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Resum

La caracteritzacié topografica i nanomecanica de pel-licules
moleculars és important degut al creixent interés que aquestes
desperten, tant des del punt de vista cientific com tecnologic.
Com a cas particular tenim les pel-licules Langmuir i Langmuir-
Blodgett (LB), les quals permeten el control de I'area per mole-
cula i per tant de la nanoestructura de la mostra. Les pel-licules
Langmuir poden caracteritzar-se en la interfase aire-aigua mit-
jancant les isotermes de pressio superficial-area i amb el Mi-
croscopi d’Angle de Brewster (BAM). Les mesures de pressio
superficial proporcionen informacié global de la pel-licula men-
tre que el BAM proporciona imatges optiques d’arees de di-
mensions mil-limétriques amb resolucio lateral a escala micro-
metrica. Les pel-licules Langmuir poden ser transferides a un
substrat pla (pel-licules LB) i poden estudiar-se a escala nano-
meétrica mitjancant les Microscopies de Sonda Local (SPMs).
Entre elles, la Microscopia de Forces Atdmiques proporciona
imatges topografiques, mentre que la Microscopia de Forces
Laterals i I'Espectroscopia de Forces proporcionen informacio
sobre les propietats nanotribologiques i nanomecaniques de
les pel-licules. En aplicar aquestes tecniques a I'estudi de pel-
licules mixtes, proporcionen informacid sobre miscibilitat, se-
paracio de fases, estructura de dominis i propietats mecani-
ques. Degut a la possibilitat de controlar la pressio superficial
de la pel-licula, es pot correlacionar aquest valor amb I'estruc-
tura i el comportament nanomecanic de les capes.

Paraules clau: monocapa Langmuir - pel-licula
Langmuir-blodgett - microscopia de forga atomica
- microscopia de forca lateral - espectroscopia de
forces - microscopia d’angle de Brewster -
isoterma pressio superficial-area

Abstract

The topographical and nanomechanical characterization of
molecular films is an important issue due to the increasing in-
terest in this kind of 2-dimensional structure, both from a scien-
tific and technological point of view. In particular, Langmuir and
Langmuir-Blodgett (LB) films have been widely studied as it is
possible to control the area per molecule in the layer, with the
consequent control over the sample nanostructure. Langmuir
films can be characterized at the air-water interphase by using
surface pressure-area isotherms and Brewster Angle Micros-
copy (BAM). Surface pressure measurements provide informa-
tion on the films as a whole and BAM provides optical images
of areas in the milimetric range with lateral resolution on the
micrometric scale. Langmuir films can be transferred onto an
atomically flat substrate and the transferred fims (LB fims) can
be studied in the nanometric range using Scanning Probe Mi-
croscopies (SPMs). Of these, Atomic Force Microscopy pro-
vides topographical information, while Lateral Force Microsco-
py and Force Spectroscopy provide information about the
nanotribological and nanomechanical properties of the fims.
These techniques, when applied to the study of mixed films,
provide information about miscibility, phase separation, do-
main structure and mechanical properties. In this respect,
SPMs can provide information at a nanometric level that it is
not available using BAM. Thanks to the possibility of controlling
the film surface pressure, correlation between sample nanos-
tructure and nanomechanics can be established.

Keywords: Langmuir monolayer - Langmuir-
Blodgett film - atomic force microscopy - lateral
force microscopy - force spectroscopy - Brewster
angle microscopy - surface pressure-area isotherm
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1. Introduction

Langmuir and Langmuir-Blodgett (LB) films are organized nan-
ometric systems of scientific and technological interest, and
since the development of the technique in 1935 [1] a wide
range of monolayers and multilayers of different molecules
have been studied [2-5], being a matter of extensive research
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in recent years because of their suitability as models for the
study of molecular organization [6-15]. The possibility of con-
trolling the chemistry of the subphase, the area per molecule
and the extraction surface pressure of the layers is a potentiali-
ty of this technique, which has been widely used to prepare all
kinds of ordered structures as varied as phospholipid bilayers
[16], nanowire arrays [17] and surfaces with tailored chemical,
structural and mechanical properties. This, as well as the emer-
gence of Micro- and NanoElectromechanical systems (MEMS
and NEMS) and the consequent necessity to produce lubri-
cants at a molecular level, have led to the extensive use of LB
films to obtain low-friction coatings for the electronics industry
[18, 19]. In this scenario, fatty acid LB films have become use-
ful model systems because of their linear geometry, amphiphilic
nature and high mechanical stability and durability. From an
applied point of view, LB films are used in molecular electron-
ics, optics and also in sensor development, the latter field be-
ing the one where macrocyclic compounds such as crown
ethers have demonstrated outstanding performance, especial-
ly acting as metal ionophores. Due to all of this, the formation of
LB films with this kind of compound [20-22] is interesting be-
cause of their obvious sensing applications but also because of
the whole structural, nanomechanical and functional informa-
tion that can be obtained by combining Atomic Force Micros-
copy (AFM) and the LB deposition technique.

