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Preface

The monolayer science started from the investigation of adsorption monolayers
on water and solid surfaces, which was developed by scientists as represented by
Gibbs and Langmuir. The early researches were based on thermodynamics, and
two-dimensional (surface) thermodynamic theories were established. The monolayer investigation furthermore evolved into Langmuir and Langmuir–Blodgett
monolayers, which are an insoluble monolayer at air/water interface and its
transfer ﬁlm on solid substrate, respectively, and later into self-assembled
monolayers. It should be noticed that the evolution of monolayer science
involves intensively the development of methodologies in surface science, which
made it possible to obtain the information at nano-scale level. The pioneering
technique is a scanning probe microscopy, which enabled molecular ordering to
visualize at an atomic scale. Secondly, the development of surface spectroscopy
was enhanced by taking advantage of surface plasmon resonance phenomenon
and allowed the highly supersensitive detection of molecular species at interface.
Nanotechnology, that is, technology at nano-scale was developed in the last
part of the 20th century, and it is one of key sciences in the 21st century. In this
way the nanotechnology is supported by the development of monolayer science
and surface methodologies.
This book describes the advanced chemistry of monolayers at interfaces.
Especially the recent trends of methodology and technology are focused upon.
The book introduces the methodologies of scanning probe microscopy, surface
force instrumentation, surface spectroscopy, surface plasmon optics, reﬂectometry, and near-ﬁeld scanning optical microscopy. The modern interface reaction method and the lithographic technology are also included. Such
methodologies and technologies are indispensable in supersensitive and nanoscale sciences such as monolayer science. Those are applied to monolayers of
surfactants, amphiphiles, polymers, dendrimers, enzymes, and proteins, which
serve many uses. The researches range in different types of monolayers like
adsorption, Langmuir, Langmuir–Blodgett, and self-assembled monolayers at
air/liquid, liquid/liquid, liquid/solid, and air/solid interfaces. Recent monolayer
chemistry runs on experiment, theory, and simulation at static and dynamic
viewpoints, extends to analyses at not only steady state but also time-resolved
state, and takes in bottom-up and top-down techniques. This book covers such
research ﬁelds and regions. The book aims at contributing to the further development in research of academic and professional researchers, to the further
knowledge of the students and to the further technological advancement in
engineers’ specialized ﬁeld.
xi
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Chapter 1

Scanning Tunneling Microscopy for SelfAssembled Monolayers
P. Brodard, H. Fukumura
Department of Chemistry, Graduate School of Science, Tohoku University, 6-3 Aoba
Aramaki, Sendai, Miyagi 980-8578, Japan

1. INTRODUCTION FOR SCANNING TUNNELING
MICROSCOPY
1.1. Principle
Among all the different types of surface imaging techniques, the scanning tunneling microscope (STM) presents the best spatial resolution and versatility. In
fact, atoms and molecules can be literally touched one by one, thus opening new
ways for investigating them [1]. The ﬁrst and most amazing ability of the STM is
to provide three-dimensional images of individual molecules and their environment at the atomic level. However, many other experiments can be conducted with an STM, as for instance manipulating particles, performing local
spectroscopy, and even chemically modifying the sample. In a sense, STM has
made it possible to act directly on atoms and molecules for the ﬁrst time. This is
the ultimate step of spatial resolution for chemistry, like femtosecond techniques are the ultimate step of time resolution for chemical reactions [2].
The basic principle of scanning tunneling microscopy (STM) is based on
the tunneling current between a metallic tip, which is sharpened to a single atom
point, and a conducting material (Fig. 1). A small bias voltage (mV to V) is
applied between an atomically sharp tip and the sample.

Corresponding author. E-mail: fukumura@orgphys.chem.tohoku.ac.jp
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metallic tip

bias
voltage

z
conductive sample

Fig. 1. Basic principle of the scanning tunneling microscopy technique.
V(r)

Fig. 2. Wave function of a valence electron in the Coulomb potential well V(r).

If z, the distance between the tip and the sample, is large, no current ﬂows.
However, when the tip is brought very close (o10 Å) without physical contact,
a current (pA to nA) ﬂows across the gap between the tip and the sample. Such
current, which is called tunneling current, is the result of the overlapping wave
functions between the tip atom and surface atoms. Electrons can tunnel across
the vacuum barrier separating the tip and sample in the presence of a small bias
voltage. The magnitude of the tunneling current is extremely sensitive to the
gap distance between the tip and the sample. As we measure the current with
the tip moving across the surface, atomic information of the surface can be
mapped out.
To understand how STM works, it is vital to know what is tunneling
current, and how it is related to all the experimental observations. Tunneling
current is originated from the wavelike properties of particles (electrons, in this
case) in quantum mechanics. When an electron is incident upon a vacuum
barrier with potential energy larger than the kinetic energy of the electron, there
is still a non-zero probability that it may traverse the forbidden region and
reappear on the other side of the barrier. It is shown by the leak out electron
wave function in Fig. 2.
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V (r)

I

filled

empty

Fig. 3. Tunneling current I through vacuum between two atoms.

EF1

EF2

sample

z

tip

Fig. 4. Energy levels in two metals separated by a vacuum barrier.

If two conductors are so close that their leak out electron wave functions
overlap, then an electron can tunnel back and forth through the vacuum or
potential barrier between them, generating a tunneling current (Fig. 3).
In a metal, the potential barriers between the atoms in the interior
are quenched and electrons move freely in the conduction bands. In other
words, electrons exist within an energy range, designated by the shaded areas
in Fig. 4, up to the respective Fermi levels, EF1 and EF2. If an insulator, or
indeed a vacuum, is inserted between two metals, an energy barrier appears.
In our STM scheme, the thickness of the barrier corresponds to the tip–
sample gap, z.
When a small voltage V is applied between the tip and the sample, the shape
of the energy barrier changes. A difference between the Fermi levels EF1 and
EF2 creates empty states on the right, generating a driving force for the electrons
to tunnel across the barrier from the left side (Fig. 5).
Quantum mechanics allows a few electrons to traverse the barrier if the
thickness z is small. The probability that an electron will cross the barrier is the
tunneling current (I) ﬂowing across the vacuum gap, and it decays exponentially
with the barrier width z as
I / e2Kz

(1)
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V =EF1- EF2

I

sample

tip

Fig. 5. Tunneling current I through vacuum when a bias voltage V is applied.

where z is the distance between tip and sample. K, which is the inverse decay
length of the electronic wave functions at the Fermi level, is given by
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2mðV  EÞ
K¼
(2)
h
where m is the mass of the electron, E the energy of the state, V the potential in
the barrier and h the Planck’s constant. As a consequence, very small changes in
the tip–sample separation induce large changes in the tunneling current. Therefore, the sensitivity to vertical distance is extremely high. Moreover, the tunneling current is only carried by the outermost tip atom: the atoms that are
second nearest carry only a negligible amount of the current. In other words, the
sample surface is scanned by a single atom only.

1.2. Apparatus
In order to obtain an image of the surface of the sample, the STM tip slowly
scans across the surface at a distance of only an atom’s diameter. This is represented in Fig. 6.
Two different modes of imaging have been developed: the constant current
mode and the constant height mode. In the ﬁrst experiment, the tip is scanned
across the surface at constant tunnel current IT, maintained at a pre-set value by
continuously adjusting the vertical tip position with the feedback voltage Vz. In
the case of an electronically homogeneous surface, constant current essentially
means constant tip–sample distance z (Fig. 7).
On the other side, on surface portions with small unevenness, the tip can be
rapidly scanned at constant z-position. Such ‘‘current images’’ allow much
faster scanning than in the constant current mode, but a separate calibration of
current/height is required. This mode is presented in Fig. 8.
The tip is moved across the surface by using a piezoelectric element.
A voltage applied to two electrodes contracts the piezoelectric material in between, and the typical total excursion of a piezo is usually in the range of
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tip

sample

Fig. 6. The STM tip scans the sample surface in order to create an image.

Z

Vz

Y
feedback
loop

X

IT
z

Fig. 7. Constant current mode of imaging with STM.

Y
X

Z

Fig. 8. Constant height mode of imaging with STM.

micrometers. Originally, the STM tip was mounted on a three-part piezo
element (Fig. 9), with three different piezo bars used to move the tip in all the
three dimensions of space.
However, nowadays a piezo tube is more commonly used. In this geometry,
the inner and outer surfaces of a tube of piezoelectric material are coated with
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X

Y
Z

STM tip

Fig. 9. STM tip mounted on a three-parts piezo element.

initial position

z - motion

x,y - motion

Fig. 10. Principle of operation of a piezo tube.

a thin metal electrode. The outside is separated into four sections, which are
electrically isolated from each other. For the lateral motion of scanning, the
voltage is applied across the tube, while for the vertical motion, the voltage is
applied between the inside and the outside of the tube (Fig. 10).
Different metals and different processes can be used to prepare the tips.
Mechanically cleaved platinum/iridium tips (4:1) provide very sharp atomically
resolved images, and furthermore they are cheap, easy to prepare, and stable.
However, the exact shape of the tip differs from one experiment to another: the
high resolution is achieved by randomly created minitips of potentially atomic
size rather than by a perfect cone decreasing to a single atom end. In addition,
the general shape of the tip is not conical, which can be necessary in some
optical setups for coupling with spectroscopy. Therefore, a lot of effort has been
done to produce reproducible electrochemically etched tips. The basic setup is
depicted in Fig. 11.
Some papers on how to prepare Pt/Ir tips have been published, with end
curvature of the tip smaller than 100 nm [3]. Tungsten tips are somehow easier
to fabricate, and tip radius of about 20 nm have been reported [4–6]. Silver tips

Scanning Tunneling Microscopy for Self-Assembled Monolayers
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electrode

electrolyte

Fig. 11. Basic scheme to prepare tips by electrochemical etching.

can also be obtained [7–9], but silver is not very stable under ambient conditions
because of oxidation. Finally, gold tips can be difﬁcult to work with, mainly due
to the inherent softness of the metal [10].

1.3. Sample Preparation
Organic molecules with long alkyl chains are known to form monolayers on
deﬁnite solid surfaces by self-adsorption. Highly oriented pyrolytic graphite
(HOPG), which presents an atomically ﬂat surface that can be cleaned mechanically, is the substrate of choice. However, in some spectroscopic experiments using an inverse microscope for instance, a transparent sample is
required. In these cases, a quartz glass substrate covered by a thin layer of
indium tin oxide (ITO, 100 nm) can be used. The surface is not as ﬂat as with
HOPG, but the sample is transparent and conductive, an obvious requirement
for STM. Typical self-adsorbed molecules are stearic acid, dioctadecyl ether,
and dioctadecyl selenide dissolved in 1-phenyloctane.
After preparing the surface of HOPG by cleaving one layer of graphite, the
substrate is installed onto the piezoelectric scanner of the STM head. Subsequently, a few microliters of solution are deposited on the substrate with a
micropipette, immediately forming a physisorbed monolayer. A freshly cleaved
tip is then manually approached to the surface at a distance of about 0.5 mm,
and the feedback mechanism is turned on. The automatic approaching mechanism brings the tip to a very close distance above the monolayer, namely about
1 nm, with the end of the tip into the solution drop. Fig. 12 presents the experimental setup for imaging this kind of monolayer at the solid–liquid interface. Note that the tip is immersed in the supernatant solution during scanning.
The main advantage of this solid–liquid setup is that the experiment can be
carried out in air, which is normally unstable due to the condensation of water
on the tip and/or onto the sample. Water is highly conductive, and since the
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Z
Y
X

liquid drop

monolayer

Fig. 12. Experimental setup for STM studies at the solid–liquid interface.

STM experiment relies on the tunneling current through an insulator (the gap
between the tip and the sample), high vacuum is generally required to stabilize
the tunneling current. However, with the tip dipped into a non-conductive
organic solvent, no water can disturb the experiment, and the expensive and
potentially troublesome equipment for high vacuum is not necessary.

2. STRUCTURE OF MONOLAYERS
2.1. Brief History
Although the initial applications of STM were focused on the imaging of semiconductor, inorganic, and metal surfaces, it has recently become possible to
study physisorbed organic molecules, immobilized by the formation of densely
packed two-dimensional layers, at the solid–liquid interface. In 1990, McGonigal
et al. published the ﬁrst direct STM images of a self-adsorbed monolayer of longchain alkanes at the solid–liquid interface [11]. Though this kind of system had
already been studied using different methods, it was the ﬁrst direct observation
of the true ordering of these adsorbed layers. However, they found that
the apparent atomic resolution was related to graphite lattice substrate, and the
organic molecules only enhance locally the tunneling current. Nevertheless,
the general pattern of adsorption for several n-alkanes was observed, revealing
highly ordered parallel rows of molecules. In this experiment, the molecule axis
with respect to the direction of a piled-up column often called a lamella was
perpendicular. Rabe and Buchholz have later found that the adsorbed molecular
axes with respect to the column direction depend on functional groups at the
alkyl chain ends [12]. During the next 10 years, many other reports on this
subject have been published. This efﬁcient approach to reduce the mobility of
molecules, a prerequisite for high-quality imaging at room temperature, has
stimulated STM investigations under ambient conditions at the solid–liquid

Scanning Tunneling Microscopy for Self-Assembled Monolayers

9

interface [13–16]. Actually, STM has the potential to provide images of the twodimensional ordering of monolayers at interfaces on a sub-molecular scale,
which is summarized in some reviews [17,18].

2.2. Recognition of Atoms
There have been many attempts to recognize elements under STM. It has been
proposed that the polarizability of atoms and functional groups plays a key role
in the contrast mechanism when highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) levels of the adsorbed molecules are energetically far from the fermi level of the substrate [19,20]. Another
paper showed that ionization potentials seem to correlate to the STM image
contrast for a series of functionalized alkanes [21]. The geometric conﬁguration
of functional groups is found to play an important role in the image contrast
[22]. In the case of aromatic molecules, resonant tunneling through a potential
well formed in physisorbed molecules is believed to explain the conductivity of
molecules [23]. In another case, the HOMO or LUMO of adsorbed molecules
was apparently coupled with the Fermi level of the substrate, and this was
proposed as the dominant mechanism controlling the tunneling current through
the molecules [24]. Thus, the contrast mechanism for physically adsorbed molecules at liquid–solid interfaces still remain obscure. One problem in the quantitative study of image contrast in self-assembled monolayers is that the
conductivity through adsorbed molecules is highly affected by the shape of
tunneling probes. Therefore, it is necessary to develop a method which is independent of the probe shape in order to study the image contrast.
Padowitz et al. have shown that dihexadecyl ether (CH3(CH2)15)2O and
dihexadecyl sulﬁde (CH3(CH2)15)2S molecules can be co-adsorbed on graphite
surface and are distinguishable in STM image due to the strong image contrast
of sulfur atoms with methylene group [25,26]. A series of dioctadecyl chalcogenides were also found to form monolayers, and the structure of pure and
mixed monolayers were systematically investigated [27]. For this series of molecules, a new analytical method is proposed for comparison of images obtained
with different conditions. Fig. 13 shows examples of STM images of these
molecules. Assuming that the ﬂuctuations of alkyl chains of these adsorbed
molecules were the same, the distribution of the brightness was normalized with
respect to both the distribution curve peak position and the distribution width.
This normalization procedure is rationalized as follows [27]. According to
the treatment by Tersoff and Hamann [28,29], the conductivity between a tunneling probe and a surface is represented with the following equation:
s ¼ CR2 rv0 expð2KzÞ

(3)
rv0

where C is the constant, R the curvature radius of the probe, the surface local
density of state, K the inverse decay length of tunneling electrons in vacumm,
and z the gap between the probe and the surface. When we observe long alkyl
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A

B

4 nm

4 nm

C

4 nm
Fig. 13. STM images of dioctadecyl ether (A), dioctadecyl selenide (B) and a mixture of A and B (C).

chains adsorbed onto a graphite surface at room temperature, the gap z is
thermally ﬂuctuating and its distribution would be represented by a normal
stochastic process. Thus the observation frequency to have the distance zi
should follow a Gaussian function, and thus expressed by:
N i ¼ N 0 expfðzi  z0 Þ2 =sg

(4)

where s is the width of the distribution involving temperature as a parameter.
Assuming that the term corresponding to the ﬂuctuation K(ziz0) is reasonably
small, we obtain the following equation from Eqs. (3) and (4):


N i ¼ N 0 exp ðsi  s0 Þ2 =8s2 K 2 s20
(5)

It should be noted here that both the curvature radius and local density of
states are canceled out by taking the ratio between si and s0. This means that
the frequency Ni as a function of conductivity si presents an inverse parabolic
curve when it is plotted with a logarithmic scale. This is consistent with the
curves shown in Fig. 14, if we consider that the height required to keep a
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1

Fig. 14. Normalized distribution curves of co-adsorbed dioctadecyl chalcogenides
monolayers.

constant current is proportional to the conductivity. A full width at half
maximum (fwhm) of the conductivity distribution can be calculated with the
following equation:
Dsfwhm ¼ 4sKs0

(6)

It is clear that both Dsfwhm and s0 are proportional to R2 rv0 from Eqs. (3) and
(6), which means that these values depend on the probe shape and the local
density of states at the surface. However, if we normalize the conductivity s0
with the width Dsfwhm ; the value should give a constant depending on the
ﬂuctuation of the observed surface. Therefore, we can cancel the effect of the
tunneling probe shape if we take the same ﬂuctuating surface as standard.
Now we consider a situation in which another atomic species X having a
different local density of states rx0 is mixed with alkyl chains with the local
density of states rCH
0 : Then its conductivity is represented by the following
equation:
sx0 ¼ CR2 rx0 expð2kzÞ

(7)

Assuming that the kinetic energy of tunneling electrons (k) does not depend
on the atomic species, we can obtain the following equation:


x
CH
sx0 =sCH
¼ ðrx0 =rCH
(8)
0
0 Þ exp 2kðz0  z0 Þ

This can be reduced to the following simple equation when the sizes of X and
CH are considered to be similar:
sx0 =sCH
¼ rx0 =rCH
0
0

(9)

Thus we can compare a local density of states of each atom after the norCH
malization using both DsCH
fwhm and s0 ; even though the tip radius is different.
Fig. 14 shows the distribution curves of co-adsorbed monolayers of R–S–R,
R–Se–R, and R–Te–R with R–O–R, which were normalized based on the
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Fig. 15. Structure of the terephthalic acid derivative.

curves related to the alkyl chain of dioctadecyl ether of each sample. It should
be noted, however, that we can compare atoms in question only when the
interactions between the atoms and the substrate are similar.

2.3. Recognition of Chirality
A chiral terephthalic acid derivative, 2,5-bis[10-(2-methylbutoxy)decyloxy]terephthalic acid (Fig. 15), with two identical stereogenic centers, has been investigated by De Feyter et al. [18].
The chirality and conformation have been simultaneously studied. The
chirality of the monolayer can be observed in various ways: in regions of the
monolayer where the alkoxy chains are fully extended, the STM images exhibit
a clear modulation of the contrast along the lamellae. The unit cells of this
contrast modulation are mirror images for both enantiomers, which means that
each enantiomer forms its characteristic enantiomorphous monolayer structure.
In addition, the orientation of the lamella axes with respect to the graphite
lattice provide another indication of the chirality of the monolayer: the angle
between a lamella axis and a graphite reference axis is 3.71 and +3.71 for the
(S) and (R) enantiomers, respectively. In summary, the two-dimensional ordering of monolayers of chiral molecules is found to express the chirality of
individual molecules too.

3. DYNAMICS OF MOLECULAR LAYERS
3.1. Desorption and Re-adsorption
As described in a pioneering work by Rabe and Buchholz, self-assembled
monolayers are known to be dynamic [12]. The boundaries of lamellae are
unstable and moving within the time scale of a conventional STM imaging
system, which clearly indicates that molecules in self-assembled monolayers are
repetitively desorbed to and re-adsorbed from the liquid phase. Of course, the
motion of individual molecules is too fast to be observed, however, collective
motion of molecules can be visualized over nanometer ranges. Stabel et al.
investigated the self-assembled monolayers of alkylated octathiophene derivatives at the solution–graphite interface [30]. Small domains in the monolayers
were overtaken by large domains and eventually disappeared, as expected from
the Ostwald ripening process, which explains domain growth by reduction of
the interfacial potential energy.
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Dynamic processes in two component monolayers have also been studied.
Hibino et al. investigated mixtures of fatty acids having alkyl chains of different
lengths [15,31]. They found that molecular motion within monolayers often
occurred at the liquid–solid interface and adsorption of fatty acids with longer
alkyl chains was preferential. Gesquiere et al. observed the dynamics in the selfassembled monolayers of isophthalic acid derivatives with a speed of two frames
per second and found that non-ﬂuorinated molecules progressively replaced the
ﬂuorinated molecules [32]. These dynamic processes were always initiated at the
domain boundary due to the local instability of adsorption. Fluctuation dynamics in physisorbed monolayers apparently occurring without rearrangement
of whole monolayers have also been reported. Stabel et al. observed ‘‘fuzzy’’
images of alkylated anthraquinone derivatives within loosely packed monolayers, the cause of which was attributed to the signiﬁcantly large free volume [33].
Padowitz et al. studied the exchange process between alkylated ether and thioether in monolayers with the compounds in solution [25,26]. The residence time
of the thioether molecules in the monolayers depended on the neighboring
adsorbates owing to differences in the weak intermolecular interactions. Cousty
et al. also observed monolayer structures formed with binary mixtures of
n-alkanes and found point defects due to the insertion of short alkanes among
long alkane molecules [34]. These structural ﬂuctuations were found to occur
randomly but never induced co-operative molecular motion leading to a largescale ﬂuctuation within the assembly.
When 1-pyrenehexadecanoic acid (PHDA) and 4,40 -dipyridyl (4Bpy) are
co-adsorbed at the solution–graphite interface, interesting domino-like molecular reorientation in the self-assembled monolayers was observed [35]. A single
defect due to anti-parallel molecular orientation was found to propagate itself
over 10 molecules, enlarging the ﬂuctuation region due to co-operative molecular motion as shown in Fig. 16. Because p–p interaction affects the crystal
structure of large aromatic halves, e.g., pyrene and perylene, it is expected to
inﬂuence desorption and adsorption dynamics through similar interactions.

