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Nanomechanical properties of free-standing reversed surfactant
bilayers, dried foam films (DFFs), were examined via AFM by
fitting local force—indentation curves with a Hertzian model. The
Young’s moduli of four kinds of bilayers were in a range of
10-30 MPa.

The mechanical properties of materials of nanometre dimen-
sions have recently attracted much attention. The properties of
inorganic materials including nanotubes, nanowires, and thin
films have been widely investigated in relation to sensors,
nanoelectronics and micro/nano-electromechanical — sys-
tems.'™ On the other hand, organic and organic-inorganic
composite free-standing thin films have advantages in the
flexibility as well as the versatility of the molecular func-
tions.>® Investigation of their mechanical properties has also
been very active in recent years.”'2 Atomic force microscopy
(AFM) has been used for the nanomechanical characterization
of thin polymer films on solid substrates.'>'* The technique
has also been applied to free-standing films of a few tens of
nanometres.!*!* Very recently, Jaeger and co-workers exam-
ined free-standing monolayers of close-packed gold nanopar-
ticles modified with dodecanethiol.'® They were surprisingly
robust with the elastic modulus of 3-39 GPa despite the
thickness of 9.4 nm.

We have reported that free-standing reversed bilayers of
surfactant remain after drying droplets of the surfactant
solution captured in micrometre-sized holes.!” We named such
bilayers “dried foam films” (DFFs), since the structure was
same as foam films without an interstitial water layer. These
films were stable even under ultrahigh vacuum conditions and
at temperature higher than 100 °C. Very recently, we reported
that silicon, carbon, and other metals and semiconductors
could be deposited on DFFs by various deposition techni-
ques.'” This will open the door for applications such as
sensing, catalysis and separation. However, their mechanical
properties have remained unclear. The question is why such
reversed surfactant bilayers with a thickness of a few nano-
metres are so stable. The objectives of the present paper are to
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characterize the structures of DFFs by AFM and to evaluate
their nanomechanical properties. Here, we report unexpect-
edly high stiffness of free-standing reversed bilayers as well as
their structures and thermal properties.

A TEM microgrid with a regular array of circular holes was
vertically dipped into an 8.2 mM aqueous solution of dode-
cylphosphocholine (DPC) and dried in air. By this procedure,
a small volume of the solution is captured in each hole, then
two Gibbs monolayers formed at the air—water interfaces
come close to each other during drying, and finally a surfac-
tant bilayer with a head-to-head arrangement of the hydro-
philic parts remains in each hole. Fig. 1A and 1B show SEM
images of the DPC films covering the micrometre-sized holes.
The films were not stable to the electron beam irradiation.
Therefore, a 2 nm-thick platinum layer was deposited on one
side of the films before observation. It is apparent that DPC
films uniformly cover all of the circular holes. The thickness
has been estimated to be 3.0 &+ 0.5 nm from our edge-bending
method of TEM measurement (see ESI{). From the molecular
length of DPC (2.0 nm), it was concluded that the films have a
reversed bilayer structure.!” In the present paper, AFM mea-
surements were conducted for the films covering holes of
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Fig. 1 (a) SEM image of DPC films formed in circular holes of
2.4 pm. (b) Enlarged image of one of the films. QUANTIFOIL®
microgrid (Q250-CR2) supplied by Electron Microscopy Sciences was
used as substrate. This microgrid has a holey carbon support foil on a
200 mesh copper grid. The nominal thickness of the foil is 12 nm.
However, the thickness at the edge of hole was 50 nm, as estimated by
SEM observation. (c) Schematic representation of AFM measure-
ments for DFFs in micrometre-sized holes.

954 | Chem. Commun., 2008, 954-956

This journal is © The Royal Society of Chemistry 2008



2.4 pm (or 1.2 pm) in diameter. In the force—displacement
measurements, the indentation depth was no more than 30 nm.
We used DPC and other three surfactants, dodecyltrimethy-
lammonium bromide (DTAB), octadecyldimethyl(3-tri-
methoxysilyl-propyl)ammonium chloride (C18NSi) and
1-dodecyl-3-methyl-imidazolium chloride (DMIC). Their
thicknesses are 2.5 &+ 0.5 nm, 4.7 & 0.6 nm, and 2.5 + 0.5
nm, respectively. The scales in the AFM measurements are
schematically illustrated in Fig. 1C.