Scanning Probe Microscopies (SPMs) have been proven to
be suitable for the study of monolayers or bilayers at a molecu-
lar level [23, 24] from a topographical, electrical, magnetic and
mechanical point of view. In this sense, AFM has become the
most used SPM technique to study LB fims [2, 3, 13, 25],
mainly as a topographic tool. Lateral Force Microscopy (LFM)
has become an increasingly popular technique for the study of
the nanotribological properties of surfaces and supported fims
[26-33]. This has partly been promoted by the development of
suitable techniques to calibrate the vertical [34-38] and lateral
[39, 40] spring constants of the probes used in LFM measure-
ments, allowing quantitative friction results in the NanoNewton
range to be obtained [27-29]. In particular, LFM has been used
to study the frictional properties of several Langmuir-Blodgett
layers [41-43].

The molecular structure of fatty acid LB films has been stud-
ied by several authors [44-49]. A recent work concluded that
the nanomechanical properties of arachidic acid (AA), behenic
acid (BA) and stearic acid (SA) strongly depended on the fim
extraction pressure [49]. In this direction, the study of the de-
pendence between monolayer thickness and the vertical force
applied by the tip on several fatty acid monolayers (F,), showed
that there is an initial decrease in thickness attributed to the
creation of gauche defects in the alkyl chain terminal ends at
low F, values, followed by a constant thickness regime and by
a final monolayer rupture after a threshold £, value is reached
[49]. A similar study performed on BA [50, 51] indicated that
the monolayer thickness evolution vs. F, also depended on the
monolayer phase; different monolayer phases respond with
different friction force (F) vs. F, trends, showing that the F; val-
ue is highly sensitive to the monolayer molecular ordering. An-
other important factor concerning the mechanical properties of

LB monolayers is the length of the alkyl chain, which modifies
the intermolecular van der Waals interactions. So, the longer
the chain, the higher the F, value at which the monolayer
breaks during scanning [49]. Van der Waals interactions and,
consequently, the frictional response can also be modified by
varying the monolayer extraction pressure [52].

Mixed films are highly interesting systems, as they are
present in natural systems such as biomembranes. Mixed films
have been widely studied to investigate their phase separation,
especially in those systems with notable applied interest, such
as phospholipids or fatty acids. In these mixtures the compo-
nents are structurally similar but differ in terms of chain length,
head group or halogen substitution. The effect of these param-
eters on the mixing behaviour has been reported [563-65] and it
has been concluded that significant differences in these pa-
rameters lead to phase separation. Systems with structurally
dissimilar components have also been investigated [66-81].
AFM in the topographic mode has become a common tech-
nique in the study of mixed LB fims, but related techniques
such as Force Spectroscopy (FS) or LFM [53, 56, 69, 82-84]
have been less used. These techniques provide quantitative
and extremely local mechanical information, so variations in re-
sponse between different zones of the fim due to different
chemical composition or differences in structure or molecular
orientation can be assessed. The formation of separated phas-
es is an important phenomenon in mixed films and these tech-
niques provide a powerful tool for its investigation, especially
when domains present micrometric or nanometric size.

The aim of this work is to present the study of the formation
of the Langmuir films of a fatty acid, a macrocyclic compound
with sensor properties and their mixtures at the air-water inter-
phase using surface pressure-area isotherms and Brewster
angle microscopy (BAM), as well as the morphological and me-
chanical study of the deposited LB films using AFM, LFM and
FS. The correlation between the surface pressure-area iso-
therms and the measured F; values obtained by LFM on the
monolayers gives useful nanotribological information and the F;
vs. F, curves provide information about the different frictional
stages that range from non-contact between the sample and
the AFM probe to the total disruption of the monolayer. The
nanomechanical properties of these monolayers under vertical
compression are tested as a function of the extraction pressure
by means of FS.