Fig. 16. A series of STM images of the same area of 1-PHDA and 4Bpy coadsorbed monolayers.
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The co-operative structural ﬂuctuation in self-assembled monolayers is also
considered to be dominated by the p–p interaction between the pyrene units. The
p–p interaction involves a move of electronic charge between molecules, often
leading to the formation of intermolecular donor–acceptor complexes. This kind
of interaction can also affect the structure of self-assembled monolayers [36].

3.2. Chemical Reactions
Polymer industries depend on the spontaneous polymerization of molecules into
chains in response to an appropriate trigger. Polymerization reaction under STM
was ﬁrst observed by Grim et al., although the reaction itself was not induced
with a current from the tunneling probe [37]. Recently, by using an STM tip,
Okawa and Aono have successfully initiated and terminated the linear propagation of the chain polymerization of a diacetylene compound into a polydiacetylene compound at any chosen point with a spatial precision of about 1 nm [38].
A self-ordered monomolecular layer of 10,12-nonacosadiynoic acid molecules (NCDA, C29H50O2, Fig. 17), adsorbed on a graphite surface, is used as
starting material. In a typical STM image of the monomolecular layer, a linear
array of diacetylene moieties of the self-ordered molecules can be clearly observed as a couple of bright lines. This molecular species polymerizes in a threedimensional solid state, and this reaction can be induced by local stimulation
with the STM tip. First, an artiﬁcial defect in the form of a 6-nm-wide hole is
generated at a predetermined position in the monomolecular layer by placing
the STM tip at this position and applying a 5 V pulsed sample bias during 10 ms.
Then, scanning from top to bottom with a negatively pulsed sample bias (4 V,
5 ms), applied when the scanning tip passed a certain point, causes a bright line
to appear between the point and the artiﬁcial defect. This bright line represents
a polymerized polydiacetylene nanowire, as conﬁrmed by structural analysis.
The same area is once more scanned, applying another negatively pulsed sample
bias when the tip passed another certain point indicated by the other certain
point. From these experimental results, they conclude that the STM-induced
chain polymerization propagates on both sides of the point of stimulation. The
polymerization results in polydiacetylene compounds that behave as conjugated
linear polymers and should function as electrically conductive ‘‘nanowires’’
upon transfer of charge from the surroundings. Therefore, this technique should
be useful for interconnecting nanostructures, enabling the electrodes of a singleelectron transistor, for example, to be wired up even if it is nanometer-sized.
This new method opens up possibilities for the fabrication of novel molecular
nanoelectronic devices and should help to take molecular nanoelectronics beyond the present silicon-based-device technology.
HO2C

(CH2)8

C

C

C

Fig. 17. 10,12-Nonacosadiynoic acid (NCDA).

C

(CH2)15 Me
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Although the above-mentioned research concerning inducement of such
localized organic chemical reactions have been carried out in the solid–air interface, STM can also be applied to the solid–liquid interface as described
before. STM in the solid–liquid interface allows us to get rid of inﬂuence of
water and various contaminants in air to preserve clean interfaces, resulting in
obtaining clear molecular images even without a vacuum chamber. Furthermore, one of the advantages of STM in the solid–liquid interface is the potentiality to add chemical reactants in the solvent. Making the best use of such
advantages [39], STM could induce various organic reactions such as addition,
substitution, and polymerization reactions in nano-scale. Nishio et al. have
induced a polymerization reaction by STM in a monolayer of a diacetylene
derivative at the solid–liquid interface and investigated the effects of ionic species dissolved in the solution on the reaction probability [40].
The same STM setup as in Fig. 12 is used. The STM tip is immersed into
the drop of liquid, and probes the solid–liquid interface. All the STM measurements are carried out under ambient conditions at a room temperature.
A drop of saturated solution of NCDA (see Fig. 17) in phenyloctane is deposited
on a clean surface of graphite. Fig. 18 shows a STM image of the monolayer
of the acid adsorbed on the graphite surface together with a model structure.
A few lines of the lamellae arranging orderly can be observed clearly, and
the width of each lamella is in accordance with the molecular length of NCDA.
The longest horizontal bright lines correspond to the long alkyl chains of
NCDA, (CH2)15, while the shortest are the (CH2)8 chains. The diagonal portions
reﬂect the diacetylene part of NCDA, and two NCDA molecules form hydrogen bonding (dark lines). The distance between two adjacent molecules in the
lamellae is 4.5 Å.

Fig. 18. STM image of a monolayer of 10,12-nonacosadiynoic acid adsorbed on
graphite.
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Fig. 19. 80 nm  80 nm STM images of a monolayer of NCDA in phenyl octane
deposited on graphite, (a) before and (b) just after the impression of a pulsed
voltage on the STM tip.

Polymerization is induced with the STM tip. STM images of the monolayer
of NCDA before and just after applying a positive pulsed bias voltage of 4 V are
shown in Fig. 19. In Fig. 19a, a number of parallel lines corresponding to the
diacetylene portions of NCDA molecules are observed.
A 30 ms pulsed bias voltage is applied in succession over ﬁve diacetylene
lines along the line A–B in the ﬁgure, resulting in successful inducement of the
polymerization reaction as shown in Fig. 19b. Considering the quite similar
conditions with the conventional solid state polymerization of diacetylene compounds, the polymer is supposed to be polydiacetylene, although no conclusive
evidence has been obtained from the STM image. The polymerized lines are
brighter than the other lines where no polymerization took place. This is mainly
due to development of p-conjugated systems by forming polydiacetylene. The
maximum polymerization length along the diacetylene lines is more than
200 nm, reaching the end of the domain of the monolayer. The reaction also
occurs at a portion about 30 nm away from the region where the pulsed voltage
has been applied. The threshold of the pulsed voltage for polymerization is 2 V,
whereas the reaction probability increases with increasing the absolute value of
the voltage.
In order to investigate the effect of ionic additives on the STM-induced
polymerization, 102 M of tetramethylammonium perchlorate, N(CH3)4ClO4, is
dissolved in the solution. Fig. 20 shows the spatial distribution of the probability of the polymerization reaction at various bias voltages without and with
N(CH3)4ClO4, respectively. The reaction probability is deﬁned as the average
number of lines polymerized by a single pulse in each region separated by an
interval of 10 nm. The threshold of the applied voltage is 72 V, independently
of the presence of tetramethylammonium perchlorate. However, at more than
72 V, the addition of N(CH3)4ClO4 expands the reaction region and increases
the reaction probability, regardless of the sign of the bias voltage applied.
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Fig. 20. Spatial distribution of the probability of the polymerization at various bias
voltage (a) without and (b) with tetramethylammonium perchlorate.

As mentioned above, polymerization is observed at portions far away from
where the pulsed voltage is applied. This could be explained by the following
hypothesis: on applying a positive pulsed voltage of several volts between the
STM tip and the graphite surface, electrons are injected from the tip into the
liquid. These electrons are accelerated due to the strong electric ﬁeld ranging
from 108 to 1010 V m1 formed between the tip and the graphite surface. The
accelerated electrons then come into collision with various species in the liquid
to yield secondary electrons from them, inducing a so-called electron avalanche
[39]. Furthermore, the electron avalanche occurs more frequently at lower applied voltages with the presence of ionic compounds. The same process may
participate in the polymerization reaction induced by STM in the solid–liquid
interface. In addition, the effect of N(CH3)4ClO4 on the polymerization reaction
is found even when a negative pulsed bias is applied, suggesting that the positive
ions also contribute to the polymerization reaction. In addition, the threshold
voltage of 2 V is smaller than that for the solid–air interface (4 V). While direct
excitation to the T1 state of diacetylene by tunneling electrons occurs at the
solid–air interface [41], a different mechanism takes place at the solid–liquid
interface. The polymerization is probably induced through the multiple vibrational excitation of NCDA by incessant collisions with charged carriers activated by the effects of strong electric ﬁeld involving the electron avalanche.

4. SPECTROSCOPIC TECHNIQUES COMBINED WITH STM
4.1. Current/Voltage Spectroscopy
In tunneling spectroscopy, the tip position is ﬁxed and the current is recorded as
a function of the potential difference between the tip and sample. At positive
voltage bias, the majority of electrons tunnel elastically from ﬁlled tip states to
empty sample states. An adsorbate perturbs the sample density of states in a
unique way, and therefore produces a different tunneling current than the bare
sample. Additional information can be extracted from tunneling spectra by
considering the effect of inelastic tunneling processes on the current. When the
energy of a tunneling electron is sufﬁcient to excite a quantized molecular
vibration, the electron can tunnel inelastically and leave the molecule in a
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vibrationally excited state. Inelastic tunneling represents an additional tunneling
channel which, when accessible, increases the differential conductance of the
tunnel junction. Typical vibrational mode energies are 0–500 meV. Metals provide a relatively smooth and substantial density of states in this region near the
Fermi level. Such properties are desirable for discriminating vibrational peaks
from electronic contributions to the spectra.
Lauhon and Ho have reported the vibrational spectrum of an acetylene
(C2H2) molecule adsorbed on a copper surface measured with tunneling spectroscopy [42]. The spectrum is an average of 20 scans at 9.5 K, and the tunneling
gap is set to 250 mV. A Cu background spectrum has been subtracted from the
spectrum. The peak corresponds to the C–H stretch mode, taken at positive and
negative bias. The peak intensity at 357 mV is 1.7 times greater than the peak
intensity at 357 mV. Similar junction bias asymmetries have been observed in
macroscopic IETS spectra. This effect may be qualitatively understood by noting that the electrons have a higher probability of tunneling before losing a
vibrational quantum energy (at positive bias) than after (at negative bias).

4.2. Raman Spectroscopy
A conventional atomic force microscope (AFM) tip, suitably coated with gold,
can provide spatially selective enhancement of a Raman signal using the surface
enhanced Raman scattering (SERS) effect [43]. The SERS effect exploits a
property of nanometer-sized metal particles or surface grains: incident laser
photons are absorbed into the metal particles through oscillations of surface
plasmons [44]. When this effect couples with molecules in close proximity, an
efﬁcient pathway to transfer energy to the molecular vibrational modes opens,
generating Raman photons. The enhancement is maximized when the metal
grains are smaller than the incident laser wavelength and when the metal has the
optical properties to generate surface plasmons. The greatest enhancements are
observed with silver, gold, and copper with grain diameters between 10 and
200 nm. In addition to this electromagnetic ﬁeld enhancement, there is an additional chemical enhancement that results when a molecule coordinates with
the surface metal particle and forms charge transfer states with the energy levels
of the metal. This results in a charge transfer transition in the visible wavelength
region and a surface localized resonance Raman enhancement [45]. For example, enhancement factors of 108 to 1014 have been reported with molecules
absorbed on a silver substrate [46]. However, the spatial resolution of this AFM
tip enhanced Raman spectroscopy yet remains in the range of nanometers.
On the other hand, using STM allows to determine the morphology of surfaces
down to the atomic level. STM tip enhanced Raman spectroscopy is therefore
a very promising tool for spectroscopic investigations with sub-molecular
resolution [47].
In actual experimental setup for the combination of STM with Raman
spectroscopy, there are essentially two optical detection methods as shown in
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Fig. 21. Schematic representation of the inverse (a) and reﬂective (b) microscope
setup.

Fig. 21. In the case of inverse type microscopy, laser light is focused by the
objective onto a transparent sample from bottom. The scattered light is collected through the same objective and discriminated from the excitation light by
a dichroic mirror. Then the light is refocused into the spectrograph and detected
by photodetectors. Alternatively, the collected light can be directed to binoculars for visual checking using white illumination light from above the sample,
either vertically (bright ﬁeld) or from the side (dark ﬁeld). The advantage of
such an inverse type microscope is that the top of the sample remains free,
which can be used for installing a conventional STM head. On the other hand,
such an experiment requires a substrate that is both conducting and transparent, and the only easily available sample fulﬁlling these conditions is ITO
deposited on quartz that is usually not atomically ﬂat.
In the case of reﬂective type setup, the key element is the high magniﬁcation
(100  ), large numerical aperture (NA 0.76), long working distance (6 mm)
objective with a special concave end lens in order to let some free space for the
STM tip. This setup allows us to use atomic ﬂat graphite substrates and thus
self-assembled monolayers are easily observed with atomic scale resolution.
In addition, Raman spectra of 1-phenyloctane and n-octylcyclohexane have
been successfully measured although the amount of samples was very small
(25 ml). The ability as both an STM and a Raman spectrometer of this system is
demonstrated by using a simple HOPG surface as shown in Figs. 22 and 23.
For Raman scattering measurement, a freshly cleaved sample is directly
illuminated with the Ar-ion laser, and the resulting spectrum, accumulated
during 10 min, is shown in Fig. 23. The band at 1580 cm1 corresponds to the
in-plane C–C breathing mode of the whole graphite lattice, namely the E2g
mode. The band at 2730 cm1 is an overtone of a lower-energy vibration, and
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Fig. 22. An STM image of a HOPG surface obtained with the reﬂective type setup.
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Fig. 23. Raman spectrum of the surface of HOPG.

the two remaining small peaks (2430 and 3240 cm1) are a combination band
and an additional overtone, respectively. Thus, the reﬂective type confocal
Raman spectrometer has more versatility in choosing a substrate.

5. FUTURE DIRECTIONS
By combining vibrational spectroscopy with STM, in situ characterization of
single molecules can be achieved. However, the STM is not only capable of
imaging, but also of local chemical modiﬁcations: injecting electrons to the
sample can induce vibrational excitation, and even break or form bonds. This
ability to directly visualize molecules as well as their controlled reactions opens
up a new ﬁeld of research for chemistry. In fact, STM allows us to visualize
quantum mechanics [1]. By using nanosystems speciﬁcally designed for speciﬁc
problems, we are actually working like Nature does. Life is built on nanofunctionality: senses, metabolism, and even growth take place on the nanometer
scale. In addition, the small energies required for local activation are in the
thermal energy (kT) range. All the elements are now at our disposal to ﬁnally
build functionality from the bottom up [48].
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In this chapter, we did not touch another important area studying excited
state dynamics with sub-molecular-level spatial resolution. There are already a
few pioneering works in this ﬁeld [49,50]. Generally, ﬂuorescence is more sensitive than Raman scattering and therefore it would be easier to detect ﬂuorescence than Raman. However, ﬂuorescence of adsorbed molecules can be
quenched by the substrate graphite and probe metals due to energy and electron
transfer. To overcome these problems, we need to develop further instruments
and materials ﬁtting to the ﬂuorescence detection under the STM condition. We
do strongly hope the era will come soon that allows us to observe real-time
excited state dynamics with sub-molecular resolution in the self-assembled
monolayers.
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1. INTRODUCTION
The interferometric surface forces apparatus (SFA) has played a major role in
the discovery and experimental investigation of a variety of surface forces since
the early seventies. It has now served its scientiﬁc purpose in surface chemistry
for more than 30 years. The SFA was envisaged by Tabor and Winterton [1] and
later developed by Tabor and Israelachvili [2] and Israelachvili and Adams, and
Klein [3–5]. Considerable development of the basic technique has occurred since
then, and this has opened new perspectives in studying matter in conﬁnement.
This chapter aims at reviewing the main development milestones of the
SFA and look back at some of the most important experimental achievements
in studying monolayers at interfaces with the SFA. It is structured as follows. In
Section 2 the function of the basic SFA is described. This has been excellently
done by several authors before [6–9]; however, we feel that it is a necessary part
of the review since it helps to appreciate the development of the SFA that is
reviewed in Section 3. Further sections are devoted to an overview of experimental achievements obtained using the SFA. A particular emphasis is put on
monolayer studies of surfactants and lipids (Chapter 4) where intriguing behaviour of hydrophobic monolayers and forces between hydrophilic monolayes,
including speciﬁc interactions, are discussed. In Chapter 5 forces generated by
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polyelectrolytes on oppositely charged surfaces and forces due to polyelectrolyte
brushes are discussed. These are of considerable importance in understanding
colloidal stability. More to this, as we will see, the knowledge of polyelectrolyte
behaviour on surfaces empowers us to understand biotechnological systems,
such as protein-repelling surfaces.

2. FUNCTION OF THE BASIC SURFACE FORCES
APPARATUS
The SFA consists of a hermetically closed stainless steel chamber that can be
ﬁlled with any transparent liquid or gas of choice. Mica is a preferred substrate in
the SFA, though other surfaces, such as single-crystal sapphire plates have also
been used [10]. In the SFA, the force acting between the surfaces, mounted in a
crossed cylinder conﬁguration, as a function of surface separation is measured.
The data obtained are normally plotted as force, Fc(D), normalised by the undeformed geometric mean radius of the surfaces, R. This quantity is related to
the free energy of interaction per unit area, Gf, between two ﬂat surfaces at the
same separation [11]:
F c ðDÞ
¼ 2pGf ðDÞ
R

(1)

2.1. Determining Separation between Surfaces
The separation between the surfaces and the refractive index of thin ﬁlms (e.g.,
liquid ﬁlm, polymer adsorption layer, monolayer) are determined by using
multiple beam interferometry [6–8]. In order to do so, two mica surfaces that are
a few micrometres thin, atomically smooth and of equal thickness are silvered
on their back side and glued silvered side down on semi-cylinders of optically
polished silica, and positioned in a crossed cylinders conﬁguration. This conﬁguration is locally equivalent to a sphere near a ﬂat. If such surfaces are
brought close together and white light is directed perpendicularly on one of the
silvered surfaces, some light will pass through the silver layer and it will then be
multiply reﬂected between the two silver mirrors (see Fig. 1). For some wavelengths constructive interference will occur and only these wavelengths will be
passed through the upper silver mirror. If the passed light will be directed into a
spectrometer, it will be split into bands of discrete wavelengths and thus fringes
of equal chromatic order (FECO) can be observed and their wavelengths can be
accurately determined. The FECO wavelengths depend on the thickness, T, of
the mica sheets and the separation between the two mica surfaces, D. When a
thin ﬁlm is introduced between the surfaces, the fringes shift to longer wavelengths. The surface separation is determined with the accuracy of 0.1 nm by
comparing the wavelengths of fringes when the two surfaces are in mica–mica
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Fig. 1. Schematic representation of the main features of the interferometric surface
forces apparatus. Crossed mica sheets (1) are glued onto semi-cylinder optically
polished silica discs (2). One of the discs is attached to a piezoelectric crystal tube
(3), and another to the force measuring double cantilever spring (4). White light
passes through the window positioned in the bottom of the apparatus and reﬂects
between two silver mirrors. Constructive interference occurs for some wavelengths
and the fringes of equal chromatic order are passed through the upper silver mirror
to the spectrometer where they can be viewed and their wavelengths determined.
Adapted from Ref. [9]. r 1996, with permission from Elsevier.

contact and some distance apart. From the wavelengths the refractive index can
also be determined. For a symmetric three-layer interferometer the distance can
be calculated from [6]
!
2pmD
2m sinðpfÞ
tan
¼
D
2
ð1 þ m Þ cosðpfÞ  ðm2  1Þ
ln

(2)

In Eq. (2):
m
m
mm
n
lD
n
l0n
l0n1
The signs ‘‘+’’

the refractive index of the medium,
mm/m,
the refractive index of mica at the wavelength lD
n;
the fringe order that equals the number of antinodes in the standing wave,
the wavelength of fringe n when the surfaces are separated a distance D,
the wavelength of fringe n when the surfaces are in contact,
the wavelength of fringe n–1 when the surfaces are in contact,
and ‘‘–’’ refers to n being odd and even, respectively.
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Refractive index determination of a thin ﬁlm relies on the fact that odd and
even fringes depend in a different way on the refractive index of the intervening
medium between the surfaces. Thus, by measuring the wavelengths of fringes n,
n–1 and n–2 with the surfaces in contact and the wavelengths of fringes n and
n–1 with the surfaces separated, it is possible to determine the refractive index
and from this calculate the adsorbed amount on each surface, G, by using the
relation [12]:
G¼

Dðn  nb Þ
2dn=dc

(3)

In Eq. (3):
n
nb
D
dn/dc

the
the
the
the

refractive index of the adsorbed layer,
refractive index of the bulk solution,
surface separation,
refractive index increment.

2.2. Determining Forces between Surfaces
In the SFA, the distance between the surfaces is controlled by use of a threestage mechanism of increasing sensitivity: a coarse motor, a ﬁne motor and a
piezoelectric crystal tube, the latter allowing for distance control with an accuracy of 0.1 nm. The movement of the piezoelectric crystal tube is calibrated at
large surface separations where no force is acting between the surfaces. For
calibration it is an acceptable approximation that the expansion of the piezoelectric crystal (DD) is linear in response to an applied voltage (DV):
DD ¼ cDV

(4)

where c is the proportionality constant.
The force, Fc(D), is determined by virtue of multiple beam interferometry.
The piezoelectric crystal is expanded or contracted by a known amount DD and
subsequently the actual distance by which the surfaces move is determined
interferometrically. Any difference between the expected distance of motion and
the actual distance that the surfaces moved with respect to each other, DD0,
when multiplied by the spring constant, k, gives, according to Hooke’s law, the
difference between the forces at the initial and the ﬁnal separations, DFc:
DF c ¼ kðDD0  DDÞ ¼ kðcDV  DDÞ

(5)

There are several force measuring spring designs offered in the SFA, the most
commonly used being single or double cantilever springs. A double cantilever
spring design is advantageous over a single cantilever spring for measuring
strong adhesive forces, since it prevents the surfaces from rolling over each
other when the spring bends [13]. The spring constant can be varied over a
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broad interval from 1  102 to 1  105 N/m, thus allowing to accurately measure
both strong and week surface interaction forces. With the spring constant of
1  102 N/m and surfaces with a radius of 2  102 m the detection limit of the
forces is 107 N or, when nomalised by the radius, 5  103 mN/m.

