce the repulsive energy. The

the molar fraction, and the area fraction of the higher region attractive effect of molecular recoanition throuah hvdrogen

increased with an increase in the content.ofhe heights from : . 9 gnh hydrog
bonding may also contribute to nanophase separation because

the mica substrate are estimated to be 1.1 and-071 nm for . - . .
the higher and lower regions, respectively, by artificially piercing ©f 1 @nd2 with complementary hydrogen bonding sites, which

a hole through the monolayer with an applied force stronger than 1S unclear at the present stage.
107° N. These heights are consistent with the thickness of the  In summary, nanometer-sized surface morphology has been
respective monolayer df and2. constructed in a mixed monolayer by a combination of the ionic
The size of the domain formed in this study is extremely small and/or hydrogen bonding interaction between the two polar head
compared with that of the previous examples of mixed Langmuir groups and the surface free energy difference between the
monolayef> composed of hydrocarbon and fluorocarbon skel- hydrophobic parts of the hydrocarbon and fluorocarbon. Control
etonsz® Phase separation by the surface free energy differenceqt gomain size from nanometer to micrometer in a phase-separated
for the hydrocarbon chain with a cationic hydrophilic part and monolayer may be achieved by varying the pH in the subphase

Lhe fluqrqcatrbt())_ll"_Q ct?ain with an alni_onic one causes ttr;]ermo- and/or the ionic strength in the hydrophilic part and also by
ynamic instability by excess repulsive energy among the Sameproper molecular design of the hydrophobic (including the alkyl

(23) The difference in lateral force is not due to a change in topography because
the lateral force curve shows the reversal of its magnitude depending on the  (26) The nanometer-sized domain, which is comparable to one obtained in this
scanning direction. Hence, the magnitude of the lateral force contains frictional study, is also formed by the spontaneous aggregation of fluorocarbon chains in

force and adhesive force contributions. a single-component system: Kato, T.; Kameyama, M.; Ehara, M.; limura, K.

(24) Briscoe, B. J.; Evans, D. C. _.]&82 380, Langmuir1998 14, 1786, Maaloum, M.; Muller, P.; Krafft, M. ;Angew. Chem.,

389. Int. Ed. 2002 41, 4331, Fontaine, P.; Goldmann, M.; Muller, P.; Fauxg;

(25) There have been several studies that exhibited nanophase separation iKonovalov, O.; Krafft, M. PJ. Am. Chem. So2005 127,512. Zhang, G.; Marie,
self-assembled monolayers: Bain, C. D.; Evall, J.; Whitesides, GLMD. P.; Maaloum, M.; Muller, P.; Benoit, N.; Krafft, M. Rl. Am. Chem. So@005
Ehamae0c1989 111, 7155. Bain, C. D.; Whitesides, G. M. Am. Chem. Soc. 127, 10412. Then, the formation mechanism is different from that in this study
1989 111, 7164. Tamada, K.; Hara, M.; Sasabe, H.; Knoll, Mdngmuir1997, based on phase separation. Our method in multicomponent systems is advantageous

13, 1558. with regard to structural control and applications of nanosized domains.
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chain length) and hydrophilic parts. The proposed method inthis ~ Acknowledgment. This research was conducted as part of
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