2. Techniques

2.1. Surface pressure-area isotherms. LB film formation
The studied compounds were dissolved in chloroform and
spread onto the aqueous subphase, which was pure water Mil-
lipore MilliQ grade. During the film compression process at the
air-water interphase (Figure 1a-b), the surface pressure (I1) is
recorded against the area (surface pressure-area isotherm),
which gives us information about the film states, phases and
phase transitions. IT is the difference between the surface ten-
sion of pure water (y,) and that of the film (y), thatis, IT=y, - y.
Surface pressure-area isotherms were obtained in a NIMA
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Figure 1. Formation of a fatty acid LB film. a) Molecules accumulate on
the water surface with the hydrophilic groups towards the water and
the hydrophobic chains towards the air. b) Two barriers compress the
molecules while ITis controlled. c) At the desired I1, the mica substrate
emerges from the liquid and the fatty acid molecules become stuck to
its surface. The barriers compress the remaining monolayer so as to
maintain a constant I1 value as molecules are removed from the liquid
surface.

Langmuir-Blodgett trough placed on an isolation platform and
the IT value was measured using the Wilhelmy method with the
NIMA trough and using a paper sheet. The isotherms were
fairly reproducible. The BAM makes it possible to obtain imag-
es of the monolayers at the air-water interphase and the equip-
ment used was a NIMA-Nanofilm microBAM, which uses a 6
mm diameter collimated beam and gives a lateral resolution of
8 um.

The LB films were transferred at constant IT onto freshly
cleaved atomically flat red mica sheets (1 cm x 1 cm) and sam-
ples at different IT values were extracted. The transfer process
was performed using a NIMA dipper and following a Z deposi-
tion (Figure 1c), that is, the sheet of mica is first introduced in
the subphase prior to the formation of the monolayer onto the
water subphase, and once the Langmuir film is compressed to
the desired IT value, the mica sheet is pulled up. The transfer
ratio for the LB films, that is the ratio between the decreased
film area during the transfer process and the immersed sub-
strate area, was close to 100%.

2.2. AFM, LFM and FS measurements

AFM images were obtained in Nanoscope Multimode equip-
ment (Digital Instruments, CA) using contact and tapping
modes. Tapping mode images were obtained using silicon mi-
crofabricated cantilevers with a nominal vertical spring con-
stant (k,) of 40 N/m, while contact mode images were obtained
with silicon nitride cantilevers with a nominal k, value of 0.16
N/m. LFM measurements (see Figure 2) were conducted with a
Dimension 3100 microscope attached to a Nanoscope IV con-
troller in contact mode using V-shaped Si;N, tips with nominal
k, values of 0.08 and 0.02 N/m. Force curves were always per-
formed before acquiring topographic images in order to apply
the minimum vertical force on the surface so as to avoid any
monolayer damage. The instrument was placed on a vibration
isolation table and enclosed in an isolation box. Temperature
and humidity were controlled during experiments and main-
tained between 20-22° and 35-50%RH respectively. AFM,
LFM and FS measurements on several LB films transferred to
the same conditions show good enough reproducibility.

The k, value of the tips used in LFM and FS experiments was
individually and experimentally measured by means of a Force
Probel1-D MFP AFM (Asylum Research, CA) using the thermal
noise method [38]. The lateral spring constant (k) of the tips
used in LFM experiments was calculated using the wedge cali-
bration method developed by Ogletree et al. [39], and the raw
data treatment was performed with Matlab scripts provided by
the R. Carpick group [85]. Briefly, the scripts were used to ana-
lyze F; vs. F, curves that were experimentally obtained using a
home-made electronics card to lineally increase the F, value
while simultaneously recording the F; signal. Further experi-
mental details can be found elsewhere [86)].