2.3. Other Surface Forces Measuring Techniques
Up to date, besides the SFA, several non-interferometric techniques have been
developed for direct measurements of surface forces between solid surfaces. The
most popular and widespread is atomic force microscopy, AFM [14]. This
technique has been reﬁned for surface forces measurements by introducing the
colloidal probe technique [15,16]. The AFM colloidal probe method is, compared to the SFA, rapid and allows for considerable ﬂexibility with respect to
the used substrates, taken into account that there is no requirement for the
surfaces to be neither transparent, nor atomically smooth over macroscopic
areas. However, it suffers an inherent drawback as compared to the SFA: It is
not possible to determine the absolute distance between the surfaces, which is
a serious limitation, especially in studies of soft interfaces, such as, e.g., polymer adsorption layers. Another interesting surface forces technique that deserves attention is measurement and analysis of surface and interaction forces
(MASIF), developed by Parker [17]. This technique allows measurement of
interaction between two macroscopic surfaces and uses a bimorph as a force
sensor. In analogy to the AFM, this technique allows for rapid measurements
and expands ﬂexibility with respect to substrate choice; however, it fails if the
absolute distance resolution is required.
It is appropriate to mention here that the SFA and other techniques available for measuring surface forces have been reviewed before and the interested
reader is referred to some excellent papers [9,18–20].

3. DEVELOPMENT OF THE SFA
Since the beginning, the SFA technique experienced major interest from the scientiﬁc community, due to the opportunities that it has opened in surface chemical
science. It has been used extensively for studying various systems, and along with
this it has been developed to answer increasingly complex scientiﬁc questions.
Today several types of the SFA are available, all suited for speciﬁc surface chemistry purposes. The SFA Mark II [4,5] and Mark IV [21] (see Fig. 2) were particularly designed for measuring forces acting normal to the surfaces.
In fact, the SFA was initially developed for practically probing the DLVO
theory, and DLVO forces were successfully measured in electrolyte solutions and
colloidal systems [4,22]. However, the applications of the apparatus were not
restricted to this. Detailed and accurate information was obtained on thickness
and refractive index proﬁles of thin ﬁlms [6], simple liquid molecular structuring
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Fig. 2. Photographic image of the surface forces apparatus Mark IV and images of
FECO fringes when the mica surfaces are close to contact (1), and when they are in
adhesive contact (2). Figure adapted from http://www.rsphysse.anu.edu.au/SFA/,
with permission. From the Australian National University, Tim Wetherell.

in conﬁnements [23–26] and packing in complex liquids, such as micellar solutions [27], polyelectrolyte solutions, liquid crystalline phases [28–30] and polyelectrolyte–surfactant mixtures [31,32]. Vapour condensation in slits was studied
[13], and interaction forces between surfaces coated with Langmuir–Blodgett
(LB) monolayers [33], and polymers [34–36] were characterised.
Later, the SFA was developed to suit an even broader range of measurements, and in 1985 Israelachvili reported a set-up of the SFA with vibrating
upper surface suited for viscosity measurements of liquids conﬁned between the
surfaces [37].
During the eighties and nineties the SFA has been further developed to
study the dynamic properties of thin ﬁlms trapped between surfaces in order to
understand molecular origins of friction and wear. Retaining its capability of
measuring normal forces, the SFA was equipped with a lateral sliding mechanism which allowed the surfaces to be sheared past each other with various
frequencies and lateral amplitudes. Several versions of the tribological SFA
have been designed [20, 38–43], the most broadly known, commercialised version being Israelachvilis Mark III SFA (SFA3TM, Surforce, USA) [44]. Numerous exciting measurements have been performed using the tribological SFA.
For instance, lubrication forces between surfaces bearing polymer brushes have
been measured [45], and friction in asymmetric systems consisting of one stationary solid mica surface and one polymeric surface sliding over the mica or
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vice versa have been reported [46, 47], dramatic reduction in friction when
surface interactions are mediated by polyelectrolytes with possible implications
for biolubrication have been demonstrated [48], lubrication and wear properties
of polyelectrolytes that are important as biomedical materials, hyaluronan and
hylan [49], and normal and shear forces between mica and model membrane
surfaces with adsorbed hyaluronan [50] have been measured, to mention but a
very few.
For the reader interested in shear and friction studies using the SFA, an
excellent overview of the advances in this area up to 1998 is given by
Kumacheva [51]. The recent developments of the tribological SFA have allowed
for the study of tribology at the molecular and atomic scale [20].
Most SFA’s, irrespective of version and design, are operated manually.
However in the extended SFA (eSFA) Heuberger et al. [52–54] succeeded in
modifying SFA3TM such that a fully automated version of the SFA has been
created. In this apparatus up to 150 interference fringes can be simultaneously
tracked over a wide spectral range and the distance is calculated in real time.
Multiple beam interferometry spectra are analysed using a fast spectral correlation (FSC) method, which provides unprecedented precision and simpliﬁed
extraction of information. Precise temperature control improves instrumental
stability [53]. The eSFA control software (Acquisoft) allows to program several
different experiments in advance with predetermined timing, thus automated
measurements with the eSFA are typically performed at night, with no human
intervention. In addition to the beneﬁt of being fully automated the eSFA is
claimed to outperform the manual SFA’s in the distance measurement precision
(0.05–0.25 Å), measurable distance range (0–100 mm), sampling rate and overall
accuracy [52]. A thorough description of the operational principals and technical details of the eSFA can be found in Ref. [52–54] and on the webpage [55].
Though the SFA is a superior technique for static and dynamic force
measurements, measured forces present an average value over the collective
action of molecules in the whole surface interaction area (typically100 mm2)
and the important direct structural information on the molecular level of the
molecules in conﬁnement is lacking. In order to enable this there has been
numerous attempts to combine the SFA with other techniques capable of providing such information. For instance, Cosgrove et al. have designed a parallel
plate SFA suited for simultaneous force and neutron reﬂectivity measurements
[56, 57] and simultaneously studied forces between adsorbed polymer layers as
well as their structure by neutron reﬂectivity. Idziak et al. have united synchrotron X-ray scattering and the SFA [58, 59] in order to permit simultaneous
measurement of forces and structures of liquid crystals under static and ﬂow
conditions. Recently, Israelachvili et al. [60, 61] have reported on the secondgeneration X-ray SFA (XSFA-II) that allows simultaneous X-ray scattering and
direct force measurements. A schematic representation of the XSFA-II chamber
is given in Fig. 3. The apparatus is designed such that it allows both for multiple
beam interferometry of white light and for X-ray diffraction in the same optical
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Fig. 3. Schematic illustration of the XSFA-II that enables all basic capabilities of
the SFA simultaneously with X-ray diffraction measurements. Redrawn with permission from Ref. [61]. r 2002, American Institute of Physics.

path due to the presence of 30-mm-thick mylar mirrors coated with a thin layer
of Al, instead of the traditionally used silver mirrors that are not transparent for
the X-rays.
Müller et al. [62] have measured optical properties of a thin dye layer
adsorbed on mica surfaces in the SFA by analysing the resonance wavelength,
and the size and width of the transmission peak at the resonance wavelength
from a Fabry–Perot interferometer. An attempt of application of in situ laser
spectroscopic technique in the SFA has been undertaken by Neuman et al. [63]
who, by ﬂuorescence recovery after photobleaching method, for the ﬁrst time
directly measured the molecular mobility in ssurfactant monolayers conﬁned
between two solid surfaces. Frantz and co-workers [64] have combined the
tribological SFA with nonlinear optical spectroscopy. The authors employed a
ﬁbre-optic interferometer (FOI) as an alternative way to monitor the relative
positions of the surfaces and thus it could be done without the silver mirrors
otherwise used in the SFA (see Section 2.1). This provided conditions in which
full illumination for the spectroscopy of the buried interface was achieved. In
this way the SFA can be placed in the path of an Nd-YAG laser light for studies
of the linear response or the second harmonic and sum-frequency generation
from the material conﬁned between the two surfaces.
The prevalence of mica as a substrate in the SFA has long been perceived as
one of the limitations of the SFA. Partly, because of the technological need to
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use other materials relevant to applications. There have been numerous attempts
to broaden the scope of the substrates used in the SFA. For instance, two singlecrystal sapphire plates have been successfully employed for the SFA measurements by Horn et al. [10]. Parker and Christenson have succeeded in measuring
forces between a metal (silver) surface and mica [65]. Mica has been modiﬁed by
LB deposition [66–68], LB cellulose ﬁlms have been prepared for the SFA studies
[69], self-assembled monolayers have been used [70], amorphous silica has been
deposited on mica to yield smooth surfaces [71], surfaces activated by gas plasma
treatment has been followed by silanation and plasma polymerisation [72, 73].
Recently, plasma enhanced chemical vapour deposition of silicon nitride layers
have been suggested as a generic substrate for the SFA [74].
However, in an attempt to integrate the SFA and spectroscopic techniques,
the use of silver for optical interferometry has been seen as a drawback due
to the fact that it precluded sufﬁcient excitation source intensity to illuminate
the buried interface. In order to circumvent this problem Mukhopadhyay
and co-workers in an experimental set-up where the SFA was combined with
ﬂuorescence correlation spectroscopy (FCS) used, instead of silver, multilayer
dielectric coatings that allowed simultaneous interferometry and ﬂuorescence
measurements in different regions of the optical spectrum [75]. Using this set-up
they succeeded in measuring diffusion in molecularly thin ﬁlms with singlemolecule sensitivity.
Another alternative to using multiple beam interferomtery for surface
separation determination was offered by Stewart [76] who coupled a capacitance sensor to the SFA Mark IV to measure the deﬂection of the double
cantilever force measuring spring. The capacitance dilatometry method enables
the study of opaque surfaces at the same time as the distance and force
normalised to the radius resolution remain equal to that of the regular SFA, or
even better [77]. However, using this method, the absolute separation cannot be
determined.
Even though the SFA technique is close to 40 years old, we can see that the
basic concept remains very useful and that novel developments occur regularly.
Thus, one can expect that the coming years will offer many exiting developments of the SFA, and that this will increase our understanding of matter
conﬁned in narrow gaps. Perhaps, the most interesting perspective is the combination of force studies, including friction and molecular spectroscopy. The
initial attempts in this area are indeed promising.

4. MONOLAYERS OF SURFACTANTS AND LIPIDS
Since the origination of the SFA technique mica has been utilised as a preferred
substrate because of the convenience of this substrate. However, the fundamental and practical interest of mica surfaces interactions in liquids and gases is quite
limited. It was of great interest to develop a broad range of substrates of various
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chemistries, while retaining the advantages offered by mica (transparency,
atomic smoothness, chemical and physical robustness). With this need in mind
several surface modiﬁcation procedures have been developed.

4.1. Langmuir–Blodgett Films
One surface modiﬁcation procedure that was used early on was the classical LB
deposition, which allows one or several layers to be deposited in a controlled
manner. This procedure has been utilised to prepare non-polar surfaces [33],
phospholipid bilayers [78, 79] and cellulose surfaces [69], just to mention a few.
In the next two subsections we will discuss some results obtained using surfaces
modiﬁed by LB-technique, and compare with similar surfaces obtained by other
means. The focus in the ﬁrst section is on the long-range attraction between
non-polar surfaces in water, whereas the second section deals with short-range
repulsive and attractive interactions between monolayers exposing various polar
groups or including biologically active molecules.

4.1.1. Hydrophobic monolayers
Long-range attractive interactions between hydrophobic surfaces in aqueous
solutions have puzzled the scientiﬁc community since the ﬁrst measurements by
the SFA of an exponentially decaying long-range attraction about an order of
magnitude greater than the expected van der Waals dispersion force, in the
range of 0–8 nm.This force was suggested to be the ‘‘hydrophobic interaction’’
and ﬁrst reported by Israelachvili and Pashley [80, 81] (Fig. 4).
Later an exceptionally long-range attractive force between mica surfaces
made hydrophobic by LB deposition of a monolayer of dimethyldioctadecylammonium bromide (DODAB) was measured by Christenson and Claesson
[82]. It was shown to be an exponentially decaying force with a decay-length of
12–13 nm in the distance range 20–80 nm. This force was noted to be up to 100
times stronger than the expected van der Waals attraction (Fig. 5).
Since then many researchers have undertaken an effort to elucidate the
origin of the force acting between hydrophobic surfaces. With this purpose the
dependence of the force on electrolyte and pH [72, 83–87], temperature [84], and
dissolved gas has been investigated using a variety of hydrophobic monolayer
preparation methods for force measurements such as adsorption from surfactant solution [80, 81], LB deposition [88, 89], silanation [72, 73], combination of
LB deposition and silanation [68], and ﬁnally, self-assembly of thiols on gold
[90, 91] have been tested. The work of Wood and Sharma [68, 92, 93] in particular showed that it is not only the hydrophobicity that is playing a role in
deﬁning the range of attractive interactions between hydrophobic surfaces but
also the structure of the hydrophobic monolayers is of utmost importance, since
with polymerised monolayer of octadecyltriethoxysilane (OTE), no attraction
longer than 20 nm was seen.
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Fig. 4. Attractive force law deduced from forces measured between mica surfaces
immersed in CTAB solutions. Each point is the difference between the measured
force and the expected DLVO interaction. For comparison, from Lifshitz theory
calculated van der Waals force-law for two mica surfaces and two hydrocarbon
surfaces in water is shown as shaded area. Adapted from Ref. [81]. r 1984, with
permission from Elsevier.

To date there is no clear agreement regarding the origin, distance dependence and the magnitude of the force acting between hydrophobic surfaces.
However, thanks to a number of recent efforts it becomes clear that certain
hydrophobic surfaces do not show the very long-range attraction though the
short-range attraction is always present and is stronger than the expected van
der Waals force. In certain cases the attractive force is clearly caused by microscopic bubbles [86]. However, in many cases there is no evidence of presence
of bubbles, but nevertheless, the exponentially decaying attraction is measured
in the range of 20–100 nm. The origin of this force is still unclear.
The interferometric SFA has served as an invaluable tool in studying the
‘‘hydrophobic attraction’’ among other things due to the fact that it is the only
technique available today that enables direct observation of occurrence of cavitation. For instance, recently Lin et al. [89] employed a dynamic surface forces
measurement method to study interactions between DODAB LB coated surfaces. High-speed camera images of FECO revealed that there are no bubbles
on the surfaces prior to contact. However, short-lived cavities, typically lasting
3 ms before disappearing, have been observed to form upon separation (Fig. 6).
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Fig. 5. Force measured in water between LB ﬁlms of DODAB deposited on mica.
Data plotted in open symbols. The different symbols denote separate series of
measurements. Forces measured in water (pH ¼ 5.6) between mica surfaces coated
with polymerised monolayers of OTE (different ﬁlled symbols represent separate
series of measurement). The solid lines show the van der Waals forces expected
between mica surfaces (1) and hydrocarbon surfaces (2) across water. Redrawn with
permission from Ref. [92]. r 1995, VPS. Publishers and Brill Academic Publishers.

The phenomenon of cavitation was also observed by Christenson and
Claesson [82], around 20 years ago, who used DODAB LB ﬁlms and the equilibrium method for forces measurements. The direct measurement of forces
between hydrophobhic surfaces in water were rather recently thoroughly reviewed by the above authors [94] and the reader who is interested in this intriguing topic is referred to this review and many references therein.

4.1.2. Hydrophilic monolayers
Interactions between hydrophilic monolayers have deserved considerable attention due to their importance in understanding phenomena that govern stability and fusion of biological membranes. For instance, Claesson et al. [95]
have characterised the forces acting between dihexadecylphosphate (DHP)
monolayers supported by dioctadecyldimethylammonium chloride hydrophobised mica and compared the stability of DHP layers on hydrophobic mica
surfaces. The authors demonstrated that less than 2% of all DHP molecules
deposited onto hydrophobised mica surfaces are charged at pH 5–6. The
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Fig. 6. Development and disappearance of a refractive index discontinuity in the
FECO, revealing a transient vapour bridge during the jump apart from adhesive contact of the DODAB surfaces in water, shown frame by frame. Times are
relative to t ¼ 0, deﬁned as the time when separation is started. Reprinted with
permission from Ref. [89]. r 2005, American Chemical Society.

interlayer interactions at pH 5–6 are repulsive at large separations; the attractive
van der Waals force was considerable at separation less than 2 nm. With increasing NaCl concentration the surface charge density was shown to increase
and the adhesion between the layers was decreasing. At pH 9.5, when sodium
was the dominant counterion, a repulsive force prevented the surfaces from
coming into adhesive contact (Fig. 7). This force is of the same origin as the
repulsive hydration forces observed between phospholipids bilayers [78] and
between mica surfaces carrying adsorbed hydrated ions [96] and normally referred to as a hydration force, since it is thought to be due to work needed to
dehydrate polar groups. However, it has been argued [97, 98] that the main
repulsive force contribution is due to steric conﬁnement preventing in-and-out
motion of molecules, which causes an unfavourable reduction in entropy when
two surfaces bearing adsorbed molecules are close together. Most likely, both
dehydration and conﬁnement effects contribute to the short-range repulsion.
It was not possible to induce fusion of the DHP layers under any conditions
studied, which is in contrast to dihexadecyldimethylammonium ion bilayers
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Fig. 7. Force normalised by radius as a function of surface separation between
layers of DHP deposited onto hydrophobised mica surfaces measured in NaCl solutions of 2  104 M (m), 1  103 M (&), 1  102 M (J), at PH 5.25.7. At pH
9.5 no attraction was observed at any separation. The solid lines are force curves
calculated from DLVO theory. The dashed line represents the part of the force curve
that cannot be explained by the DLVO theory. This is a repulsive hydration force.
Reprinted with permission from Ref. [95]. r 1989, American Chemical Society.

studied by Pashley et al. [99] who found that bromide ions decreased cohesion
within bilayers allowing the outer layer to be squeezed out.
Force–distance curves between monolayers of monoglycerides, monoolein
and monopalmitin, deposited on hydrophobically modiﬁed mica were determined using the surface force technique. It was demonstrated that the interactions between the monoglyceride ﬁlms change with the state of the
hydrocarbon chain, the headgroup being the same. In transition from the more
condensed state to the more ﬂuid state the attraction between the monolayers
decreased whereas the repulsion increased [100].
Interactions between both phospholipid [101–106] and monoglyceride [107,
108] bilayers have been extensively studied by osmotic stress techniques. By
comparing the forces acting between monoglyceride layers deposited on solid
surfaces, measured by an SFA [100], and results obtained using osmotic stress
technique [107], it can be seen that there is a qualitative agreement between the
two techniques, the most signiﬁcant difference being the lower repulsive force at
short separations observed between deposited layers as compared to free bilayers.
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Speciﬁcity and selectivity observed in biological systems is extraordinarily
precise and has not been surpassed using synthetic molecules. These phenomena
have been of considerable scientiﬁc interest for a long time due to their importance for living systems and for their potential in a multitude of technical
applications, e.g., biosensors. It has been demonstrated by indirect methods that
receptor–ligand surface properties and their microenvironment signiﬁcantly inﬂuence their performance, however, direct measurements were required in order
to obtain knowledge on precise molecular effects. The SFA has enabled such
measurements that have been performed using streptavidin and biotin [109]
between oriented protein monolayers formed by protein attachment to functionalised lipid monolayers (see Ref. [110] and references therein). These measurements successfully captured both long-range and short-range interactions
between receptor–ligand coated surfaces (Fig. 8).
As seen in Fig. 8 the long-range interactions between streptavidin and
avidin surfaces are dominated by electrical double-layer repulsion. At separations less than 55 Å the surfaces jump into strong adhesive contact under the
inﬂuence of the speciﬁc short-range attractive force, independent of biotin concentration on the surfaces. At 331C the lipids that carry biotin and avidin are in
ﬂuid state and the receptors and ligands diffuse along the surfaces. This explains
the occurrence of a non-equilibrium steric force arising due to the fact that the
receptor and ligand groups are not initially aligned and the biotin groups undergo a conﬁgurational search for the bound equilibrium orientation. This example demonstrates the detail of information that can be obtained using the
SFA technique for studying molecular surface interactions.
Another exciting example is that of interactions measured between one
oriented streptavidin monolayer and poly(ethylene glycol) (PEG) grafted on a
lipid bilayer [111]. Using the SFA it was demonstrated that at low compressive
force the interactions between biotin and PEG are repulsive but they turn attractive when the polymer is pressed into the protein layer by applying higher
loads, and then the adhesion is sufﬁciently strong to rip the lipid-grafted PEG
from the bilayer during separation.

5. POLYELECTROLYTES ON SURFACES
The SFA was initially utilised for experimentally probing the DLVO theory
of colloidal stability, i.e., the attractive van der Waals force and the repulsive
electrical double-layer force [4]. It proved to be a perfect tool for this purpose and even further, it revealed a host of phenomena that do not fall into the
framework of the DLVO theory but are of utmost importance for explaining
colloidal stability. For instance, short-range repulsive hydration forces between
hydrophilic surfaces [96, 112] and surprisingly long-range attractive forces between non-polar surfaces [80, 81, 94]. The rich behaviour encountered when
studying interactions between polymer-coated surfaces was also explored [113,
114], as well as the forces acting between polyelectrolyte-coated surfaces [115].
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Fig. 8. (A) Force normalised by radius as a function of surface separation for a
streptavidin surface interacting with 5% (J) and 0.5% () biotin surface in 0.3 mM
salt at pH 7.2 and 331C, at approach rates higher than 10 Å/s. The equilibrium force
proﬁle measured at approach rates less than 10 Å/s is shown in the inset. It demonstrates the absence of time-dependent steric barrier. (B) Illustration of the biotin
and streptavidin molecular arrangement during approach and in strong adhesive
contact. Redrawn with permission from Ref. [109]. r 1994, American Chemical
Society.