AFM imaging was performed on a Seiko Instruments SPI-
4000 microscope in tapping mode in air. We used a silicon
nitride cantilever (DNP-S20 from Veeco) at a resonance
frequency of 114 kHz. The topographic images of the DPC
films are shown in Fig. 2. The films uniformly covered the
holes in the carbon foil. The film at the bottom left of Fig. 2A
was damaged during the observation. Therefore, the lower
two-thirds appeared dark. As shown in Fig. 2B, DPC films
were located in each hole at a depth of approximately 35 + 5
nm from the surface of the carbon foil. The thickness of this
foil was about 50 nm, as confirmed by SEM observation.
Therefore, DPC films are at a height close to the lower surface.
This deviation is probably due to the higher evaporation speed
of water at the upper surface. The high magnification image
revealed that DPC film was very smooth. The root-mean-
square (RMS) roughness was 0.22 nm in an area of 0.5 x
0.5 um? (Fig. 2C). These images were successfully obtained by
using a cantilever with a nominal spring constant of 0.06
N m~'. The films were readily damaged, when stiffer canti-
levers with a spring constant more than 0.2 N m™~' were used.
As might be expected, the contact mode was not available at
all. We should emphasize here that these are the first examples
of AFM imaging of free-standing surfactant bilayers in air.

The nanomechanical properties of surfactant bilayers were
examined on an AFM instrument produced by Asylum Re-
search (MFP-3D). The force—displacement curves were ob-
tained in air by using Olympus cantilevers with a spring
constant of 0.6-0.7 N m~'. For each cantilever, the spring

Fig. 2 AFM images of DPC films. (a) Topography image at 10 x 10
pm? (b) Topography image at 5 x 5 pm? and height profile corre-
sponding to the black line in the image. The location of a DPC film in
a hole is shown in a schematic view. (¢) High magnification topogra-
phy image of a DPC film. The substrates were QUANTIFOIL®
microgrid (Q250-CR1.3) with holes of 1.2 pm in diameter.

constant was calibrated by thermal methods.'® The nominal
radius of curvature of the tip was 10 nm. The force and depth
resolution was less than 0.02 nN and 0.3 nm, respectively. In
the force curve measurements, the approaching and retracting
frequency was kept at 0.01 Hz, which corresponded to the
speed of 4 nm s~ .

The deflection of the cantilever (d) is generally plotted as a
function of the sample displacement (Z).'*° If the specimen is
stiff, the deflection is proportional to the displacement while
the tip contacts the surface of the specimen. On the other
hand, soft specimens are readily deformed by the tip when the
loading force increases. Then, the indentation () is defined as
follows: 6 = Z — d. In the real experiments, the offset values,
dy and Z,, need to be considered, and the indentation is
described as follows: 6 = (Z — Zy) — (d — dp), where d is
the zero deflection of the cantilever and Z, is the contact
position. The elastic properties of surfactant bilayers were
analyzed with a Hertzian model.>""*> When the tip has a
parabolic shape, the relationship between elastic indentation
(0) and loading force of the cantilever (F) is described as
in eqn (1):

4 FE
F=3

maix/ﬁ (1

where F is Young’s modulus, v is the Poisson ratio (here v was
set to be 0.5), and R is the radius of curvature of the AFM tip
(10 nm). The deflection of the cantilever and the loading force
are related by Hooke’s law (F = k x d). Therefore, we have
eqn (2):

k(d — dy) =

VL VRZ - Z) - ) @)

(1-17)
where k is the spring constant of the cantilever. In our

experiments, the Z, position was defined as the point
with maximum attractive force. Experimentally-obtained
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Fig. 3 Force-indentation curves of various DFFs (black lines), their
curve fitting by using the Hertzian model (red lines) and structures of
surfactant molecules (DPC, DTAB, CI18NSi, and DMIC). The force
values were adjusted in such a way that the fitting curve gave the
minimum value (zero) at the contact point. The substrates were
QUANTIFOIL® microgrids with circular holes of 2.4 um in diameter.
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Table 1 Properties of four surfactant molecules and their films