Triangular Si;N, tips with a nominal k, value of 0.5 N/m (Mic-
rolever Probes model MLCT-AUNM, Veeco, CA) were used in
FS measurements, which were performed using the Force Vol-
ume routine implemented in the Nanoscope software; basical-
ly, it performs a grid of single force curves in a selected area,
ensuring that each force curve is done in a fresh spot. In this
study, 64x64 force curves per image were acquired with a lin-
ear tip velocity of 1-2 ym/s. In addition to the spectroscopic
information, the topographic profile was also recorded at each
location, so force curves can be unmistakably related with the
sample morphology. The data analysis was performed with the
AFM Force Volume Data Analysis Software. The sample penetra-
tion (P,) during a force curve was calculated as P, = AZ — Ax,
being AZ the force curve vertical piezo displacement and Ax
the cantilever vertical deflection in the contact region.

a) b)

sample stop

Figure 2. LFM operation. a) The tip scans
the surface perpendicularly to the main can-
tilever axis. b) Whole friction measurement
(friction loop): 1 — the cantilever stands still
on the surface. 2 — the tip scans the sample
from left to right, creating a cantilever torsion
that is detected by the photodetector. 3 —
the same process but scanning from right to
left. Now the laser spot is on the left side of
stop the photodetector. 4 — end of the loop.
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3. Results and discussion

3.1. Isotherms at the air-water interphase

Arachidic acid (AA), or eicosanoic acid (CH4(CH,);sCOOH, M =
312.0), is a fatty acid with the typical amphiphilic structure suita-
ble for Langmuir film formation at the air-water interphase; the
hydrophilic head (carboxylic acid group) orients towards the wa-
ter subphase while the hydrophobic hydrocarbon chain points to
the air. Figure 3 shows the surface pressure-area per molecule
isotherm for a film of AA together with BAM images captured at
several points of the isotherm. The AA film isotherm presents
several states or phases during compression; the first one cor-
responds to the raising zone comprised between 0 and 25
mN/m and is characterized by a compressibility coefficient (8) of
ca. 9.0 10° m/mN (8" = 110 mN/m), which corresponds to a
liquid condensed phase, while the second raising zone (from 25
to 56 mN/m) presents a B value of ca. 2.6 10 m/mN (87" = 380
mN/m) corresponding to a solid phase. BAM images clearly
show that the film becomes more compact and uniform as the
compression increases. Finally, when the surface pressure
reaches a value ca. 56 mN/m, the fim collapses.

Figure 4 shows the surface pressure-area isotherm corre-
sponding to a film of a copper(ll) ionophore macrocyclic com-
pound (MC) that is potentially interesting for sensing applica-
tions, 4-phenyl-4-sulfide-11-(1-oxodecyl)-1,7-dithia-11-aza-4-
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Figure 3. Surface pressure-area isotherm and BAM images, at several
locations in the isotherm, for an AA monolayer.
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Figure 4. Surface pressure-area isotherm and BAM images, at several
locations in the isotherm, for a MC film.

phosphacyclotetradecane, M = 513.8, with the correspond-
ing BAM images at several points in the isotherm. The raising
part of the isotherm presents a 8 value of ca. 25 10° m/mN
and corresponds to a liquid expanded state which appears as
a uniform film in the BAM image. After reaching a surface pres-
sure ca. 12-13 mN/m the isotherm forms a quasi-plateau
reaching areas per molecule much lower than the molecular
area, indicating that a multilayer is formed at this stage. The
BAM images show the presence of a granular structure that
corresponds to the multilayer formation, although further struc-
tural information cannot be obtained as the size of the struc-
tures is lower than the BAM resolution limit.

Figure 5 shows the surface pressure-area isotherm for a
mixed film of AA and MC at the composition of Cxs/Cyc = 1/2
(Caa = 0.333 mg/mL, Gy, = 0.666 mg/mL; Xy, = 0.55), where
the X axis represents the area referred to the MC molecules, that
is, the total area divided by the number of MC molecules. The
shape of this isotherm resembles the combination of the individ-
ual isotherms of AA and MC. BAM images show a uniform fim
for ITvalues up to the first raising zone and a non-uniform film at
the plateau, corresponding to the formation of an MC multilayer
that is not prevented by the presence of AA molecules.

Figure 6 represents the excess area (A,,) vs. composition for
several mixed films of AA and MC. A, is defined by equation 1,
where A; and x; are the areas in the individual isotherms and the
molar fractions in the mixture, respectively. If the additivity rule
is fulfilled, then A, = O, indicating an ideal mixture or immiscibil-
ity. The analysis of the performed experiments for mixed films
of AA-MC show a positive value for A,,, which indicates a cer-
tain degree of miscibility and that interactions between AA and
MC molecules are less favourable than those corresponding to
pure substances.