In the latter case the total interaction, which is what can be measured, is affected
by the net charge of the surface and the adsorbed layer, ion–ion correlations,
bridging interactions and steric conﬁnement of the polymer chain [116]. We note
that polyelectrolytes are often present as additives in colloidal dispersions and
the character of the forces generated by the polyelectrolyte adsorption layers
has a paramount inﬂuence on stability of these colloidal systems. With the aim
to illustrate what can be learnt about polyelectrolyte adsorption layers using the
SFA, we will look at the inﬂuence of the polyelectrolyte charge density on the
forces acting between surfaces coated with polyelectroytes. We will consider an
example where the polyelectrolyte charge density is varied by a systematic
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change in composition, and another example where pH is used to change the
charge density of a weak polyelectrolyte.

5.1. Polyelectrolytes on Oppositely Charged Surfaces
Cationic polyelectrolytes with various charges have been synthesised by using
two monomers: [3-(2-methylpropionamido)propyl]trimethylammonium chloride (MAPTAC) and acrylamide (AM). Interactions between surfaces coated
with such polymers have been investigated for the charge densities of 100%
(poly-MAPTAC), 30% (AM-MAPTAC-30), 10% (AM-MAPTAC-10) and 1%
(AM-MAPTAC-1). These polyelectrolytes have been used for studying adhesion between two polyelectrolyte-coated surfaces, and between one such surface
and a bare surface in air [117]. Interestingly, two adhesion mechanisms were
found. Bridging attraction dominated for highly charged polyelectrolytes
whereas entanglement effects were of importance for low charge density polyelectrolytes. The adhesions found were very high, several thousands of mN/m
in some cases. This resulted in changes in the adsorbed layer upon separation,
and material transfer from polyelectrolyte-coated surfaces to initially bare ones.
The effect on surface interactions in aqueous solutions of the same set of polyelectrolytes has also been investigated. Here we will only recapitulate the
results when these polyelectrolytes were adsorbed on negatively charged mica
surfaces from low ionic strength (0.1 mM) salt solution, and the situation at the
charge neutralisation point, i.e., where no or only an extremely weak electrical
double-layer force can be detected (Fig. 9).
With the highly charged polyelectrolyte, poly-MAPTAC and 30% charged
polyelectrolyte, AM-MAPTAC-30, the long-range forces are similar, i.e., hardly
any long-range interactions are observed until a bridging attraction pulls the
surfaces into a very close contact. This attraction is observed at separations
below 15–10 nm [118]. The position of the attractive minimum is located at a
separation of 1 nm for the 100% charged polyelectrolyte and the steric force
encountered here is of a hard-wall type. Thus, at low ionic strength we note that
a highly charged polyelectrolyte adopts a very ﬂat conformation with an intimate contact of its positively charged segments with the negatively charged
sites available on the surface. This gives evidence that there is a good match
between the spacing between charges on the surface and on the polyelectrolyte.
On the other hand, the position of the attractive minimum for the 30% charged
polyelectrolyte is shifted to larger distances, 3–4 nm, and this indicates that AMMAPTAC-30 adopts a less ﬂat conformation as compared to poly MAPTAC. It
seems likely that the uncharged segments form many short loops on the surface.
The pull-off force required to separate the surfaces from the adhesive minimum
position is 100750 mN/m for the 100% charged polyelectrolyte and only
2–5 mN/m for the 30% charged polyelectrolyte.
A reduction in polyelectrolyte charge density to 10% results in further
increase in adsorbed layer thickness. The steep steric repulsion is now
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Fig. 9. Force normalised by radius as a function of surface separation between mica
surfaces coated with polyelectrolytes of various charge densities. The forces were
measured across an aqueous 0.1 mM KBr solution. The polyelectrolytes were polyMAPTAC (), AM-MAPTAC-30 (&), AM-MAPTAC-10 (’) and AM-MAPTAC1 (J). Adapted with permission from Ref. [118]. r 2002, American Chemical Society.

encountered at separations of about 10 nm and the pull-off force is further
decreased to 0.5–1 mN/m [119]. For the 1% charged polyelectrolyte a longrange steric force dominates the surface interactions and there is no adhesion
force present [120]. Clearly, the layer thickness (as sketched in Fig. 10) and
compressibility decreases with increasing charge density of the polyelectrolyte,
at the same time as the adhesion force is increasing, as also predicted by Monte
Carlo simulations [121].
There is a range of parameters other than polyelectrolyte charge density
that has an important inﬂuence on the generated surface interactions, for instance, counterion valency and ionic strength of solution [121–123], the order of
addition of polyelectrolyte and salt [124], polyelectrolyte concentration [125],
presence of surfactants [31, 119, 126], and ﬁnally, the chemical structure of the
polyelectrolyte itself [127]. A rich literature is available on these topics (see Ref.
[115] and references therein).
Another illustration of how the SFA can be used to understand polyelectrolyte adsorption layer properties will consider chitosan, a polyelectrolyte that
is very appealing for practical use due to its natural origin and non-toxicity
[128], acceptance in food [128, 129], biodegradability and biocompatibility, [130]
antibacterial and fungistatic activity [129, 131].
The properties of chitosan in solution depend on molecular weight, degree
of deacethylation, pH and ionic strength. Here we will only discuss a highly
deacethylated chitosan, degree of deacethylation of 90–95% [132]. Such chitosan is highly positively charged at pH 3.8. The interaction forces measured in
chitosan-free 0.01% acetic acid solution are dominated by a long-range
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Fig. 10. Schematic representation of conformation of polyelectrolyte (a) with a low
charge, and (b) high charge density with the charge spacing similar to that present
on a surface. Reptinted with permission from Ref. [118]. r 2002, American Chemical Society.

electrical double-layer force and a van der Waals attraction at separations below 5 nm (Fig. 11A). Adsorption of chitosan onto the mica surfaces results in an
increase in the measured double-layer force and development of a strong steric
force at distances below 10 nm (Fig. 11B). Thus, from the increased electrical
double-layer force it can be deduced that chitosan brings a surplus of positive
charges to the mica surface.
The change of solution pH to 4.9 does not change the measured interactions considerably, it only causes the expected decrease in Debye length. A
further increase in pH to 6.2 results in complete removal of the double-layer
force indicating that, at this pH, chitosan-coated mica surfaces carry a net zero
charge, thus the charges in the partly neutralised chitosan layer balances the
negative mica surface charge. Even further, increase in solution pH further to
9.1 causes the electrical double-layer force to re-appear and the adsorption layer
to swell. At this pH chitosan carries a low charge, not sufﬁcient to compensate
for the negative mica lattice charge and this affects the adsorbed layer conformation. Fig. 12 illustrates how the structure of the adsorbed chitosan layer
varies with the pH.
It is worth noting that, if the chitosan–mica system that has experienced the
history of step-wise increasing pH is returned to pH 3.8 and the forces are remeasured, then it is found that the forces are very similar to those originally
observed at this pH value (Fig. 11). Hence, it is concluded that only very few
chitosan molecules may have desorbed and the layer is pratically intact. This is
very important since it points to the possibility of using chitosan for surface
coating and modiﬁcation in a broad range of environmental conditions.
We have chosen to discuss only a few examples of how polyelectrolyte
adsorption layers can be studied by employing the SFA. However, the interest
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Fig. 11. (A) Force normalised by radius as a function of surface separation between
mica surfaces in 0.01 wt.% acetic acid solution (pH 3.8). The arrow indicates a jump
from a force barrier into molecular contact. (B) Forces between mica surfaces
coated with chitosan across 0.01 wt.% acetic acid solution (pH 3.8). Two sets of
measurements are shown. Filled and open symbols represent the forces measured
on approach and separation, respectively, after 24 h of adsorption. The crosses
represent the forces measured at pH 3.8 after the cycle of exposing chitosan adsorption layers for solutions of increasing alkalinity and measuring forces at pH 4.9,
6.2 and 9.1. The solid lines represent theoretically calculated DLVO forces . Redrawn with permission from Ref. [132]. r 1992, American Chemical Society.

in polyelectrolyte-mediated surface interactions has been huge over the past
decades and there is a large body of valuable literature that can be found. The
topic has been recently reviewed and we refer the interested reader for further
discussion on this topic to the paper by Claesson et al. [115].

5.2. Polyelectrolyte Brushes
Polyelectrolyte brushes are macromolecular monolayers where the chains are
attached by one end on the surface and, at the same time, the chains carry a
considerable amount of charged groups. Such polyelectrolyte structures have
received thorough theoretical treatment, and experimental interest has been vast
due to the potential of brushes for stabilising colloidal particle dispersions or for
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Fig. 12. Schematic representation of how the structure of the adsorbed chitosan
layer varies with the solution pH. Reprinted with permission from Ref. [132]. r
1992, American Chemical Society.

friction control [48]. The structure of polyelectrolyte brushes anchored to surfaces [133, 134], and how the structure is inﬂuenced by polyelectrolyte charge
density, chain length and graft density has been theoretically investigated in
detail [135]. The effects of ionic strength [135–137], multivalent ions [138], the
nature of the charged groups [136, 139, 140] (weak or permanent charges) and
solvent quality [140, 141] have also been considered in a large number of theoretical publications. Works treating the effect of the elasticity of the underlying
substrate to which the polyelectrolytes are grafted [142], or surface curvature
effects [143] can also be found. Experimental results on dense and signiﬁcantly
charged polyelectrolyte brushes are scarce due to extreme difﬁculty in preparing
such brushes. However, success in making highly charged and dense polyelectrolyte brushes by ﬁrst preparing a dense neutral polymer (polystyrene) brush
and then charging it by sulphonation reaction on an interface allowed measurements of the segment density proﬁle for polyelectrolyte brushes [144]. One

44

Andra Dedinaite

important feature of polyelectrolyte brushes is that most of the counterions to
the polyelectrolytes are incorporated within the brush layer, which is a consequence of the strong Coulombic attraction. When the polyelectrolyte brushes
are grafted onto neutral walls the chains are highly extended, mainly due to the
excess osmotic pressure due to the mobile counterions.
The forces acting between surfaces carrying grafted polyelectrolyte chains
have been predicted [133, 145–148]. It is typically found that the outermost part
of the force curve has a decay-length equal to that of a double-layer force. This
force is due to overlap of the diffuse ionic clouds that extend beyond the surface
of the brush layer. At smaller separations, but starting prior to direct brush
layer contact, counterions are redistributing to become further incorporated
within the brush layer, and the layer responds by contracting. At this stage the
resulting force depends crucially on the ionic strength of the surrounding solution. Zhulina and co-workers distinguish between three cases, the osmotic
regime, the salt dominance regime and the quasi-neutral regime [145]. When the
concentration of counterions within the brush is larger than the concentration
of ions in bulk solution we have the osmotic regime. In this case the force is due
to the osmotic pressure of mobile counterions within the brush. In this regime
the force (between ﬂat plates) vary with separation, D, to the power of D1.
When the salt concentration in bulk is larger than the concentration of counterions in the brush we encounter the salt dominance regime. The osmotic
pressure of the added salt contributes signiﬁcantly to the forces that now depend
on distance as D2. At very high salt concentrations electrostatic forces become
insigniﬁcant and the force is governed by the osmotic pressure of the polyelectrolyte segments. Under theta conditions this results in a force varying with
separation to D3. It is important to note that when the brush layer will be
compressed the concentration of counterions within the layer will increase.
Hence, one may enter into different regimes as the compression progresses, and
the resulting force curve may be rather complex. We further note that the effect
of salt is more complex when the polyelectrolyte brushes are built by weak
polyelectrolytes. In this case the salt concentration also affects the degree of
dissociation within the brush layer, as discussed by Zhulina [145]. One consequence is that the osmotic regime is signiﬁcantly smaller compared to the situation with polyelectrolyte brushes having permanent charges. The distance
dependence of the force in this regime is also altered and, due to reduction in the
charge density of the brush with decreasing separation, now goes as D0.5[145].
Polyelectrolyes can form brushes on solid–liquid interfaces [149, 150]
through adsorption [151] or by forming covalent bonds via chemical grafting
[152, 153]. The main challenges for experimentalists studying polyelectrolyte
brushes lay in understanding molecular arrangements and forces of interactions
in such brushes under various conditions. Important questions to answer are the
extension of a brush layer, forces between brush layers and segment density
proﬁles as a function of ionic strength, brush density, fraction of free counterions per chain and chain segment number. The SFA has been extensively
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used in studies attempting to answer these questions. There are several reports
on direct measurements of the forces acting between brush polyelectrolyte
monolayers [149, 150, 154–157]. For instance, Kurihara et al. [149] investigated
interactions between anionic chain-end-anchored monolayers of poly (metacrylic acid) (PMA), a weak polyelectrolyte, as a function of pH and background electrolyte concentration. It was demonstrated that at low pH in water,
where PMA is charge neutral and adopts a hypercoiled conformation, surface
interactions could be described by the diffuse electrical double-layer model applicable for normal solid surfaces. At higher pH and higher inert salt concentrations, an increase in both the range and magnitude of the surface interactions
was observed. These variations were attributed to the ionisation of PMA that
forces the polyelectrolyte to adopt a more extended conformation. Interactions
between such polyelectrolyte-grafted surfaces are complex and affected by
structural changes of the polyelectrolyte, salt-promoted ionisation and condensation of counterions. For instance, at elevated pH, when the chains of PMA
are strongly ionised, an addition of salt results in both further increase in chain
ionization and screening of Coulombic interactions. These two phenomena
causes opposite trends in surface interactions. The former effect was found to
dominate and thus increased repulsive forces at low pH and strong compressions were measured. At high pH and weak compression, the latter effect was
dominant and the repulsive force decreased with increasing salt concentrations.
Abraham et al. [157] studied interactions between hydrophobically anchored strongly charged polyelectrolyte brushes as a function of salt concentration. The authors used a hydrophobic–hydrophilic diblock poly(tert-butyl
methylacrylate-b-poly(glycidyl methacrylate sodium sulphonate) (PtBMA-bPGMAS) and showed that the measured interactions are a combination of
electrostatic and steric forces. As expected, a decrease in the range of the
measured force with increase in added salt concentration is due to electrostatic
screening. However, the added salt effect is less pronounced than the one observed for regular charged surfaces. At low salt conditions, the long-range interactions can be quantitatively described by classical electrical double-layer
theory, whereas long-range forces with added salt deviate from those expected
using classical considerations. Moreover, a long-range electrical double-layer
force due to overlapping counterion clouds may not always be observed when
two polyelectrolyte brushes are brought together.
In another study, Balastre et al. [158] investigated hydrophobically grafted
NaPSS brushes on mica surfaces at various salt concentrations and showed that
at none of the salt concentration any exponentially decaying force could be
detected and thus long-range electrostatic interactions as described by classical
Poisson–Boltzmann theory were excluded. There were two regimes of polyelectrolyte brush behaviour observed. In the ‘‘salted’’ brush regime the interaction
range of the surfaces shifted to progressively larger distances with decereasing
salt concentration due to decreasing screening and increasing electrostatic excluded-volume repulsion. In the ‘‘osmotic brush’’ regime the measured forces
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between the brush layers showed almost no dependence on salt concentration.
The authors succeeded in ﬁtting the data for the polymers of different molecular
size into general force curve proﬁles for the ‘‘osmotic’’ and ‘‘salted’’ brush,
based on equations from the scaling theory and corroborated the validity of this
theory in both regimes (Figs. 13 and 14).
In conclusion, the SFA technique has been able to provide valuable
experimental information on the forces acting between polyelectrolyte brushes.
The general behaviour is now rather well established and the experimental data
can in most cases be rationalised by considering predictions based on scaling
arguments.
Finally, we note that in a very recent work Heuberger et al. investigated
protein-resistant copolymer monolayers of PEG grafted to poly(L-lysine) (PLL)
(PLL-g-PEG) in terms of the role of water in surface grafted PEG layers [159],
interaction forces and morphology [160], compressibility, temperature dependence and molecular architecture [161]. PEG is often used in biomedical applications in order to create protein-resistant surfaces but the mechanisms
responsible for the protein-repelling properties of PEG are not fully understood.

Fig. 13. A universal curve of force proﬁles in the osmotic brush regime, incorporating data for three different molecular weights. One force curve is shown for each
salt concentration. The separations are normalised by twice the equilibrium brush
height at the corresponding salt concentration, and the measured force F/R is
normalised by the prefactor (2pkTsaN), which is derived from the scaling theory.
The solid line is a ﬁt based on equations from this theory (see Ref. [158]). Redrawn
with permission from Ref [158]. r 2002, American Chemical Society.
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Fig. 14. A universal force curve in the salted brush regime, incorporating data for
three molecular weights. One curve is shown for each salt concentration. The separation is normalised by twice of the equilibrium brush height at the corresponding
salt concentration, and the measured force, F/R, is multiplied by the prefactor a2/
3 2/3
cs /(2pkTs5/3a4/3N), which is derived from the scaling theory. The solid line is a ﬁt
based on equations from this theory (see Ref. [158]). Redrawn with permission from
Ref. [158]. r 2002, American Chemical Society.

Heuberger and co-workers obtained, by using eSFA, a very intriguing result.
Their data indicate that there exists a ﬁne structure embedded within the established steric repulsion of PEG in the brush regime (Fig. 15) [159] arising due
to restriction of the conformational space of the PEG/water complex, which
causes quantisation of the steric force observed in the SFA. The presence of this
water-induced restricted conformation space was suggested to have implications
in protein adsorption since in order to adsorb a protein induces a local deformation, which necessitates a restriction of the PEG and protein conformational
space, which is energetically and kinetically unfavourable [159, 160].

6. SUMMARY
In a review like this it is impossible to refer to even a small fraction of all the
interesting work that has been done with the SFA. Anyway, I hope to have
illustrated some selected areas in which the SFA has played a major role for
increasing our understanding. It is fascinating to see how the development of
the ‘‘basic SFA’’ is continued in many laboratories. One clear focus of modern
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Fig. 15. Force nomalised by radius as a function of surface separation measured on
approach (m) and separation (W). The separation curve is graphically offset by
5 mN/m for clarity. The picture shows magniﬁed region of the surface forces curve.
The inset shows the entire surface forces curve. Reprinted with permission from
Ref. [159]. r 2004 American Chemical Society.

developments is towards studies of dynamic phenomena, another is to combine
the SFA with spectroscopy in order to gain further molecular understanding of
matter in conﬁnement. The coming years will be exciting and promise new
developments that will allow us to develop our understanding of colloids, biophysical systems and complex liquids at and between interfaces.
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J. Colloid Interface Sci., 186 (1997) 369–381.
[70] J. Penansky, H. M. Schneider and S. Granick, Langmuir, 11 (1995) 953.
[71] G. Vigil, Z. Xu, S. Steinberg and J. Israelachvili, J. Colloid Interface Sci., 165
(1994) 367–385.
[72] J. L. Parker, D. L. Cho and P. M. Claesson, J. Phys. Chem., 93 (1989) 6121.
[73] J. L. Parker, P. M. Claesson, D. L. Cho, A. Ahlberg, J. Tidblad and E. Blomberg,
J. Colloid Interface Sci., 134 (1990) 449.
[74] N. A. Alcantar, T. L. Kuhl and J. Israelachvili, Langmuir, 16 (2000) 6955.
[75] A. Mukhopadhyay, J. Zhao, S. C. Bae and S. Granick, Rev. Sci. Instrum., 74
(2003) 3067–3072.
[76] A. M. Stewart, Meas. Sci. Technol., 11 (2000) 298.
[77] V. V. Yaminski and A. M. Stewart, Langmuir, 19 (2003) 4037.
[78] J. Marra and J. Israelachvili, Biochemistry, 24 (17), (1985) 4608.
[79] J. Marra, J. Colloid Interface Sci., 109 (1), (1986) 11.
[80] J. N. Israelachvili and R. M. Pashley, Nature, 300 (5890), (1982) 341.
[81] J. N. Israelachvili and R. M. Pashley, J. Colloid Interface Sci., 98 (2), (1984) 500.
[82] H. K. Christenson and P. M. Claesson, Science, 239 (1988) 390.
[83] Y. H. Tsao, S. X. Yang, D. F. Evans and H. Wennerström, Langmuir, 7 (1991)
3154–3159.
[84] H. K. Christenson, J. L. Parker and V. V. Yaminski, Langmuir, 8 (1992) 2080.
[85] Y. H. Tsao, D. F. Evans and H. Wennerström, Langmuir, 8 (1993) 779.
[86] J. L. Parker, P. M. Claesson and P. Attard, J. Phys. Chem., 98 (1994) 8468.
[87] H. K. Christenson, P. M. Claesson and J. L. Parker, J. Phys. Chem., 96 (1992)
6725.
[88] P. M. Claesson and H. K. Christenson, J. Phys. Chem., 92 (1988) 1650.
[89] Q. Lin, E. E. Meyer, M. Tadmor, J. N. Israelachvili and T. L. Kuhl, Langmuir, 21
(2005) 251–255.
[90] A. Ulman, An Introduction to Ultrathin Organic Films, Academic Press, San
Diego, 1991.
[91] T. Ederth, P. Claesson and B. Liedberg, Langmuir, 14 (1998) 4782.
[92] J. Wood and R. Sharma, J. Adhesion Sci. Technol., 8 (1995) 1075.
[93] J. Wood and R. Sharma, Langmuir, 11 (1995) 4797.
[94] H. K. Christenson and P. M. Claesson, Adv. Colloid Interface Sci., 91 (2001) 391.
[95] P. Claesson, A. M. Carmona-Ribeiro and K. Kurihara, J. Phys. Chem., 93 (1989)
917.
[96] R. M. Pashley, J. Colloid Interface Sci., 83 (1981) 531.
[97] J. N. Israelachvili and H. Wennerström, Langmuir, 6 (1990) 873.
[98] J. Israelachvili and H. Wennerstöm, Nature, 379 (1996) 219.
[99] R. M. Pashley, P. M. McGuiggan, B. W. Ninham, J. Brady and D. F. Evans, J.
Phys. Chem., 90 (1986) 1637.
[100] I. Pezron, E. Pezron, P. M. Claesson and B. Bergenståhl, J. Colloid Interface Sci.,
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1. INTRODUCTION
A surface plasmon polariton (SPP) is a bound transverse magnetic (TM) electromagnetic ﬁeld/charge-density oscillation, which may propagate along an interface between two optically dissimilar media, a metal and a dielectric. Earlier
works from Kretschmann and Raether [1,2], Otto [3], Agarwal [4], Swalen [5]
have generated a deep understanding of this phenomenon. Theoretically and
experimentally, the following distinctive features of surface plasmon resonance
(SPR) have been discovered and proven to be important:
A. The electromagnetic ﬁeld decays evanescently into the adjacent media, with
a decay length of several hundreds of nanometers.
B. The evanescent ﬁeld is greatly enhanced at the interface in comparison with
the ﬁeld of the incoming plane wave.
C. Its electromagnetic wave propagates at the interface with high attenuation.
D. This wave is p-polarized, giving information about the spatial orientation
of dipoles interacting with the SPP.
Corresponding author. E-mail: knoll@mpip-mainz.mpg.de
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The versatility of the SPR technique has been shown by a vast amount of
publications in the past decades; the method has matured into a well-accepted
analytical tool for the characterization of interfaces and thin ﬁlms as well as for the
sensitive detection of interfacial biomolecular interaction. With a significant input
from engineering, SPR has reached a decent signal-to-noise level with a lower limit
for a reliable signal detection corresponding to an effective layer of about 0.3 Å [6],
which is sufﬁcient for most thin ﬁlm studies. However, the intrinsic label-free
characteristic of SPR detection technique still imposes limitation on further sensitivity improvement, especially if the analysis involves small molecules.
Alternatively, various analytical methods based on SPR phenomenon have
been developed, including surface plasmon ﬁeld-enhanced Raman scattering
(SERS) [7], surface plasmon ﬁeld-enhanced ﬂuorescence spectroscopy (SPFS)
[8–11], surface enhanced second harmonic generation (SHG) [12], surface enhanced infrared absorption (SEIRA) [13], surface plasmon ﬁeld-enhanced diffraction spectroscopy (SPDS) [14–18]. Most of these methods take advantage of
the greatly enhanced electromagnetic ﬁeld of surface plasmon waves, in order to
excite a chromophoric molecule, e.g., a Raman molecule or a ﬂuorescent dye.
Therefore, a better sensitivity is expected.