Surfactants DFFs
Melting point/°C Thickness/nm Coverage (%) Thermal stability/°C Young’s modulus/MPa
DPC 265 3.0 £0.5 99 150 15.1 + 3.6
DTAB 246 25+0.5 80 150 143 £ 3.0
CI8NSI — 47 £ 0.6 99 170 12.6 + 3.5
DMIC 4043 25+0.5 95 90 285+ 5.5

force—indentation curves were fitted with eqn (2) to determine
the Young’s modulus (E) of surfactant bilayers (see ESIT).
Fig. 3 shows force-indentation curves of four kinds of
surfactant bilayers. Each experimental curve was fitted by a
Hertzian model. In case of the DPC film, a good curve fitting
was not achieved in the indentation range below 3 nm. This
indicates that a weak attractive force exists between the film
and AFM tip. The curve also gradually deviated from the
fitting curve in the indentation range above 9 nm. To verify the
adequacy of this curve fitting, we also examined the relation-
ship of the loading force and three-halves power of indenta-
tion. Eqn (1) gives a linear relationship between the force (F)
and indentation (6*?). In fact, the force value in this plot
linearly increased in the indentation range of 3-9 nm (see
ESI¥). The Young’s modulus of the DPC films was 15.1 + 3.6
MPa, as averaged from the values obtained for five force—
indentation curves. The fitting curve for the DTAB film
slightly deviated in the indentation ranges below 7 nm and
above 20 nm. The Young’s modulus was estimated to be 14.3
+ 3.0 MPa, which was almost same to that of the DPC film.
The behaviour of the C18NSi film was also close to that of the
DPC film. The elastic modulus was 12.6 + 3.5 MPa. On the
other hand, the DMIC film gave a relatively large modulus of
28.5 + 5.5 MPa. The force—indentation curve was in good
agreement with the fitting curve for indentations below 5 nm.
The elastic moduli of DFFs are close to those of rubber and
are one-tenth to one-hundredth of those of elastic polymers
such as polyethylene. DFFs are much stiffer than fluid-like
biomembranes. Radmacher summarized that living cells have
the elastic modulus of a few 100 Pa up to more than 10 kPa, as
determined by a Hertzian model.?’ In sharp contrast, much
harder bilayer structures have been reported for a catanionic
system that contains cationic and anionic amphiphiles in a
specific molar ratio. For example, vesicles formed of myristic
acid and cetyltrimethylammonium hydroxide were presumed
to have a modulus of 100 MPa or more.? In this case, ionic
interaction at the two surfaces of the bilayer was deemed to
contribute to the stiffness.>* DFFs with a reversed bilayer
structure are slightly softer than the bilayers of this system.
Table 1 summarizes the thickness, and thermal and mechan-
ical properties of DFFs. DPC and DTAB films should have an
ionic sheet of hydrophilic head groups between two surfactant
monolayers. These films showed thermal stability up to 150 °C
and similar nanomechanical properties. The head groups of
C18NSi form a two-dimensional siloxane network during the
formation of the foam film.!” Such cross-linking increases the
thermal stability up to 170 °C and contributes to the film
strength. However, the Young’s modulus slightly decreased as
compared with the above two surfactant molecules. Interest-
ingly, the stiffest film was obtained from DMIC. This surfac-

tant has a methylimidazolium head group, which is familiar as
a moiety of ionic liquids. Despite the low melting point of
about 40 to 43 °C, the reversed bilayer structure was stable up
to 90 °C and gave the highest Young’s modulus of 28.5 MPa.
The reasons for this stiffness are not very clear so far. How-
ever, the molecular interaction of DMIC in the bilayer must be
stronger than that of the other surfactant. In addition, the high
thermal stability indicates the existence of two-dimensional
ionic sheets similar to the cases of DPC and DTAB.

We demonstrated that the elastic moduli of DFFs are quite
high, as compared with those of biomembranes. Although the
ultimate strength of these surfactant bilayers has been unclear
due to technical limitations, the present results will contribute
to the understanding of molecularly thin organic films
suspended in air.
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