An=A —Au = A — (XA + X,A5) (1)

For a given composition, the A,, value decreases when the
ITvalue increases, indicating that the alkyl chains adopt a more
perpendicular orientation with respect to the substrate, favour-
ing a better interaction between AA and MC molecules. f val-
ues calculated in the first raising zone of the isotherms for the
mixed monolayers are more similar to those obtained for pure
MC monolayers but change according to the composition. It is
possible to make a similar analysis to that performed for A,, but
now with 8. Using the definition of 8, equation (2), and applying
equation (1), the following additivity rule (equation 3) is obtained
for ideal mixing or immiscibility:

B=x(a) @
B 1 <8AM) _ BixiA+ Baxa A, )

= Aw XA+ XA,

oIl

where f; is the compressibility coefficient in the fim of pure
component i at a given IT value. From the S, values calculated
with equation (3) and those obtained experimentally with equa-
tion (2), it is observed that the additivity rule is not fulfilled, with
experimental B values slightly higher than those calculated with
equation (3).
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Figure 5. Surface pressure-area isotherm and BAM images, at several
locations in the isotherm, for an AA-MC (1:2) mixed film. The area refers
to the MC molecules.

3.2. AFM and related techniques (LFM, FS)

Figure 7 shows AFM images of AA LB monolayers extracted at
different IT values and the monolayer height vs. ITvalue. Sam-
ples extracted at 15 mN/m (liquid condensed) and 35 mN/m
(solid) show domains of different thickness corresponding to
different tilting angle orientations of the AA molecules in the
monolayer. As the IT value increases, the molecules orient
more vertically with respect to the substrate and the tilting an-
gle, considered the angle formed between the molecules and
the perpendicular to the substrate, decreases. This change of
orientation results in a higher molecular ordering, as the mole-
cules are forced to pack more tightly and, therefore, to maxi-
mize intermolecular interactions. The nanometric or submicro-
metric size of the different tilted domains is below the BAM
resolution and can only be observed using SPM techniques.
The effect of domain thickness discretization was observed in
the past by several authors [87-89] for alkanesilanes and al-
kanethiols monolayers and attributed to the interlocking be-
tween the hydrocarbon chains of the molecules. Then, as the
zigzag structure of the chains only allows certain angles that
maximize van der Waals interactions, the thickness of the cited
monolayers changes in discrete steps.

The nanomechanical properties of the monolayer depends
on the AA molecular orientation, and consequently on the IT
value. Table 1 presents the F, values needed to break the mon-
olayer (breakthrough force) vs. IT value. These breakthrough
forces were calculated using two different techniques. Firstly,
force curves were performed on the samples and the monolay-
er breakthrough was detected as a small discontinuity in the
contact region of the curve [90]. Secondly, LFM was applied to
obtain F; vs. F, curves, which enclose the nanotribological infor-
mation of the monolayers since an increasing pressure is ap-
plied to them until they are completely disrupted. Then, the on-
going of sample rupture is detected as a steep increment in the
F¢ value. It is important to note that crossover between topo-
graphic and lateral signals can be significant during the per-
formance of friction measurements. Nevertheless, in the case of
monolayers, topographic signal is low enough to consider the
crossover insignificant and negligible in the interpretation of
LFM results. To begin with, the breakthrough forces attained by
FS and LFM experiments increase with the sample extraction IT

12

0 T T T T
0 0,2 0,4 0,6 0,8

X(MC)

—_

Figure 6. Excess area vs. Composition for mixed films of AA-MC at IT
=1(4), 6 (1), 12 () mN/m.

value, so it is clear that the nanomechanical response of the
monolayers depends on the sample structure and on the inter-
molecular distance. Obviously, when the IT value increases the
molecules are packed more tightly, the intermolecular interac-
tions grow stronger and the structure is more difficult to punc-
ture. Interestingly, the breakthrough F, values obtained by FS
and LFM experiments, despite showing the same trend with the
IT value, are noticeably different. This is due to the different na-
nomechanical nature of the experiments performed; while FS
tests the response of the monolayer as a pure vertical compres-
sion is performed, LFM gathers the response of the sample
while the tip scans the surface at an increasing £, value.

Table 1. Arachidic acid LB film breakthrough forces for different extrac-
tion P values.

Breakth(r:;\j/f hforce From force curves ~ From F;vs. F, curves
IT=1mN/m 13.1£3.2 6+2.1
IT=15mN/m 15.3+4.9 12+ 3.5
IT=35mN/m 229+5.5 15+ 3.0
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Figure 7. AFM images (5x5 pm?) of LB films of AA at IT values of 1, 15
and 35 mN/m and the corresponding measured heights.
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Figure 8. Wear experiments performed
on AA monolayers extracted at different IT
values. a) The monolayer thickness is de-
picted as a function of the F, applied to
the sample. AFM topographic images
(5um x 1.5um) of the sample surface ob-
tained at different £, values: b) 0 nN; c) 27
nN; d) 73 nN; e) 145 nN.