2. THEORETICAL BACKGROUND
2.1. Excitation of Surface Plasmon Modes
A surface plasmon is a light wave that is bound to the interface of a metal in contact to a dielectric medium. The free electrons of the metal respond collectively by
oscillating in resonance with the light wave. The interaction occurs only if the momentum of the incoming photon matches with that of the surface plasmon mode.
Solving Maxwell’s equations at the metal/dielectric interface at the appropriate boundary conditions yields the surface plasmon dispersion relation, that
is, the relation of the angular frequency o and the x-component of the surface
plasmon wave vector kSP,


o
d m 1=2
ksp;x ¼
(1)
c d þ m
where ed and em are the dielectric constants of the dielectric and the metal,
respectively, and c is the light speed in vacuum. In the frequency (spectral) range
of interest we have:


d m 1=2
 ðd Þ1=2
(2)
d þ m
This leads to the consequence that the momentum of a free photon, kph, propagating in a dielectric medium
o
(3)
kph ¼ ðd Þ1=2
c
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Fig. 1. Dispersion relation of (a) free photon in a dielectric, (b) free photon propagating in a coupling prism, and dispersion relations of surface plasmons at the
interface between the metal and the dielectric before (P1) and after (P2) the deposition of a thin dielectric layer.

is always smaller than the momentum of a surface plasmon mode, kSP,x.
Fig. 1 presents these details graphically. The dark gray marked area represents the frequency/wave vector combinations that are accessible by light
in vacuum. Although the dispersion of free photons (line a) approaches asymptotically that of the surface plasmons (P1), there is no intersection
of both curves. It is therefore important to note that surface plasmons are
not directly excitable by light in vacuum, unless the momentum of free
photons is increased by appropriate experimental methods, e.g., by prism coupling, grating coupling, nonlinear coupling, or coupling by means of a rough
surface.
By far, the prism coupling is the predominant coupling technique employed
to increase the wave vector of the incident light. The coupling geometry is
schematically shown in Fig. 2. Photons are not coupled directly to the metal/
dielectric interface, but via the evanescent tail of the light totally internally
reﬂected at the base of a high-index prism (with its dielectric constant ep4ed).
The corresponding dispersion curve of the incoming photons is shown as
line b in Fig. 1. Given a laser wavelength oL, coupling to a surface plasmon
mode can be achieved at an appropriate angle of incidence, yi0 (cf. point 1).
If a dielectric thin ﬁlm (with dielectric constant ef4ed) is deposited on the
metal surface, the mean dielectric constant probed by the evanescent ﬁeld increases. As a consequence, the dispersion relation is shifted towards larger
wave vectors as depicted by P2. Therefore, coupling is achieved at an angle
yi2 larger than yi1 (cf. point 2). This is the principle underlying thin ﬁlm sensing
by SPR.
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Fig. 2. (Left) Excitation of SPR via the Kretschmann geometry. (Right) (A) Fresnel
simulation of angular dependence of reﬂected light intensity and the corresponding
relative ﬁeld intensity. (B) Experimental data of an angular scan of the reﬂected
light intensity and the corresponding ﬂuorescence emission from surface attached
Cy5-DNA molecules.

2.2. Surface Plasmon Field-Enhanced Fluorescence Spectroscopy
If the incoming photons resonantly couple to the metal, enormously enhanced
optical ﬁelds can be generated at the interface. This phenomenon is well-known
and widely applied in SERS studies [7]. The ﬁeld enhancement is also the most
important feature of SPR used in combination with ﬂuorescence spectroscopy
development, which can be demonstrated by Fresnel simulations and experimental data (Fig. 2). The enhancement factor is given by the ratio of the electromagnetic ﬁeld intensity on the metal surface at the dielectric side divided by the
incoming electromagnetic ﬁeld intensity for p-polarized light. Peak intensities
scaled against the incoming intensity at a wavelength l ¼ 632.8 nm reach a factor
of 16 for the prism/gold/water system. Generally, the smaller the imaginary part
of the dielectric constant e00 , i.e., the lower the absorption and hence dissipation of
the optical ﬁeld intensity, the higher is the enhancement factor. This strong surface ‘‘light’’ can be used to excite a ﬂuorescent dye placed within the evanescently
decaying ﬁeld, which is typically 100–200 nm for visible light wavelengths.
These features make SPFS to be surface sensitive and compatible to modern
biosensor platforms. In the same category, total internal reﬂection ﬂuorescence
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Fig. 3. Schematic drawing of a ﬂuorophore positioned close to a metal/dielectric
interface. Different ﬂuorescence decay channels operate at different ﬂuorophore/
metal separation distances.

spectroscopy (TIRF) uses an evanescent ﬁeld created by total internal reﬂection
and has already been developed to be a mature basis for ﬂuorosensors. Both SPFS
and TIRF have shown remarkable sensitivity in bio-afﬁnity sensing applications
[11,19], and have been used to develop microscopic biosensors [20,21]. However,
unlike in the pure dielectric case in TIRF, SPFS introduces a metal layer that
significantly alters the way an excited ﬂuorophore loses its excitation energy.
Various additional decay channels contribute to the decrease of the radiative
quantum yield of the ﬂuorophores and are operational at different ﬂuorophore/
metal separations [22] (summarized in Fig. 3).
(A) If a dye is positioned at a distance within 10 nm to the metal surface, the
non-radiative decay of ﬂuorescence is the dominating process. It is assumed to be
based on a dipole–dipole interaction process due to the mode coupling to an
electron–hole pair (exciton) in the metal. For two molecular dipoles, the standard Förster model gives a R6 dependence of the energy transfer efﬁciency on the
separation distance of the donor molecule and the acceptor molecule. However,
the distance dependence of energy transfers involving a dye and a surface (could
be rough) can be greatly reduced to a R3R4 dependence. The transferred
energy dissipated by the metal is mostly converted into heat. (B) At an intermediate-distance regime (a few nm up to 20 nm), a significant fraction of the
excitation energy couples back to SPPs, by fulﬁlling the momentum match conditions, representing another loss channel for ﬂuorescence. (C) At sufﬁcient
separation distances (420 nm), the free ﬂuorescence emission of the dyes dominates. However, the ﬂuorescence intensity cannot be directly obtained unless
two additional effects are considered. First, the ﬂuorescence emission oscillates
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Fig. 4. Schematic representation of surface diffraction from dielectric pattern,
based on total internal reﬂection (TIR) and attenuated total reﬂection (ATR) coupling geometries, respectively.

as the distance increases, since the metal reﬂects part of the ﬂuorescence light
which introduces an interference pattern. Second, the excitation source, i.e., the
evanescent ﬁeld weakens evanescently as the distance increases.

2.3. Surface Plasmon Field-Enhanced Diffraction
The local ﬁeld generated by total internal reﬂection [23] or by the SPR [14–18]
can be diffracted by gaining (or losing) discrete momenta Dk ¼ mg, generated
by the periodic surface structure of periodicity L (Fig. 4). The diffraction angle
deviates in discrete increments from the specular-reﬂection angle (i.e., zerothorder diffraction) in fulﬁllment of the corresponding momentum match condition:
km
diff ¼ k SP  mg

(4)

km
diff

where
is the wave vector of the mth diffraction order, kSP the wave vector of
the surface plasmon wave, g the grating constant with |g| ¼ 2p/L, and m the
diffraction order. In general, for a shallow sinusoidal grating composed of nonabsorbing materials, the diffraction intensity Id can be expressed by [24]


p Dnd 2
Id / I0
(5)
l
where I0 and l are the intensity and wavelength of the source ﬁeld respectively,
Dnd represents the grating amplitude in an optical thickness format. This equation indicates: ﬁrst, the diffraction intensity Id is proportional to the intensity of
the excitation source—the evanescent ﬁeld, which emphasizes the importance of
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the surface plasmon ﬁeld enhancement; second, Id is proportional to the square
of the grating amplitude Dnd. Therefore, for a small additional optical contrast
variation qnd above the initial contrast Dnd
@I d
/ Dnd
(6)
@nd
This implies that the diffraction signal modulated by a unit amount of optical
contrast variation qnd increases linearly with the level of initial contrast Dnd.

3. INSTRUMENTAL
The SPR, as well as the SPFS and the SPDS set-ups are built in the Kretschmann–
Raether conﬁguration depicted in Fig. 5. A detailed description can be found in a
more speciﬁc publication [25]. Brieﬂy, the modulated and polarized beam of a
laser is reﬂected off the base of the coupling prism and fed into a photo-diode
detector. The prism/sample and the photo-detector are mounted on two co-axial
goniometers, respectively, allowing for an independent tuning of the respective
angular positions.
The ﬂuorescence detection unit is mounted towards the base of the prism,
rotating together with the prism (sample) at y, while the photo-diode detecting
the reﬂected light rotates at 2y. The ﬂuorescence emission from the sample
Photodiode detector

goniometer
laser 632.8 nm

chopper

polarizers
lens
filter

a) PMT
b) FOS
c) CCD camera

PC

shutter
controller

motorsteering

photoncounter

lock-in
amplifier

Fig. 5. Schematics of an SPR/SPFS set-up. Typically, an He–Ne laser with
l ¼ 632.8 nm is used. For the experiment in Section 4.7, an Nd:YAG diode pumped
solid-state (DPSS) laser with l ¼ 473 nm is used.
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laser 632.8 nm
chopper

polarizer

goniometer

Fig. 6. Schematics of the diffraction mode of the SPR set-up.

surface is collected by a lens and passes through an interference ﬁlter into a
photomultiplier tube (PMT). In order to get a full ﬂuorescence spectrum, the
ﬂuorescence emission is fed into a ﬁber optic spectrometer (FOS) instead of the
photomultiplier. Custom software is developed for the data acquisition and
the controlling of the system electronics. Two measurement modes, i.e., angular
scan mode (signal as a function of laser incident angle y) and kinetic mode
(signal as a function of time) are applicable.
The diffraction experiments can be performed on the same Kretschmann
SPR set-up (cf. Fig. 6). To resolve the diffraction orders, the angular acceptance
of the photo-diode detector is deﬁned by a 1 mm slit to be DtE0.081. The coaxial goniometers enable an independent tuning of the incident angle of the
laser and/or the detection angle. Both motors rotate in a y/2y fashion for the
usual SPR angular scans, whereas only the detector motor rotates when performing diffraction scans.

4. APPLICATION OF SPR AND SPFS IN BIO-AFFINITY
ANALYSIS
As a novel surface characterization tool based on SPR technique, SPFS has
shown great versatility and sensitivity in bio-interface studies (e.g., of proteins
[11,25], oligonucleotides [9,10], PCR products [26], or enzymatic reaction [27]).
Most of the intriguing properties of ﬂuorescence techniques, in general, such as
high-sensitivity [11], multiplexing formats [28], and energy transfer schemes [10],
can be directly applied to SPFS. In particular, SPFS contributes a signal channel in addition to the SPR channel, which even enables obtaining conformational information of surface attached biomolecules [10,11]. In the following, the
experimental examples start from basic, but fundamentally important property
checks of the sensor matrices, such as nonspeciﬁc binding (NSB) and surface
regeneration. Then, a variety of examples will follow to cover the aspects of
biomolecular assembly, immuno-sensing, binding kinetics, afﬁnity analysis, etc.
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4.1. Nonspecific Binding
As a prerequisite for the application of biomolecular interaction studies, the
sensor surface should resist NSB of biomolecules. In the following, we will
demonstrate that with the proper design of the sensor surface, NSB can be
effectively eliminated.
Since the early 1980s, surface grafted poly (ethylene glycol) (PEG) has been
used to prevent adsorption of proteins from analyte solution or biological media [29]. The resistance of these ﬁlms is well explained by the ‘‘steric repulsion’’
theory, which associates the inertness of the polymer brushes with the high
conformational freedom of the PEG chains in the near surface region. However,
the ability to resist protein adsorption is also exhibited by conformationally
restricted oligo (ethylene glycol) (OEG) terminated alkanethiolate self-assembled monolayers (SAMs). It thus appears that the protein resistance of these
SAMs must be attributed to effects other than steric repulsion. In an effort to
explain the protein adsorption characteristics on a molecular level, calculations
on the interaction of water with OEG clusters as well as Monte Carlo simulations of the OEG-SAM/water interface have been performed [30]. It has been
generally accepted that a tightly bound layer of interphase water, which prevents direct contact between the proteins and the surface, is responsible for the
protein resistance of OEG-SAMs.
An SAM of an EG thiol was tested towards NSB of a labeled IgG,
Alexa-Fluor 647 labeled rabbit anti-mouse IgG (AF-RaM). As Fig. 7 shows, the
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Fig. 7. Resistance of an EG SAM to nonspeciﬁc adsorption from a 33 nM solution
of AF-RaM. The inset shows the relation between background ﬂuorescence signal
Df and the bulk concentration of the AF-RaM solution.
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AF-RaM solution injected into the cell at a working concentration of
c0 ¼ 33 nM caused an abrupt ﬂuorescence signal (Df ¼ 470 cps) increase. When
pure buffer replaced the sample solution, the ﬂuorescence signal instantaneously
dropped back to the original baseline level. In the SPR signal channel, the
reﬂectivity R showed only irregular noise caused by the sample solution exchange and no detectable minimum shift was found in the SPR scan curves. The
fact that no further rise in the ﬂuorescence signal after the initial jump and the
quick drop back to the original value was observed, suggests that there was no
observable NSB of labeled antibodies to the EG SAM. The Df originates from
two different contributions. First, there is a (small) fraction of labeled antibodies in the bulk solution, which can be excited by the evanescent tail of the
surface plasmon mode that extends some 200 nm into the liquid phase. Second,
the laser light randomly scattered by the roughness of sensor surface can also
excite the ﬂuorescent dyes in solution. Both contributions yielded a linear relation between Df and sample concentration, as shown in the inset of Fig. 7.
The well-known surfactant Tween-20 was added routinely into the buffer
for further minimizing protein NSB and avoiding sample depletion. It is a
polyoxyethylene sorbitan ester of fatty acids, known as a model non-ionic
detergent to preserve the native protein structure and has a relatively high
critical micelle concentration (CMC ¼ 0.05% (v/v)). Tween-20 is a vital reagent
in clinical immuno-assays with extremely primitive sensor surface engineering
[31], where the detergent is highly effective in preventing protein adsorptions
and in even displacing adsorbed proteins. It was also determined that both, the
minimum amount of adsorbed albumin and the minimum sessile water contact
angle correlated closely with the CMC level of Tween-20, where a monolayer of
Tween molecules forms with their hydrophilic heads oriented toward the exterior, i.e., the bulk phase [32].
Since an EG (or OEG, alike) SAM is the base layer of the supramolecular
architectures of almost all the protein interaction studies presented here, the
absence of NSB on such a matrix enables a good start for the observation of
speciﬁc protein interactions.

4.2. Surface Regeneration
The robustness of the SAM allows for the repetitive removal of the bound
antibodies by offensive reagents, including sodium dodecyl sulfate (SDS),
guanidine hydrochloride (GdnHCl), etc. Although mild non-ionic detergents
(such as beta-octyl glucoside) can also be used to competitively desorb proteins,
it is generally demanded that the regeneration reagents denature the proteins for
the fast disruption of the relatively stable interfacial immuno-complex. SDS is
known as an anionic detergent with a high CMC level (1 mM) and also as a
denaturing reagent. Reports have shown that SDS solutions below their CMC
were much less effective at removing proteins from surfaces [33], which then
suggests also the requirement of micelle formation. Therefore, 5 mM SDS
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Fig. 8. Example of repetitive regenerations of bound anti-biotin antibody 2F5 by
SDS solution: (1) 20 nM 2F5, (2) buffer rinse, (3) 0.5% SDS, (4) buffer, (5) 20 nM
2F5, (6) buffer rinse, (7) 0.5% SDS, and (8) buffer. The dashed line represents the
baseline level.

solution was applied in the experiments. GdnHCl is a chaotropic reagent [34],
which is also an effective protein denaturant. Efﬁcient working concentration is
at high concentration, e.g., 4–8 M.
As a demonstration of the regeneration (cf. Fig. 8), a SAM surface composed of 10% biotin thiol and 90% EG thiol was used, on which an anti-biotin
antibody (2F5) was bound (cf. (1)) followed by a rinsing step (cf. (2)). Then, a
pulse injection of a 5 mM SDS solution (cf. (3)) for 10 min totally removed all
the bound 2F5. The biotin functionality was completely preserved, shown by a
subsequent identical binding of 2F5. Another regeneration could be performed
equally well afterwards. The surface could be regenerated at least 20 times
without any depletion of its functionality. The regeneration of the biotin SAM
surface by a 4 M GdnHCl solution was equally applicable (data not shown).
Generally, having a repetitively renewable sensing matrix is of great importance to a successful biosensor. In fact, most of the matrices presented in this
contribution can be easily regenerated by harsh or mild regeneration conditions
[11,16,18,25,26].

4.3. Avidity of IgG Binding
The example of protein interactions presented in this paper will start from the
recognition and binding between a surface bound ligand and its antibody approaching from solution. Study of such a model system will help to understand
the binding kinetics and mechanisms of signal transduction on cell membranes
[35], which are generally initiated by the interaction between a multivalent
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molecule and membrane-restricted binding partners. Also this will help to optimize the ligand density for determining binding constants of ligand–ligand
interactions in drug screening applications.
Our mixed SAM system is very well suited for our studies, since the surface
biotin density (epitope to the 2F5 IgG) can be systematically varied. IgG is a
bivalent molecule (with two recognition sites per molecule). Its binding constant
to the surface attached ligands is a function of ligand density due to the accessibility of the antigenic epitopes, which is usually termed as the ‘‘avidity’’
phenomenon. A series of surfaces functionalized by SAMs of different molar
ratios of biotin/EG thiols, w (w ¼ 0.1, 0.04, 0.02, 0.01, 0.004, 0.002, 0.001,
0.0004, 0.0002, 0.0001 respectively), were used for this demonstration. The 2F5
antibody solution (20 nM) was introduced into the ﬂow cell, followed by a
rinsing step with pure buffer. In order to rule out the inﬂuence of interfacial
rebinding [36], a competitive rinse with a 1 mM biotin solution was subsequently
conducted. For the surfaces with wo0.002, the label-free detection by SPR was
unable to give any convincing signal for kinetic evaluations. Therefore, an
Alexa Fluor labeled 2F5 (L2F5) was applied and the ﬂuorescent signal monitored. The SPR curves for the surfaces with wZ0.002 are plotted in Fig. 9(A),
normalized to the amount bound at equilibrium, in order to allow for a better
comparison of the adsorption/desorption rates of the antibody to various biotin
surfaces.
The mass-transport kinetics ﬁrmly controlled the adsorption kinetics for
surfaces with wZ0.002, resulting in identical binding slopes. Normalized adsorption curves showed that the higher the surface biotin density was, the later
the binding could reach equilibrium, because the equilibrium time was limited
by the mass-transport rate of antibodies diffusing from the bulk to the interface.
Mass-transport was so dominating that the adsorption phase contained no
useful information on the interaction kinetics. However, the desorption phase
lasted much longer so that mass-transport limitation could be ruled out. Therefore, the desorption rate reﬂected the afﬁnity between the bound antibody and
the biotin moieties of the SAM surfaces. As shown in Fig. 9(A), apparently, the
desorption rate increased with decreasing biotin density, for both the normal
and the competitive desorbing processes. The trend clearly indicates a transition
from a 1:2 to a 1:1 interaction stoichiometry between the antibodies and the
surface antigens, because statistically less antibodies were able to access two
biotins for more diluted biotin SAM surfaces.
Taking advantage of the sensitivity of the ﬂuorescent monitoring mode, the
binding signal on the surfaces with w ¼ 0.0004, 0.0002, 0.0001, respectively,
could be resolved, which are shown in a normalized form in Fig. 9(B). At such
low surface ligand densities, the adsorption phase was controlled by interaction
kinetics, as indicated by the absence of a linear slope in the binding curves. Also,
statistically, the IgG was unable to bridge two biotins at these low biotin densities. Therefore, the adsorption/desorption behavior in all three measurements
represented the interaction between one Fab fragment with biotin.

Surface Plasmon Optics for the Characterization of Biofunctional Architectures

67

Normalized SPR signal/A.U.

(A) 1.5
(4) χ = 0,01
(5) χ = 0,004
(6) χ = 0,002

(1) χ = 0,1
(2) χ = 0,04
(3) χ = 0,02

1.0
(1)

(2)

0.5
(3)
(4)
(5)

(6)

0.0
0

50

100
Time /minutes

150

200

Normalized fluorescence signal /A.U.

(B)
0.9

0.6
(1)

(3)

(2)

0.3
(1) χ = 0,0004
(2) χ = 0,0002
(3) χ = 0,0001

0.0

0

50

100
150
Time /minutes

200

Fig. 9. Avidity controlled interaction kinetics between the anti-biotin antibody 2F5
and the surface-conﬁned biotin moieties. (A) Normalized SPR curves of the 2F5
association/dissociation process on surfaces with relatively high biotin densities. (B)
Fluorescence kinetic curves of the 2F5 association/dissociation on surfaces with
lower biotin densities.

4.4. SPFS Detection of Extremely Diluted Antigen Densities
As shown in the previous chapter, SPFS takes over the sensing task where SPR
fails to monitor. The sensitivity advantage can be more pronounced if small (but
labeled) molecules are involved, e.g., DNA oligonucleotides. For the system
studied here, it is meaningful to demonstrate the suitability of the SPFS technique for probing SAM surfaces with extremely laterally diluted ligands. Fig. 10
shows the comparison of the ﬂuorescence kinetic curves obtained for
w ¼ 0.0004, 0.0001, and 0 surfaces, respectively, obtained by the direct and
the indirect detection scheme (see ﬁgure caption for details). Upon increasing
the mole fraction of the biotin thiol in the SAM, a corresponding increase in the
protein binding was observed, which also indicates speciﬁc bindings. In the
indirect detection case, the ﬂuorescence signals were much stronger than that of
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Fig. 10. Sensitivity evaluation of SPFS on planar surfaces. (1), (2), (3) are ﬂuorescence kinetic curves of the binding of L2F5 to surfaces of different biotin densities of w ¼ 0.0004, 0.0001, 0, respectively. (4), (5), (6) are ﬂuorescence kinetic
curves of the binding of AF-RaM to 2F5 (mouse IgG) bound surfaces of different
w ¼ 0.0004, 0.0001, 0, respectively.

the direct detection case, due to the signal ampliﬁcation by the AF-RaM and the
reduced ﬂuorescence quenching [25].
Assuming a value for the cross-sectional area of a thiolate of A ¼ 0.26 nm2
and using the same biotin ratio as in the preparation solution, we can calculate
that statistically a biotinylated thiolate occupies an area of 2.6  103 nm2 on
the w ¼ 0.0001 surface, meaning on average the next neighbor of each biotin is
50 nm away. If each of the binding sites holds one antibody, we can claim
that the ﬂuorescence measurements can easily detect surface concentrations as
low as 1 molecule per 2.6  103 nm2 that corresponds to a surface concentration
of approx. 10 ng cm2 or a coverage of 1.8% (assuming the cross-section of a
Fab A ¼ 6.5  3.5 nm2). For smaller analytes, e.g., a polypeptide with a molar
mass of only 1000 Da, the mass detection limit would be 70 pg cm2.
The current model system is by no means optimized for exploiting the limit
of detection (LOD) of SPFS. For example, by using a three-dimensionally extended matrix, SPFS has shown more extraordinary performance in detecting
the ﬂux of 10 antibody molecules binding to a sensing area of 1 mm2 in every
minute [11].

4.5. Layer-By-Layer Assembly of Proteins
Reports have shown that multi-layer thin ﬁlms can be fabricated by an alternating deposition of two kinds of molecules with afﬁnity to each other. This
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technique is called layer-by-layer (LbL) deposition. Apart from the electrostatic interaction, a widely used strategy for the LbL technique, biological
afﬁnity can also be used to deposit proteins by means of, e.g., antigen–antibody
interactions, biotin–avidin interactions, and sugar–lectin interactions. A merit
of this protocol is that all-protein thin ﬁlms can be prepared. On the other
hand, the LbL technique offers a way to control the separation distance between the molecules of interest to the base surface, which is of particular
interest for investigating the distance dependence of the ﬂuorescence yield by
SPFS [37]. In the experiments described in the following, we chose streptavidin and biotinylated IgG as the couple that forms alternating layers, which
can be selectively ﬂuorescently decorated by applying labeled molecules
(Fig. 11).
A surface coated with a SAM of 3-mercaptoproponic-acid, was used for the
covalent attachment of Alexa-Fluor 647 labeled streptavidin (AF-SA) by means
of NHS-active ester chemistry [38]. This reaction yielded an SPR minimum shift
of DyE0.271 and contributed a ﬂuorescence intensity of DfE350 cps (layer b*).
Subsequently, the alternate binding of biotinylated IgG and streptavidin from
20 mg ml1 solutions was monitored.
A linear correlation between the thickness and the layer number with a
slope of 2 nm per layer was obtained. On top of the eighth layer (a biotin-IgG
layer) or the fourth double layer, i.e., at a distance of 16 nm to the Au surface,
another AF-SA layer was built (j*). It resulted in a much stronger ﬂuorescence
signal of DfE12,000 cps, which was 33 times higher than the signal from the ﬁrst
AF-SA layer (b*). This gives the intensity difference between quenched and
unquenched ﬂuorescence molecules, which points to the need of a spacer layer
for the ﬂuorescence molecules in real sensing applications.

4.6. Affinity Determination Between hIL8 and Its Antibody Fragments
As an example of SPFS immuno-assay for clinically relevant samples, the afﬁnity determination of hIL8 (human interleukin 8) with its antibody fragments
(Fab13A and Fab6x, with different afﬁnities to hIL8) were performed. Due to
the small size of the hIL8 molecule (18 kDa), a label-free SPR analysis is quite
challenging. Therefore, Cy5 labeled hIL8 was used to allow for a ﬂuorescence
analysis. The study was based on a multi-layer functional architecture, composed of a biotin SAM (with 10% biotin functionality), a streptavidin layer, and
a biotinylated Fab layer (cf. Fig. 12(A)). The use of this multi-layer structure is
designed to alleviate ﬂuorescence quenching and to control the lateral spacing
of the ligand density.
First, streptavidin was bound to the biotin SAM. Typically, the density
of the SAM was 2–2.5 ng mm2. Next, the biotin–Fab was attached. The
saturation density of biotin–Fab was 2.7–2.9 ng mm2. In order to reduce
the inﬂuence of steric hindrance/mass-transport/rebinding, a moderately reduced Fab density level was used, i.e., 2.1 ng mm2 for Fab13A and 1.7 ng
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Fig. 11. A layer-by-layer model built by biotin–streptavidin interaction. (A) Angular SPR curves of each layer. The inset shows the SPR minimum position as a
function of layer number. (B) SPR, ﬂuorescence angular scans for layers ‘‘a’’, ‘‘b*’’,
‘‘i’’, and ‘‘j*’’.

mm2 for Fab6x, respectively. A 100 nM hIL8 solution containing 500 mg ml1
BSA was used for the binding study. Upon binding equilibrium, buffer (with
500 mg ml1 BSA) rinsing was performed and the dissociation process was
recorded.
The association/dissociation curves are shown in Fig. 12(B). A common
pseudo ﬁrst-order kinetic model was applied to yield the kinetic constants (kon
and koff) and the afﬁnity constants (KA and KD). The association curves could
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Fig. 12. (Left) (A) Schematic drawing of the hIL-8 kinetic assay experiments performed on a multi-layer architecture built by
biotin–streptavidin interaction. (right) (B) Binding curves of hIL8-Cy5 on moderately diluted Fab surfaces. (C) Equilibrium
titration of hIL8-Cy5 on Fab13A surface. The inset shows the titration results follow Langmuir adsorption isotherm, yielding
the dissociation constant KD ¼ 21 nM. Multiple injections were performed for each concentration, in order to overcome the
sample depletion effect.
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be ﬁtted by
R ¼ Req f1  exp½ðkon c0 þ koff Þtg

(7)

where R is the ﬂuorescence response, Req the equilibrium response at the bulk
analyte concentration c0. kon, and koff are the association and dissociation rate
constants, respectively. For c0 ¼ 0, the dissociation (rinsing) kinetics is described by
R ¼ Req expðkoff tÞ

(8)

The afﬁnity constant KA and dissociation constant KD can then be calculated
according to
K A ¼ kon =koff

(9)

K D ¼ 1=K A

(10)

However, the apparently bi-exponential dissociation behavior of the hIL8/
Fab13A complex made it difﬁcult to yield convincing kinetic constants within
this simple Langmuir model [39]. Therefore, an upstream concentration titration method [40] was applied in order to determine the afﬁnity constant of hIL8/
Fab13A, shown in Fig. 12(C). A nonlinear steady-state ﬁt, based on the Langmuir adsorption isotherm model, allows for the determination of KD, according to (cf. Fig. 12(D))
R¼

c0 Rmax
K D þ c0

(11)

where Rmax is the ﬂuorescence response of the highest (saturation) concentration applied.
The end-point ﬂuorescence signals and the afﬁnity results (KD) are listed in
Table 1. Two features are noteworthy. First, although the end-point ﬂuorescence
signals for the Fab13A and the Fab6x surfaces are different, similar ‘‘binding
stoichiometries’’ between hIL8 and Fabs are found, by normalizing the ﬂuorescence signal to the corresponding Fab density derived from SPR. This reﬂects
Table 1
A comparison of binding stoichiometry, dissociation constants of Cy5-hIL8/Fab interactions for different Fabs. The KD values are compared with the results from a commercial
SPR instrument
SA (SPR) Fab (SPR)
(deg)
(deg)

Lower afﬁnity
Fab (13A)
Higher afﬁnity
Fab (6  )

hIL8-Cy5
Binding
KD (SPFS)
(Fluorescence)
Stoichiomety of
(nM)
(cps)
hIL8/Fab (cps/deg)

0.49

0.40

8.5  105

2.1  106

0.50

0.31

6.2  105

2.0  106

 Fluorescence of hIL8/SPR of Fab

21
0.3

KD (Biacore)
(nM)

50–100
0.2
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the fact that the working concentration of the hIL8 solution was high enough to
saturate all binding sites on both Fab surfaces, since this concentration was
already significantly larger than both KD values. Second, the dissociation constants obtained via the ﬂuorescence channel were comparable to the results
determined by a commercial SPR instrument (Biacore 3000, Biacore AB) with
the same molecules, conﬁrming the applicability of SPFS in bio-afﬁnity assays.
However, there are still a considerate amount of factors that will inﬂuence the
afﬁnity determination, such as the binding matrix effect, the artiﬁcial labels on
catcher and analyte molecules, the improper modeling of the kinetics. All these
factors could contribute to the discrepancy between these results.

4.7. Anchoring of Light-Harvesting Complex II Via a His-Tag
Next, we show an example of a multi-protein complex immobilization on a solid
support while maintaining its functional integrity and long term stability, in
order to mimic the energy transfer mechanism in plant photosynthesis. The
light-harvesting complex II (LHCII) [41] is a major peripheral antenna complex
accounting for 50–65% of the pigments in plant photosynthesis. An LHCII
monomer is composed of a peptide backbone of 232 amino acids and and at
least 12 chlorophylls and 3 carotenoids. Here we use a recombinant LHCII [42],
which contains (per monomer) 7 chlorophyll a and 5 chlorophyll b molecules as
well as 2 luteins and 1 neoxanthin. In the natural supramolecular assembly of
LHCII, the chlorophyll molecules are arranged such that virtually 100% energy
transfer occurs from chlorophyll b to chlorophyll a. Thus, upon excitation of
chlorophyll b, only the emission of chlorophyll a is observed. This in turn is
used to judge the structural integrity of surface-anchored LHCII.
Here, the speciﬁc and strong chelating interaction between 6  Histidine
and the tetradentate nitrilotriacetic acid (NTA) mediated by Ni2+ [43] was used
for the immobilization of a reconstituted LHCII mutant, whose c-terminus was
extended by 6  Histidine residues via genetic engineering (cf. Fig. 13(A)). NTA
terminated thiols and OEG (spacer) thiols were used to built up a mixed SAM
(w ¼ 0.4) on a substrate coated by 23 nm silver and 5 nm Au (the gold layer was
used to protect the silver ﬁlm from being oxidized).
The immobilization of trimeric LHCII is demonstrated in Fig. 13(B). After
the nickel ion activation (5), a 1 mM solution of trimeric recombinant LHCII
prepared in NaP+DM buffer (20 mM sodium phosphate, pH 7.4, 0.1% (w/v) ndodecyl-b-D-maltoside) was introduced into the ﬂow cell (1). For each cycle, the
protein solution was incubated in the loop for 30 min, followed by buffer rinse
(2), EDTA (3), and SDS (4) regeneration. EDTA was used to competitively
chelate the nickel ions and break the linkage between NTA and Histidine. SDS,
as mentioned in Section 4.2, was used to detach any remaining physically
adsorbed proteins. As shown in Fig. 13(B), the immobilization/regeneration
cycles from (1) to (5) can be well reproduced and the baseline after every cycle
stabilized at a response close to the starting level. This indicates that the

74

Fang Yu et al.
(B)

(3)

(3)

(A)
R
NH

O

C
H

C
O

N
Ni2+

O

5.5
(2)

4.5

N

(5)

(5)

4.0

C=O

(1)

(4)

(4)

(1)

(1)

CH 2 CH
0

HN

50

100

150

200

Time /minutes

C=O
N

(2)

(2)

5.0

HN
CH 2 CH

(C)

C=O
NH
R

Excitation: 473 nm laser

800

2500
2000

600

1500
400
1000
200
500
0
600

0
650

700

750

800

Intensity (in solution) /counts

Solid Phase

N

N

Intensity (on surface) /counts

H2C

C
O O
C
O

Reflectivity R

6.0

850

Wavelength /nm

Fig. 13. (A) Schematic representation of the interaction between neighboring residues of the His-tag (6 consecutive Histidine residues) and an NTA-complexed
Ni2+ ion. (B) The performance of LHCII immobilization via chelating interaction.
SPR kinetic curve of LHCII immobilization and regeneration cycles, monitored
with an Nd:YAG DPSS laser (l ¼ 473 nm). (C) Surface plasmon ﬁeld-enhanced
ﬂuorescence emission spectrum of surface attached LHCII compared with the ﬂuorescence emission from free LHCII in solution, excited by an Nd:YAG DPSS laser
(l ¼ 473 nm).

attachment/detachment of LHCII was specifically from NTA–Histidine interaction and the surface NTA functionality was not inﬂuenced. The structure of
LHCII on the surface still kept the native structure as if it was in the solution, as
can be seen by the identical ﬂuorescence emission spectra in solution and on the
surface, showing 100% efﬁcient energy transfer from chlorophyll b to chlorophyll a (cf. Fig. 13(C)). Upon excitation of chlorophyll b by the l ¼ 473 nm
laser, LHCII both on the surface and in solution shows only chlorophyll a
emission at about l ¼ 680 nm. No chlorophyll b contribution at about
l ¼ 660 nm is seen which would be indicative of partial disintegration or structural distortion of the complex.

4.8. Ionic Strength Dependence of PNA/DNA Hybridization
SPFS has been extensively used in characterizing DNA hybridization on surfaces. Due to the small molecular weight of DNA oligonucleotide molecules, it
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is quite difﬁcult to detect their binding signal with mere SPR, especially when
using diluted catcher probe matrices. In contrast, SPFS has shown extraordinary femtomolar sensitivity in DNA studies, which also allows for investigations on substantially (440 times) diluted probe surfaces [44]. This sensitivity
has greatly enabled a vast amount of in-depth conformational and functional
DNA investigations on surfaces.
Here, we provide an example of the ionic strength dependence of PNA/
DNA hybridization. The binding matrix was fabricated with biotinylated PNA
probes (biotin-50 -ethylene glycol(9)-TGTACATCACAACTA-30 ) binding on the
extensively used streptavidin matrix [9,10,16,20,26]. The DNA target length was
varied from 15 bases to 75 bases, called T15* (Cy5-50 -TAGTTGTGATGTACA30 ), T45* (Cy5-50 -T(15)TAGTTGTGATGTACAT(15)-30 ), and T75* (Cy5-50 T(30)TAGTTGTGATGTACAT(30)-30 ), respectively. As shown in Fig. 14(A), a
series of concentrations of T15* ranging from 10 to 250 nM were used to titrate
the PNA probe surface at 10 mM or 1 M Na+ concentrations. It can be seen that
the variation of the ionic strength did not make a difference in the responses of
PNA P2 hybridizing with the 15-base oligonucleotides. However, the ionic
strength significantly inﬂuenced the hybridization of the longer DNA targets.
For T45* (Fig. 14(B)) and T75* (Fig. 14(C)), the ﬂuorescence upon saturation
([T45*] ¼ [T75*] ¼ 250 nM) at 1 M Na+ was enhanced by a factor of 2.35 and
2.8, respectively, with respect to the ﬂuorescence level found at 10 mM. The
corresponding surface coverage are expected to be even higher, because the
surface plasmon ﬁeld excited ﬂuorescence arising from DNA binding is underestimated in a medium with higher salt concentration, which randomizes the
DNA conformation and shortens the dye to metal distance [44]. We infer that
although PNA is electrostatically neutral [45], the binding of DNA target strands
upon hybridization still charges the surface resulting in a PNA/DNA hybridization that is highly sensitive to the ionic strength in the solution. With the
higher axial charge of longer target DNA strands, the increase of the target
length greatly enhances the corresponding electrostatic ﬁeld, which induces severe electrostatic crosstalk and hinders the surface hybridization in low salt
condition. Higher concentrations of cations in higher ionic strength buffers help
to reduce the duplex–duplex crosstalk by shielding the charges on the DNA.
We can expect that in addition to adding more cations, increasing the
spacing between probes on the surface will help to reduce the overlap between
the electrostatic ﬁelds of and hence the crosstalk between two neighboring
bound DNA molecules. The effective density of PNA probe can be reduced by
the co-assembly of a completely non-complementary sequence to the streptavidin matrix. Three probe surfaces (1:0, 1:1, and 1:3) were prepared accordingly
by tuning the ratio of non-complementary probes in the mixture to be 0%,
50%, and 75%, respectively. T75* was tested for the hybridization since it
possesses the highest charge. Fig. 15 presents the hybridization of T75* on three
probe surfaces at 10 mM and 1 M Na+ buffer solution, respectively. Apparently, the kinetic curves obtained at low ionic strength approach those obtained
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Fig. 14. Concentration titrations of T15* (A), T45* (B), and T75* (C) target
oligonucleotides on PNA probe surfaces at 10 mM or 1 M Na+ concentration,
respectively. On the right side, schematic drawings represent the overlapping of the
electrostatic ﬁelds between neighboring DNA strands.

at high ionic strength with the higher dilution of speciﬁc probes in the mixture,
which indicates the efﬁcient spacing of the speciﬁc probe and, hence, the subsequently bound DNA targets. The tendency implies that the electrostatic interaction among the bound targets will eventually vanish at low ionic strength
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Fig. 15. Kinetic investigation of T75* (250 nM) on 1:0 (A), 1:1 (B), 1:3 (C) diluted
PNA probe surface at 10 mM or 1 M Na+ concentration. On the right side, schematic drawings represent the overlapping of electrostatic ﬁeld between neighboring
DNA strands.

conditions with the further dilution of the probe density. This probe dilution
strategy is highly beneﬁcial in obtaining a Langmuir type binding of PCR
products at low ionic strength [26], a condition necessary to separate the double
strands of PCR products.

78

Fang Yu et al.

5. SURFACE PLASMON DIFFRACTION SENSOR
In contrast to SPFS, SPR, and SPDS are tools that can study biomolecular
interactions without external labels. They share the same category of ‘‘label-free
biosensors’’ with the reﬂectometry interference spectroscopy (RIfS) [46], waveguide spectroscopy [47], quartz crystal microbalance (QCM) [48], micro-cantilever sensors [49], etc. Although the label-free sensors cannot compete with
SPFS in terms of sensitivity [11], they are however advantageous in avoiding
any additional cost/time in labeling the molecules. In particular, the label-free
detection concept eliminates undue detrimental effects originating from the labels that may interfere with the fundamental interaction. In this sense, it is
worthwhile to develop and improve such sensors as instruments complementary
to those ultra-sensitive sensors that require labels.
In 1987, our group has proposed that the diffraction efﬁciency of dielectric
gratings can be greatly ampliﬁed by employing surface plasmon ﬁelds [14,15]. In
this approach, a surface plasmon wave is excited and diffracted by a dielectric
grating structure and back converted into light radiation. The application of
this diffraction phenomenon for biological sensing involves the use of micropatterning technique, e.g., micro-contact print (mCP) [50], in order to generate a
surface grating structure composed of functional and non-functional zones.
Generally, receptor molecules are immobilized on the functional area. The
grating amplitude is subsequently modulated by the association/dissociation
events of the analyte to the receptor molecules and is monitored by recording
the variation in the diffraction intensity of one of the diffraction orders.