Figure 8 shows wear experiments on an AA monolayer ex-
tracted at 35mN/m. Basically, this kind of experiments consists
of capturing series of topographic images of a certain region at
an increasing F, value so as to assess the morphological
changes that the monolayer undergoes. In order to measure
the monolayer thickness, a patch of monolayer is removed pri-
or to the experiment by applying an F, value ca. 300 nN to the
central region of the area of study (central region in Figures 8b
to e). As can be seen in Figure 8a the AA monolayer thickness
decreases as the F, value increases, independently of the ex-
traction IT value. It also is interesting to note that the decrease
in monolayer thickness is not linear but stepped, in concord-
ance with the hydrocarbon chain interlocking model presented
before. In addition, it is noteworthy that the deformation rate
decreases when the extraction IT value increases, as would be
expected because of the higher layer compactness and inter-
molecular interaction.

Figure 9 shows the topographic and friction images of MC
monolayers extracted at several IT values. On the one hand, it
is seen that MC molecules form a practically homogeneous
monolayer where small island-like domains can be seen, the
height of which increases with the IT value. The size of these
domains is lower than the lateral resolution of BAM and for this
reason optical images appear uniform and homogeneous.
Considering the nanomechanical response of the samples, the
island-like domains present a higher friction signal than the sur-
roundings, indicating that MC molecules are probably less or-
dered in these domains [91]. Another interesting observation is
that domains which are not seen in the topographic image
sometimes appear in the friction one (Figure 9b) and that these
domains even present a higher friction signal, indicating that
we are dealing with more disordered domains in the MC mon-
olayer. The friction loops recorded in the forward and reverse
scan (see Figure 2), and obtained at the island domains, show
that they depend on the extraction IT value. Then, symmetric
friction loops are obtained at IT = 4 mN/m while the ones ob-
tained at IT = 12 mN/m are asymmetric. At IT = 8 mN/m, the
higher domains show asymmetric friction loops, while the low-
er ones show symmetric friction loops. This friction behaviour is

related with the domain formation process, with domains in
process of formation showing symmetric friction and already
formed domains showing asymmetric friction.

Figure 10a shows F; vs. F, curves performed on three LB
films of compound MC deposited on mica at IT values of 4, 8
and 12 mN/m. The jump in the F; signal indicates the monolay-
er rupture and the corresponding F, necessary to break the
films are represented in Figure 10b. Again, these experiments
demonstrate that there is a direct dependence between the IT
value and monolayer mechanical resistance.

AFM topographic images of mixed films of AA-MC, with
compositions Caa/Cyyc = 2/1 (2:1) and Cpa/Cyyc = 1/2 (1:2), are
shown in Figure 11. From direct observation, large island-like
domains (type ) embedded in a continuum monolayer can be
seen. Also, in Figure 11a two small islands of a different nature
(type Il) can be seen in addition to the type | central domain.

5nm 100
mv
onm 0
2um a) 2um
5nm 100
mv
Oonm 0
b
2um ) 2um
5nm 100
mv
Oonm 0
c)
_2um _2um

Figure 9. Topographic (left) and friction (right) images of MC LB films
extracted at: a) IT =4 mN/m, b) IT=8 mN/m, ¢) IT= 12 mN/m.
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Figure 11. 15um x 15um AFM topographic (a, ¢) and frictional (b, d)
images obtained on an AA/MC (2:1) (a, b) and an AA/MC (1:2) (c, d)
mixed monolayer extracted at IT= 10 mN/m and supported on mica. 10um
c
3 0.5
They are barely visible in the topographic image as their thick- i;’f ’
ness is very similar to that of the surrounding continuum mon- 2 ool
g o
olayer. Nevertheless, they can easily be detected in the friction E _ y
image presented in Figure 11b where it is also seen that the § 05 Itr'f,:e?aaggg hydrophilic
type | domains present a lower friction signal than the continu- ‘%EJ
um monolayer and that the type Il islands display the highest S -0 I —
friction response. The same phenomenon can be observed in 0 20 40 60 80 100 120
. ) Z displacement (nm)
Figures 11c and d. Another fact observed after the analysis of