5.1. Diffraction Enhancement by Surface Plasmon Fields
According to the theory (cf. Chapter 2), the surface plasmon ﬁeld enhancement
greatly boosts the diffraction intensity. This is experimentally demonstrated by
an identical polystyrene (PS) pattern on Au and glass surfaces respectively,
generated by UV-ablation (254 nm) through a copper grid mask. Well-deﬁned
PS patterns could be clearly seen in surface plasmon microscopy images or
depicted by a surface proﬁler. These PS patterns induced strong diffraction
patterns visible to the naked eyes (cf. Fig. 16), in accordance with their Fourier
transform patterns.
A glass prism was used to couple the light in and generate an evanescent
ﬁeld on both the glass and the Au samples. The prism attached to the glass
sample deﬁned a total internal reﬂection (TIR) scenario. In contrast, surface
plasmon mode could be excited on the Au sample (cf. Fig. 4). As shown in
Fig. 17, by setting the laser incident angle at the resonance angle, a series of
diffraction peaks could be recorded in the vicinity of the specularly reﬂected
laser beam in a nearly symmetrical distribution with a small, uniform angular
spacing. The intensities of these orders were significantly higher than those
found for the diffraction by the PS pattern in the TIR diffraction mode. An
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Fig. 16. Photographs of the surface plasmon ﬁeld-enhanced diffraction patterns
generated by various PS patterns on Au surfaces (A) parallel lines 40 mm wide,
separated by 62.5 mm; (B) parallel lines 28 mm wide, separated by 83 mm; (C) square
grid pattern, bar width 28 mm, grid width 83 mm, [D] hexagonal grid pattern, bar
width 8 mm, hexagonal grid width 48 mm.
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Diffraction Intensity/mV
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Fig. 17. The diffraction signal obtained from an identical PS pattern on Au and a
glass surface, respectively. For the surface plasmon diffraction on Au and TIR
diffraction on glass, the laser incident angle in both cases was set at 471 where the
laser energy could be resonantly coupled into the surface plasmon mode.
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enhancement factor of 18–20 was obtained by comparing the corresponding
diffraction intensities in the attenuated total reﬂection (ATR) and TIR conﬁguration, respectively. The gain in diffraction efﬁciency represents a sensitivity
enhancement for sensing applications.

5.2. Quadratic Effect of Diffraction Intensity

(A)

biotin SAM Anti-biotin

Next, we demonstrate that strong diffraction signals can be generated by a
monolayer of antibodies. Furthermore, the quadratic dependence of the diffraction intensity on the grating amplitude (cf. Eq. (5)) can be shown by this
antibody binding system. Experimentally, the Au surface was patterned by a 1:9
mixed biotin SAM by the mCP technique [17,50], followed by passivating the
remaining Au area by an OEG SAM. Next, an anti-biotin antibody 2F5 solution was injected and strong diffraction signal was observed as a result of the
antibody monolayer formation (cf. Fig. 18(B)). The monolayer could be completely removed by a regeneration solution, and consequently the diffraction
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Fig. 18. (A) Schematic drawing of an antibody binding onto a patterned biotin
SAM surface. (B) Diffraction scans obtained on the patterned surface (functional
strip width ¼ 42 mm, L ¼ 100 mm, with functional lines containing 10% biotin, nonfunctional lines exposing 100% –OH groups) before (1), after (2) the anti-biotin
antibody binding and after (3) the regeneration of the sensor surface by treatment
with 4 M GdnHCl. (C) Diffraction intensities of the 1st diffraction order versus the
corresponding SPR minimum angles.
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peaks disappeared. Using a low concentration of antibody, the relation between
the SPR signal (minimum angle shift upon antibody binding) and the diffraction signal can be depicted. As presented in Fig. 18(C), one ﬁnds a clear quadratic relationship between the SPR and the diffraction signal. Considering that
the SPR minimum shift is a linear measure of the surface grating amplitude Dnd,
the relationship is in agreement with the theoretical expectation (Eq. (5)).

5.3. SPDS for Oligonucleotide Hybridization
With the features of ﬁeld-enhanced, quadratic signal ampliﬁcation and its selfreferencing property [16–18], SPDS has shown improved sensitivity compared
to the normal SPR in biosensing applications. Especially, it generates a significantly improved signal-to-noise ratio in the study of oligonucleotide hybridization, where a classical SPR sensor is usually poorly qualiﬁed.
Therefore, we use the oligonucleotide hybridization as an example to demonstrate the applicability of SPDS biosensing. To the end we titrate two labelfree DNA oligonucleotide targets T15-0 (50 -TAGTTGTGATGTACA-30 ) and
T15-1 (50 -TAGTTGTGACGTACA-30 ) with surface-tethered DNA oligonucleotide probe (biotin-50 -T(15)TGTACATCACAACTA-30 ). The T15-0 was fully
complementary to the probe; while one base mismatch was designed in the
sequence of T15-1.
A multi-layer surface architecture composed of SAM/streptavidin/probe
was employed for the hybridization study (Fig. 19). Since the streptavidin density on the functional stripes was identical to that on a homogenous surface [9],
i.e., 2.2  1012 molecules cm2, the probe density was estimated to be
2.9  1012 molecules cm2 by knowing from the diffraction signal the binding stoichiometry between streptavidin and the probe (ca. 0.75) [16].
Next, the target DNA solutions were sequentially injected and thus surface
hybridization initiated. By recording the equilibrium hybridization signal of the
target to the probe derivatized surface at different bulk target concentrations c0
(with the total span of the target concentrations ranging from 1 nM to 3 mM),
the afﬁnity constants KA of target/probe could be determined (cf.
Fig. 19(B) and (C)). The normalized equilibrium response is plotted against
the corresponding target concentrations c0 in Fig. 20.
The data are ﬁtted by a Langmuir adsorption isotherm based on a 1:1
interaction model (cf. Eqs. (10), and (11)). From the ﬁt, the afﬁnity constants
for T15-0 and T15-1 are found to be KA ¼ 4.2  108 and 1.9  107 M1, respectively. The afﬁnity of the T15-1 target, is lower by more than one order of
magnitude due to a single A–C mismatch, which is in agreement with earlier
ﬂuorescence investigations [9]. A Langmuirian behavior of the 15-mers hybridization processes is also implied by the ﬁtting.
The saturation response of the T15-1 target at 3 mM is estimated to be
1.8  1012 molecules cm2 by comparing the diffraction signal between probe and
target and determining their binding stoichiometry. The response from the 5 nM
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Fig. 19. (A) Schematic drawing of the multi-layer architecture built on the functional pattern surface (functional strip width ¼ 42 mm, L ¼ 100 mm, with functional
lines containing 10% biotin, non-functional lines exposing 100% –OH groups).
Kinetic curves of the titration of T15-0 (B) and T15-1 (C), respectively, with increasing concentrations.

T15-1 solution is considered to be the preliminary LOD of the diffraction DNA
sensor, producing 6% of its saturation response and being easily resolvable above
the baseline ﬂuctuation. By this, SPDS was claimed to be able to detect at least
1.1  1011 molecules cm2 of the 15-mer oligonucleotide, equivalent to a mass
concentration of 800 pg cm2. This preliminary LOD level is already comparable
to one of the best performance of label-free SPR sensing using near-infrared imaging by reported Corn’s group [51], with an LOD of 10 nM for 18-mer oligonucleotide, corresponding to 1011 molecules cm2.

6. CONCLUSION
This contribution has attempted to summarize a wide variety of work from our
group employing SPR, SPFS, and SPDS analysis, specifically for investigations
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Fig. 20. The equilibrium signals of the titration of surface bound probe oligonucleotide with T15-0 (a) and T15-1 (b), respectively. The values are normalized to the
saturation responses of the corresponding target at its maximum concentration.

relevant to biofunctional, bio-afﬁnity aspects. The SPR has shown already its
big impact on interfacial analysis. As newly developed tools based on the principle of SPR, SPFS, and SPDS have also proven to be valuable tools, concerning their improved sensitivity compared to SPR. In particular, the powerful
combination of these three methods has the potential to generate more information and reveal details of biofunctional interfaces.
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1. INTRODUCTION
Surfactant adsorption at the solid–solution interface plays an important role in
many industrial and technological applications, such as detergency, fabric and
hair conditioners, dyeing, mineral ﬂotation, colloidal dispersion, corrosion inhibition, lubrication, and oil recovery. The nature of the adsorbed layer and the way
in which it modiﬁes surface properties depends upon the nature of the surfactant
and its interaction with the surface. This can include electrostatic attraction,
hydrogen or covalent bonding, and hydrophobic or solvation forces. Depending
upon the amount adsorbed and the structure of the adsorbed layer (orientation of
the surfactant at the interface), the surface can become more hydrophilic or more
hydrophobic. In general terms, ionic surfactants adsorb to hydrophilic surfaces of
opposite charge by electrostatic attraction, and the nonionic polyoxyethylenebased surfactants by hydrogen bonding between surface hydroxyl groups and the
ether oxygens of the ethoxy groups. Such adsorption is cooperative and is initiated at the critical micellar concentration, cmc, to form a ‘fragmented bilayer’
or ‘ﬂattened aggregated’ (micellar) structure at the interface. Depending upon the
strength of the interaction, the outer layer is relatively easily removed, and the
surface is left strongly hydrophobic. In contrast, the adsorption to hydrophobic
surfaces is generally of the form of a monolayer, similar to that observed at the
air–solution interface, and in this case, the surface will become hydrophilic.
Corresponding author. E-mail: j.penfold@rl.ac.uk
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To characterize and understand the nature of surfactant adsorption at the
solid–solution interface, it is not sufﬁcient to just measure the amount adsorbed,
but information on the kinetics of adsorption and on the structure of the adsorbed layer is required. A variety of ‘classical’ techniques, such as ‘solution
depletion’ [1], measurement of the differential enthalpy of adsorption [2], ﬂuorescence spectroscopy [3], and light scattering [4], have traditionally provided
information about adsorbed amounts. These techniques are in general applied
to dispersed or colloidal solid phases, such as polystyrene latex, colloidal silica,
and clay particles, and any structural information is only indirectly implied.
Light scattering [4], small angle X-ray scattering (SAXS) [5], and small angle
neutron scattering (SANS) [6], however, provide some structural information
on surfactant adsorption onto colloidal particles; but the scope of such measurements is limited by sensitivity and the requirement to maintain colloidal
stability. More recently, the development of techniques such as optical reﬂectometry [7], ellipsometry [8], spectroscopic methods such as sum frequency
spectroscopy (SFS) [9], second harmonic generation (SHG) [10], surface plasmon resonance (SPR) [11], and surface sensitive FTIR [12], neutron [13] and
X-ray [14] reﬂectivity, and atomic force microscopy [15] has provided the
opportunity to study the kinetics of adsorption and to obtain detailed structural
information about the adsorbed layer. In recent years, these techniques have
started to provide a wealth of new and complementary information on surfactant adsorption.
In the last 10–15 years, neutron reﬂectometry has been developed into a
powerful technique for the study of surface and interfacial structure, and has
been extensively applied to the study of surfactant and polymer adsorption and
to determine the structure of a variety of thin ﬁlms [14, 16]. Neutron reﬂectivity
is particularly powerful in the study of organic systems, in that hydrogen/deuterium isotopic substitution can be used to manipulate the refractive index
distribution without substantially altering the chemistry. Hence, speciﬁc components can be made visible or invisible by refractive index matching. This has,
for example, been extensively exploited in studying surfactant adsorption at the
air–solution interface [17]. In this chapter, we focus on the application of neutron reﬂectometry to probe surfactant adsorption at the solid–solution interface.
The scope of the chapter will include an introduction to the technique of
neutron reﬂectometry, and how it is applied to the study of surfactant adsorption at the planar solid–solution interface, to obtain adsorbed amounts and
details of the structure of the adsorbed layer. The advantages and limitations of
the technique will be put in the context of other complementary surface techniques. Recent results on the adsorption of a range of anionic, cationic and
nonionic surfactants, and surfactant mixtures onto hydrophilic, hydrophobic
surfaces, and surfaces with speciﬁcally tailored functionality will be described.
Where applicable, direct comparison with the results from complementary
techniques will be made and discussed.
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2. NEUTRON REFLECTIVITY
2.1. Basic Principles and Equations
The specular reﬂectivity of neutrons, like the analogous light or X-ray reﬂectivity, from a surface or interface provides information about the neutron refractive index gradient or distribution in the surface region and in a direction
orthogonal to the plane. This can often be simply related to a composition or
concentration proﬁle in the direction orthogonal to the surface, to provide
directly information about adsorption and the structure of the adsorbed layer.
In the simplest case of the interface between two bulk media, the reﬂectivity
is related to the refractive index difference across the interface, and is described
by Fresnel’s Law [18]. The refractive index, n, is related to the neutron scattering
length density, such that
n2 ¼ 1 

l2
r
p

(1)

where l is the neutron wavelength and r the scattering length density given by
X
r¼
bi ni
(2)
i

where bi is the scattering length and ni the number density of species i. The
refractive index is not a convenient term to use in neutron reﬂectivity as it is
1.0 (in contrast to light), and the scattering length density is a more relevant
term. For most materials, the neutron scattering length, b, is positive (hydrogen
is one of the exceptions), and so n is generally o1.0. This highlights another
difference compared with light; in general, total external reﬂection occurs as
most materials have a refractive index less than air. Therefore, for example, at
the air–D2O interface, there will be total reﬂection from the interface below the
critical glancing angle of incidence. However, the information about the surface/interface structure occurs at grazing angles beyond the critical angle.
In the simple case of a monolayer (thin layer) of uniform composition and
density at the interface between two bulk media (say air and a substrate), the
neutron reﬂectivity can be given exactly as [19]
R ¼ jRj2 ¼

r201 þ r212 þ 2r01 r12 cosð2b1 Þ
1 þ r201 r212 þ 2r01 r12 cosð2b1 Þ

(3)

where the subscripts 0, 1, 2 refer to the air phase, the monolayer, and the
substrate, b the optical path length, b1 ¼ q1t1, t1 the monolayer thickness, and
q1 the neutron wave vector in the monolayer and normal to the interface. The
reﬂectivity is usually expressed in terms of the wave vector transfer, k, where
k¼

4p sin y0
¼ 2q0
l

(4)
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and y0 is the grazing angle of incidence. The Fresnel coefﬁcients, rij, are then
rj  ri
(5)
rij ¼
rj þ ri
The critical wave-vector transfer (below which total reﬂection takes place) is
k2ci ¼ 4q2ci ¼ 16pðrj  ri Þ

(6)

such that the Fresnel coefﬁcients can be expressed in terms of k and kci
rij ¼

ðk2  k2ci Þ1=2  k
ðk2  k2ci Þ1=2 þ k

(7)

For a simple sharp interface between air and the substrate (Fresnel’s law), Eq.
(3) becomes
R ¼ jr01 j2 ¼

16p2
ðDrÞ2
k4

(8)

and for a simple monolayer at the interface
R¼

16p2
½ðr1  r0 Þ2 þ ðr2  r1 Þ2 þ 2ðr1  r0 Þðr2  r1 Þ cos kt
k4

(9)

Although only approximate, it is sufﬁcient to describe the thin monolayer observed in surfactant absorption, and this is the essence of the measurement of
surfactant adsorption.
So far, what has been described is applicable to any interface. However, the
air–solution interface is the simplest to consider; and in the context of surfactant
and mixed surfactant adsorption, we discuss that interface initially. The particular feature that makes the technique so powerful and particularly surface
sensitive is the different scattering powers of hydrogen and deuterium (hydrogen has a negative scattering length of 0.374  1012 cm and deuterium a
larger positive value of 0.6764  1012 cm). Hence, D/H isotopic substitution
can be used in organic systems to label particular components or fragments by
refractive index matching, whilst leaving the chemistry essentially unaltered.
For a 0.088 mole fraction D2O/H2O mixture, null reﬂecting water (nrw), the
scattering length density is zero (a refractive index of unity), and there will be no
specular reﬂectivity at the interface between that and air (in Eq. (8) Dr is zero).
Specular reﬂection will occur if there is a monolayer of deuterated material at
the interface, and Eq. (9) will become
k4
kt
(10)
R ¼ 2r2 ð1  cos ktÞ ¼ 4b2 n2 sin
2
2
16p
Hence, treating the adsorbed layer as a thin ﬁlm of uniform density the adsorbed amount, G, can be determined from the thickness, t, and the scattering
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length density, r, such that [17]
G¼

rt
1
¼
N ab N aA

(11)

where A is the area/molecule, and Na the Avogadro’s number.
A similar expression to Eq. (10) can be obtained if it is assumed that the
monolayer has a Gaussian distribution rather than a uniform form, to give [17]
k4
ps2 r2m k2
R
¼
ðexp k2 s2 Þ
16p2
4

(12)

and G ¼ (psrm)1/2/2Na, where s is the 1/e width and rm the scattering length
density at the maximum of the distribution. In practice, either functional form
can be used.
It is straightforward to extend Eq. (11) to take into account the adsorption
of a multi-component mixture [17], such that for a binary mixture, Eq. (11)
becomes


1 b1 b2
r¼
þ
(13)
t A1 A2
where the subscripts now refer to the two different components. Measurements
with an aqueous phase with a refractive index o1.0, for example D2O, then
provides a reﬂectivity proﬁle from the interface, which provides information not
just about the adsorbed layer, but about the adsorbed layer in relationship to
the subphase, the extent of overlap between the solvent and surface layer.
It is then straightforward to extend this approach to the solid–solution
interface. For this interface Eqs. (3)–(9) are identical, but replacing the initial air
phase (subscript 0) by the solid phase with a refractive index that is different
from unity. In this case, the neutron beam is then incident at the solid–solution
interface, by transmission through the solid upper phase (see later for more
details on the experimental arrangement). By analogy with the air–solution
interface, an appropriate mixture of D2O/H2O can be used to index match the
solvent to the solid phase, or a speciﬁc ‘contrast’, such as solid–D2O, can be
engineered; and this is often used to maximize the reﬂectivity signal. Alternatively, a range of different solute and solvent ‘contrast’ are used to maximize
sensitivity. For the solid–D2O case, the expression equivalent to Eq. (11) becomes
G¼

dðrs  r2 Þ
N a V ðrs  ra Þ

(14)

where d is the layer thickness, rs, ra, and r2 the solvent, adsorbate, and layer
scattering length densities, and V the adsorbate volume. This is equally applicable to a single component or a multi-component mixture, on the assumption
that the components of the mixture can be index matched to the solvent.
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Beyond the simple thin surfactant monolayer, the reﬂectivity can be interpreted in terms of the internal structure of the layer, and can be used to determine thicker layers and more complex surface structures, and this can be
done in two different ways. The ﬁrst of these uses the optical matrix method [18,
19] developed for thin optical ﬁlms, and relies on a model of the surface structure being described by a series or stack of thin layers. This assumes that in
optical terms, an application of Maxwell’s equations and the relationship between the electric vectors in successive layer leads to a characteristic matrix per
layer, such that
"
#
reibj1
eibj1
Cj ¼
(15)
reibj1 eibj1
For n layers, the matrices for each layer are multiplied together,
[C] ¼ [C1][C2] y [Cn+1], to give the resultant reﬂectivity from the elements of
the ﬁnal 2  2 matrix such that, R ¼ cc*/aa*. In practice, recurrence relationships between the Fresnel coefﬁcients in the successive layers can be used to
provide an efﬁcient calculation. Furthermore, following the approach of Nevot
and Croce [20], a Gaussian roughness or diffuse proﬁle can be included at each
interface in the stack, such that
r0j ¼ rj exp 0:5kj kj1 s2

(16)

The second method uses the kinematic approximation in which the reﬂectivity
is given as [21]
16p2
16p2 0
2
2
^
¼
(17)
rðkÞ
r^ ðkÞ
2
4
k
k
^
where rðkÞ
is the one-dimensional Fourier transform of the scattering length
density proﬁle normal to that interface, r(z)
Z 1
^
rðzÞ expðikzÞdz
(18)
rðkÞ
¼
R¼

1

and r^ 0 ðkÞis the corresponding Fourier transform of the derivative, r0 (z).
To date, the matrix method has been the preferred method applied for the
analysis of neutron reﬂectivity data from the solid–solution interface, but in
many cases, the kinematic approximation offers more ﬂexibility. This has been
exploited in studies at the air–solution interface, where both approaches are
extensively used.

2.2. Application to the Solid–Solution Interface
The transmissions of thermal/cold neutrons through single crystal materials
such as silicon and quartz (providing the orientation and the neutron wavelength combinations do not give rise to Bragg scattering) is sufﬁciently high
(80% for a 100 mm path length) that neutron reﬂectivity at the solid–solution
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Fig. 1. Schematic representation of the scattering geometry for the neutron reﬂectivity measurements at the solid–solution interface.
Table 1
Scattering length density of commonly used solid substrates
Scattering Length Density (  106 Å2)
D2 O
Silicon
Quartz
Sapphire

6.35
2.08
4.2
5.4

interface is easily tractable. Measurements are made by transmitting the neutron
beam (at normal incidence) through the crystalline solid upper phase to grazing
incidence at the solid–solution interface [21] (see Fig 1).
In practice, a convenient range of solid crystalline materials, which can be
polished to optical ﬂatness over manageable areas, exists and includes silicon,
quartz, and sapphire. The equivalent transmission through a block of amorphous quartz or silicon is 10–15%. This has so far precluded them from use,
and limited the application to crystalline substrates. In aqueous solution, the
most commonly use ‘contrasts’ are D2O, H2O, and water (H2O/D2O mixture)
index matched to the solid phase. In D2O, the refractive index (or scattering
length density) difference between that and the solid phase is signiﬁcantly
different for silicon, quartz, and sapphire (see Table 1).
From silicon to sapphire, the difference in scattering length density or refractive index compared with D2O is progressively smaller, which makes the
region of total reﬂection more difﬁcult to access, but enhances the sensitivity of
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Scattering vector, Q (ang-1)

Fig. 2. Specular reﬂectivity for bare hydrophilic silica surface, () Si/D2O, (m) Si/
H2O, and (’) Si/cmSi. The solid lines are calculated curves for a thin oxide layer of
15 Å and a scattering length density of 3.5  106 Å2.

the reﬂectivity to a dilute hydrogeneous layer at the interface. The solid surface,
even if optically ﬂat, is never perfect and there always exists a thin oxide or gel
layer. It is necessary to measure this (to obtain its thickness and scattering length
density) and to include it in any subsequent modelling of the data. The data in
Fig. 2 below are typical of the data for the surface of silicon (measured at three
different water ‘contrasts’) [23], and are consistent with a thin oxide layer 15 Å
and a scattering length density 3.5  106 Å2 (silicon oxide, SiO2).
This is an important step as the surfaces are not always as well deﬁned as
the example shown in Fig. 2. Quartz is particularly troublesome, and thick gel
layers often exist. For example, McDermott et al. [24] obtained a 85-Å thick
layer of inhomogeneous material, with a scattering length density intermediate
between crystalline quartz and amorphous silicon, on the surface of crystalline
quartz. On silicon /111S a more reproducible oxide layer, in thickness and
density, is generally achieved. However, in the past some variability in the
hydrophilic nature and hence reproducibility of adsorption has been experienced. This was discussed in detail by Penfold et al. [25], who found that the
‘mild piranha’ treatment produced a reproducible hydrophilic surface. Other
treatments have also been found to be reliable and are discussed in more detail
elsewhere [26]. Another important aspect that was discussed by Penfold et al.
[25] and that is evident from a number of related studies is that the history of the
surface and hence the experimental route can be of vital importance.
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Fig. 3. Schematic representation of the structure of adsorbed surfactants layers
deduced from different forms of the adsorption isotherm.