several topographic images performed on different spots of
the sample and on different samples is that the area percent-
age occupied by type | island-like domains increases when the
ratio of AA increases in the mixture. These facts suggest that
type | domains are AA domains while the surrounding continu-
um monolayer is the MC phase. Also, the height of type | do-
mains is in close agreement with the height of the AA mole-
cules when disposed vertically. Friction signal also renders
interesting information when it comes to elucidate the compo-
sition of the different phases present in a monolayer; as said
before, type | domains present the lower friction as it would
correspond to the interaction between the hydrocarbon hy-
drophobic chains of the fatty acid and the hydrophilic AFM tip.
On the other hand, the continuum phase presents a higher
friction signal because the MC, despite having a hydrocarbon

Figure 12. Quantification of adhesive forces between the AFM tip and
the different phases of an AA/MC mixed monolayer. a) 10pum x 10um
AFM topographic image. Force curves were acquired on type | do-
mains (AA phase, Fig. 12b) and on the MC phase (Fig. 12c).

chain, is also formed by hydrophilic moieties. Finally, and re-
garding type Il domains, we believe that they are also MC do-
mains but in a disordered state which would corroborate the
high friction response they display.

Figure 12 presents another different nanomechanical behav-
iour that can be extracted from FS experiments. During a force
curve, the AFM tip indents the sample surface and after that, it
returns to the initial rest position. During the retraction process,
adhesive forces arise between the tip and the sample that can
be detected as a cantilever deflection and transformed into
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quantitative F, values. In the case of mixed AA/MC monolayers,
adhesion measurements are highly instructive for understanding
the different interactions between tip and sample; Figure 12a
presents a 3D topographic image of the mixture where type |
domains and MC phase can be seen. Force curves performed
on the type | domains (Figure 12b) show a low adhesive force
between the two surfaces; considering that the presented
measurements were performed in an air environment we should
consider that ambient water plays a key role in adhesive phe-
nomena. Then, as type | domains are AA and the hydrocarbon
chains of AA molecules point towards the air interface, there is
no water on the top of the domains, so the tip (hydrophilic) does
not interact and adhesion is low. On the other hand, the MC
phase (Figure 12¢) has hydrophilic groups that favourably inter-
act with water, resulting in a strong interaction with the tip.

4. Conclusions

The Langmuir-Blodgett deposition technique makes it possible
to obtain organized molecular films with an accurate control of
the area per molecule and the surface pressure, which are fac-
tors that strongly influence the topographical and nanome-
chanical characteristics of the films. Atomic Force Microscopy
provides topographical information with a lateral resolution in
the range of tens of nanometers and allows us to observe
structural details which could not be seen by means of Brews-
ter Angle Microscopy. Lateral Force Microscopy and Force
Spectroscopy provide information on the nanotribological and
nanomechanical properties of the films while the formation of
domains corresponding to different tilting angle orientation
phases in arachidic acid fims has been observed by topo-
graphic Atomic Force Microscopy. In this sense, as the monol-
ayer surface pressure increases, arachidic acid molecules ori-
ent more perpendicularly to the substrate, and the vertical
force values needed to break the fim become higher. Domain
formation has also been observed in fims of a macrocyclic
compound and these domains present a higher friction signal
than the surrounding monolayer. We have stated that, as sur-
face pressure increases, the height of these domains increas-
es; and the force needed to break the monolayer also increas-
es. When the study was performed on mixed films of arachidic
acid and the macrocyclic compound, information about misci-
bility and phase separation was obtained. A domain structure
is observed in the mixed fims and the measurement of the to-
pography and the mechanical properties enable us to identify
them. Concerning the sample morphology, three different
phases were detected; first of all, an arachidic acid phase
forming large island-like domains, surrounded by a continuum
macrocycle phase; these arachidic acid domains present a
lower friction signal and lower adhesion forces than the sur-
rounding macrocycle phase. The third is a disordered macro-
cycle phase that presents small island-like domains; these do-
mains, despite showing the same thickness as the surrounding
macrocycle phase and being barely distinguishable by means
of topographic images, present a noticeable friction contrast
because of their distinctive nanostructure.

We can conclude that the study of the nanotribological and
nanomechanical properties of Langmuir-Blodgett films makes
it possible to resolve interesting nanostructural aspects, both in
pure and mixed films.
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