The nature of the adsorption of surfactants at both the hydrophilic and
hydrophobic solid surfaces has been subject to extensive studies, and a number
of excellent recent reviews exist [27–29]. The structure of the adsorbed layer, at
both the hydrophilic and hydrophobic surfaces, has been the subject of much
conjecture. From the form of the adsorption isotherm at the hydrophilic surface, the cooperative nature of the adsorption was established, and the evolution of the structure with concentration was inferred [30] (see Fig 3).
The more recent neutron reﬂectivity studies have established that ﬂattened
surface micelle or fragmented bilayer structure in more detail and with more
certainty, using ‘contrast variation’ in the surfactant and the solvent [24, 31].
However, the extent of the lateral dimension (in the plane of the surface) and the
detailed structure in that direction is less certain. From those neutron reﬂectivity
measurements [24, 31] and related SANS data on the adsorption of surfactants
onto colloidal particles [5], it is known that the lateral dimension is small compared with the neutron coherence length, such that averaging in the plane is
adequate to describe the data. The advent of the AFM technique and its application to surfactant adsorption [15] has provided data that suggest that there
is more structure and ordering in the lateral direction than implied from other
measurements. This will be discussed in more detail in a later section of the
chapter. At the hydrophobic interface, although the thickness of the adsorbed
layer is now consistent with a monolayer, the same uncertainties about lateral
structure exist.
In the treatment of the neutron reﬂectivity data for surfactants adsorbed at
the hydrophilic solid–solution interface, we will assume that the ﬂattened
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surface micelle or fragmented bilayer structure is applicable. Variations in this
basic model have been used to describe much of the data presented here, and is
justiﬁed in the later discussion. This is the simplest model that is consistent with
most of the data and is described in detail elsewhere [22, 31]. However, the main
features of the model are a layer of thickness d1, adjacent to the solid surface
containing surfactant headgroups and associated hydration, a layer of thickness
d2 containing the alkyl chains interpenetrating or overlapping from both sides,
and a layer of thickness d3 adjacent to the ﬂuid phase containing surfactant
headgroups and hydration. To account for disorder and some degree of imperfection (due to intermixing), an additional parameter, fc, which is the fraction of alkyl chains in the headgroup regions, is included. The model can then
be described by three thicknesses, d1, d2, and d3, the area per molecule of each
surfactant, A1, A2, in the layer, a fractional coverage, f, to allow for incomplete
coverage of the micelles or ‘patches’, and fc. From known molecular volumes
and scattering lengths, the scattering length density of each layer can be estimated.

2.3. Relationship to Other Techniques
2.3.1. Classical techniques
Much of the early studies of surfactant adsorption at the solid–solution interface were based on classical experimental techniques, such as solution depletion
[1, 32], ﬂuorescence spectroscopy [2], and measurements of the differential
enthalpy of adsorption [2]. Such methods have provided much of the basic
initial understanding. However, they provide no direct structural information
and are difﬁcult to apply to mixtures [23, 34]. However, when combined with
other techniques, such as NMR and ﬂow microcalorimetry, they provide some
insight into the behaviour of mixtures. This was demonstrated by Thibaut et al.
[33] on SDS/C10E5 mixtures adsorbed onto silica and by Colombie et al. [34] on
the adsorption of SLS/Triton X-405 mixtures onto polystyrene particles.

2.3.2. Scattering techniques
Similar measurements have been made on a range of colloidal particles, silica,
polystyrene latexes, and clay particles. Using well-deﬁned colloidal particles as
the solid substrate makes scattering techniques a viable method for measuring
surfactant adsorption. Through measurements of the hydrodynamic radius,
light scattering provides access to the thickness of the adsorbed layer [7], but is
difﬁcult to interpret in terms of absolute adsorbed amounts. SAXS and SANS,
however, provide access to both the thickness and density of the adsorbed layer.
Seelenmeyer and Ballauff [5] have used SAXS to study the adsorption of
C18E112 onto polystyrene latex particles. Cummins et al. [6] have used SANS to
study the adsorption of a range of nonionic surfactants onto Ludox silica, to
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provide information on adsorbed amounts and on the structure of the adsorbed
layer; and the effects of concentration, temperature, and surfactant type have
been explored. Such studies provided the ﬁrst direct evidence of the structure of
the adsorbed layer, inferred from the accurate determination of the layer thickness. Because the average density was sufﬁcient to describe the adsorbed layer,
this was interpreted as an indication that any lateral dimensions within the layer
were relatively small. More recently, Despert and Oberdisse [6], using the same
approach, have provided direct SANS evidence for the discrete micellar nature
of the adsorption onto silica at partial coverage.

2.3.3. Surface force probes
The advent of the AFM technique [15] and related surface force apparatus [35],
and their application to soft surfaces raised the appealing possibility of direct
imaging of the surface structures. The early work [36–38] focused on characterizing the nature of the surface forces, modiﬁed by the adsorption of C12E5
onto silica [36], and C16TAB onto glass [37, 39]. Nevertheless, the changes in the
surface force proﬁles indicated bilayer-like surface structures that were consistent with the early scattering data [5] and the early neutron reﬂectivity measurements [22, 24, 31]. However, the application of the technique rapidly
expanded following the pioneering work of Manne and Gaub [15], who were
able to image the surface surfactant aggregates. They demonstrated the formation of a range of structures with the cationic surfactant C16TAB on graphite,
mica, and amorphous silica [15, 39]. Above the surfactant cmc, the images were
interpreted as regular hemi-cylinders on graphite, full cylinders on mica, and
full spheres on silica. Indeed, a surprising feature was the regularity and registration of the lateral structure. Similar structures were derived for SDS and
SDS/dodecanol mixtures on graphite [40]. A further feature is that the surface
structures seem to mirror the preferred bulk structures, with some perturbation
to account for the frustration caused by the proximity of the surface. This was
the case for the observation of different nonionic surfactant adsorption onto
graphite [41], and for zwitterionic and nonionic surfactants adsorbed onto silicon nitride, mica, and graphite, where the role of the hydrophobicity of the
substrate was speciﬁcally explored [42].
One of the difﬁculties of the technique is the speciﬁc nature of the surfaces
that are used, predominantly mica and graphite. Hence, the ability to compare
directly with the results from other techniques, such as ellipsometry and neutron
reﬂectivity, is not straightforward. Furthermore, the degree to which the crystalline nature of those surfaces inﬂuences the observed structures is not established. This has been partially addressed in recent studies by Ducker and
Wanless [43] on the adsorption of C16TAB onto modiﬁed mica surfaces and by
Wolgemuth et al. [44] with a range of surfactants adsorbed onto a TMCScoated hydrophobic silica surface. In these studies, changes in the surface
properties appear to have a dramatic effect upon the surface structures that are
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produced. A major criticism and concern of the use of the AFM technique for
the study of soft surfaces is whether it is truly non-evasive, and this has stimulated much discussion. However, the recent work of Shah et al. [45] is extremely relevant here. They have made speciﬁc molecular dynamics simulations
of C12TAB adsorbed onto hydrophilic silica, and have simulated the relevant
force conditions associated with the AFM tip. They observe that on hydrophilic
silica, the experimentally observed ﬂattened micellar structure is predicted, but
that an indentation force 1 nN breaks up the surface aggregates to form a
simple surfactant monolayer. These observations would imply that although the
direct imaging methods have much to recommend them, their results require
careful and critical evaluation and are probably not suitable for reliable quantitative data.

2.3.4. Optical techniques
A range of different optical techniques have been applied to the study of
surfactant adsorption at the solid–solution interfaces. Levitz and Van Damme
[46] extended ﬂourescence decay spectroscopy, an established technique for
measuring micelle aggregation number, to the solid–solution interface to provide some early indication of the micellar nature of the surface aggregates.
Atkin et al. [7] have shown that simple optical reﬂectometry, providing the
refractive index increment of the adsorbing material is known, provides a convenient way of measuring surface excess at the solid–solution interface. The
particular attribute of the technique is the ability to follow rapid the kinetics of
adsorption/desorption. However, it is difﬁcult to extract structural information
that is not highly model dependent.
However, ellipsometry, where the changes of the polarization state of the
light before and after reﬂection are measured and related to the nature of the
surface layer, is potentially more sensitive and provides the opportunity to
measure adsorbed amounts and obtain some structural information. The difﬁculty is that the refractive index of the adsorbed layer is similar to the bulk
solution, but by choosing a substrate with suitable optical properties, the optical
contrast can be maximized such that separate determinations of thickness and
refractive index can often be made. Null ellipsometry, where one looks for the
condition that the elliptically polarized light becomes linear after reﬂection, is
usually employed. This approach has been extensively used by Tiberg and coworkers [8], who have demonstrated how adsorbed amounts and adsorbed layer
thicknesses of a range of nonionic surfactants absorbed onto silica can be determined. They have demonstrated in particular how the kinetics of adsorption/
desorption can be followed, and have used such data to develop a theoretical
model for the kinetics [Brinck, Jonsson, Tiberg]. They have also demonstrated
how some limited information on the adsorption of binary mixtures can be
obtained, and investigated the role of co-surfactants, such as long chain alcohols [Brinck, Tiberg]. In studying the effects of different alkyl and ethylene
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oxide chain lengths on nonionic surfactant adsorption [Tiberg, Landgren;
Tiberg, Jonsson, Tang, Lindman], they have discussed in detail the modelling
assumptions that are made in the analysis of the data, and in the extraction of
layer thicknesses. The application of ellipsometry to study interfacial dynamics
and structure of adsorbed surfactant layers has been recently reviewed by
Zhmud and Tiberg [47], with the emphasis on the kinetics and critical comparison with other techniques.
Other optical probes also provide access to the adsorption/desorption kinetics
of surfactants at the solid–solution interface. Clark and Ducker [48] used ATR-IR
to measure the rate of adsorption/desorption and exchange of C14TAB at the
silica–D2O interface. They were able to show that the results were consistent with
transport limited desorption for hydrophobic association with the surface and
activation-limited diffusion for electrostatic association. Tulpar and Ducker [49]
used SPR to determine the amounts of SDS adsorbed onto a SAM, in a study of
the role of surface charge density and surface charge regulation. From this, they
concluded that lateral ion mobility is an important factor in the formation of
surface micelles. SFS, at the solid–solution interfaces, was recently reviewed [50]. It
is a form of vibrational spectroscopy, which is surface speciﬁc. It provides structural information, through changes relating to conformation and orientational
ordering at the interface. This was exploited by Briggs et al. [51] to study the
structure of a dichain sugar surfactant at the hydrophobic solid–solution interface.
As with neutron scattering, deuterium labelling can be used to manipulate different
vibrational modes, and this was used by Ward et al. [52] to study the coadsorption
of SDS and dodecanol at the hydrophobic surface. Becraft et al. [53] also used SFS
to demonstrate bilayer formation and charge reversal at the CaF2–H2O–SDS
interface.

3. SURFACTANT SYSTEMS
3.1. Adsorption of Nonionic Surfactants onto Hydrophilic Surfaces
The earliest study of nonionic surfactant adsorption at the solid–solution interface by Lee et al. [22] using neutron reﬂectivity was on the adsorption of
C12E6 at the quartz–solution interface, and established many of the main features. Although with a limited q range (qmax  0.12 Å1) measurements in D2O
and water index matched to quartz were sufﬁcient to interpret the data in terms
of a fragmented bilayer structure, and show the variation with surfactant concentration. The results were consistent with those measured by SANS [5] at
about the same time. Particularly valuable was the demonstration of the variation in the adsorption with pH, with a rapid reduction in the adsorbed amount
over a narrow pH range at high pH. A more extensive study of nonionic adsorption onto a hydrophilic silica surface by neutron reﬂectivity was made by
Bohmer et al. [54]. Adsorption isotherms and the structure of the adsorbed layer
were measured for C12E6 and C12E25, and consistent comparisons were made
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with depletion measurements, and dynamic light scattering using Ludox silica
sols. The cooperative nature of the adsorption isotherm and a structure consistent with a fragmented bilayer were established. An extended self consistent
ﬁeld (SCF) lattice theory was used to predict the main adsorption features of
both surfactants, and the inclusion of lateral inhomogeneities consistent with
the formation of small surface aggregates was predicted.
A characteristic of the early neutron reﬂectivity studies of nonionic surfactant adsorption was some variability in the pattern of adsorption. This was
investigated in more detail and more systematically by McDermott et al. [55],
who compared the adsorption of C12E6 onto a range of different substrates,
amorphous silica, crystalline quartz, and the oxide layer on a silicon single
crystal. The adsorbed surfactant was found to form a bilayer with an overall
thickness 4974 Å, with a structure similar to that determined in the previous
studies (see Fig. 4).
Although the same model was applicable for each of the different substrates, the adsorbed amount or fractional coverage varied between 40 and 75%.
There was an implication in the data that this correlated with the surface
roughness of the substrates, but the evidence is not conclusive. Subsequently,
Penfold et al. [25] have considered the consequences of the different surface
treatments on the adsorption of nonionic surfactants at the hydrophilic silicon–
solution interface. The delicate nature of the cooperativity of the adsorption
results in variations in the adsorbed amount, which depend strongly upon

Fig. 4. Schematic representation of the adsorbed layer of C12E6 at the silica–aqueous solution interface.
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surface treatment, solution pH, and the exposure history of the surface (even at
immeasurably low levels of adsorbate). However, that caveat notwithstanding,
the general features observed are qualitatively and quantitatively consistent
with the ellipsometry measurements of Tiberg and co-workers [8]; and the two
methods combine to provide a detailed picture of nonionic adsorption at the
hydrophilic solid–solution interface.

3.2. Adsorption of Ionic Surfactants onto Hydrophilic Surfaces
The electrostatic interaction between the cationic alkyl trimethyl ammonium
bromide surfactants and the anionic surface of silica results in strong cooperative
adsorption. This was demonstrated using neutron reﬂectivity for C16TAB adsorbed onto amorphous silica by Rennie et al. [56]. The adsorption was measured
at the cmc and below; and an overall thickness, equivalent to that expected of a
bilayer, was obtained. A more detailed study was made by McDermott et al. [24]
at the quartz–solution interface. By partial labelling of the C16TAB and solvent
(measurements were made in D2O, H2O, and water index matched to quartz, and
for d-C16TAB, h-C16TAB), it was possible to resolve the structure of the bilayer
into headgroup and alkyl chain regions (see Fig 5).

Fig. 5. Schematic representation of the C16TAB structure at the hydrophilic solid–
solution at (a) low and (b) high coverage.
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This was only possible at the higher coverage measured (at cmc). At the
lower concentration (50% coverage), it was not possible to make that distinction, and this suggests that at the lower coverage, the surface consists of
small islands (bilayer patches) of surfactant on the surface (as depicted in
Fig. 5). Estimates of those lateral dimensions are consistent with that expected
for surface micelles of C16TAB.
At the air–solution interface neutron reﬂectivity studies using more detailed
isotopic labelling of the C16TAB surfactant, deuterium-labelling groups of two or
four methylenes at different positions on the C16 alkyl chain has provided a
relatively high-resolution structural determined. In particular, the mean conformation of the molecule at the interface was determined. Fragneto et al. [31] applied the same approach to the adsorption of C16TAB at the hydrophilic silica
surface. Deuterium labelling of groups of four methylenes enabled the structure of
the layer to be determined at a higher resolution than was previously possible. The
measurements were made on smooth and rough surfaces, where the rms roughness
was 6 and 14 Å, respectively. The roughness of the surface was found to have a
signiﬁcant effect on the structure of the surface layer. Fig. 6 shows a schematic
representation of the model used to analyze the reﬂectivity data for the different
isotopic combinations measured, on both the rough and smooth silica surfaces.
Constraining a model to simultaneously ﬁt the different contrasts (11 different
combinations were measured for the smooth surface and 16 for the rough surface)
reduces substantially the uncertainties of the model. It provided relatively highresolution structural information, where thicknesses and compositions can be determined with some accuracy. Furthermore, it provides an unambiguous interpretation of the surface structure as an interpenetrating bilayer at relatively high
coverages. The effect of increased surface roughness is a lower surface coverage and
a bilayer that is thicker and asymmetrical in the direction of the surface normal.
Atkin et al. [57] have recently produced a comprehensive review of the
mechanisms of cationic adsorption at the solid–solution interface, and made a
detailed comparison between AFM, neutron reﬂectivity, ﬂuorescence quenching,

Fig. 6. Surface structure for C16TAB bilayers adsorbed on (a) smooth and (b)
rough hydrophilic silica.
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ellipsometry, and optical reﬂectometry. In the broadest terms, the different techniques do provide a more or less consistent picture of the adsorption of cationic
surfactants onto hydrophilic surfaces. However, some of the structural inferences
have been dominated by the AFM data and its interpretation, and the apparent
difﬁculties associated with that techniques have already been discussed here. The
neutron reﬂection studies, using detailed labelling, by Fragneto et al. [31] provides
structural information, in the direction normal to the surface, at a level of detail
which is simply not available from any of the other techniques. Although its
information on the lateral structure is relatively weak, it does ﬁrmly establish the
bilayer nature of the adsorbed layer. If the adsorbed surfactant is in the form of
micelles then they must be strongly ﬂattened. The issue of lateral structure was
addressed by Steitz et al. [64] in a study using grazing incidence SANS (GISANS)
to investigate the adsorption of the nonionic surfactant C8E4 onto hydrophilic
silica. At partial coverage, they observed no preferred well-deﬁned lateral structure, and the in-plane correlation length associated with the data was similar to
micellar dimensions. They concluded that the well-deﬁned surface aggregates
observed in AFM may not generally apply. Any more detailed comparison
between techniques is difﬁcult due to differences/uncertainties associated with
different surfaces and surface treatments (see earlier discussion).

3.3. Mixed Surfactant Adsorption
The ability to manipulate the neutron refractive index, through D/H isotopic
substitution, makes neutron reﬂectivity and small angle scattering powerful techniques for the study of surfactant mixtures, and this has been extensively exploited in the study of adsorption at the air–water interface [17] and in micelles.
McDermott et al. [58] applied this approach in an initial study of the adsorption of C12E6/C16TAB mixtures at the crystalline quartz–solution interface
using neutron reﬂectivity. The adsorbed layer thickness was consistent with a
mixed surfactant bilayer, and the surface composition (measured at two solution
compositions) were in reasonable agreement with the predictions of Regular Solution Theory derived from surface tension measurements. A more extensive study
was carried out by Hines et al. [59] on the adsorption of mixtures of SDS and
dodecyl betaine at the hydrophobic solid–solution interface. The adsorption of the
single surfactants was similar to that measured at the air–solution interface. The
structure and composition of the mixed surfactant layer were also similar to those
obtained at the air–water interface, and consistent with highly non-ideal mixing.
In contrast to the measurements by McDermott et al [58], neutron reﬂectivity measurements for the C12E6/C16TAB mixture in 0.1 M NaBr at the air–
water interface and SANS measurements of the mixed micelles show close to
ideal mixing. Penfold et al. [60] has used neutron reﬂectivity to investigate this
mixture at the solid–solution interface. For the hydrophilic silicon surface, the
surface composition of the mixed surfactant bilayer adsorbed at the interface
depended strongly upon the solution pH. At pH 2.4, the surface composition
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was close to ideal, whereas at pH 7 the surface layer was relatively rich in
C16TAB. Changing the pH has dramatically changed the afﬁnity of the two
surfactants for the surface, and provided direct evidence for the role of a speciﬁc
interaction with the surface in determining the surface composition. At low pH,
the C12E6 has a greater adsorption; and at high pH, the C16TAB is more
strongly adsorbing. Penfold et al. [61] extended this study at pH 2.4 to investigate in more detail the effects of solution composition and concentration on
the surface mixing. Consistent with the previous studies, measurements using
different isotopically labelled surfactants and solvent, provided evidence of a
surface layer that is best described as a defective or fragmented bilayer or
ﬂattened micelle. The composition of the adsorbed layer was consistent with
ideal mixing, except for solutions richer in C12E6, where the surface is then
richer in C16TAB. With solution composition, the adsorbed amount is a maximum for an equimolar solution, which indicates that synergistically this is the
most favoured composition.
Penfold et al. [62] have also used neutron reﬂectivity to study the adsorption
(structure and composition) of the mixed anionic/nonionic surfactants of SDS
and C12E6 at the hydrophilic silica–solution interface. This is rather different case
to the cationic/nonionic mixtures, as the anionic SDS has no afﬁnity for the
anionic silica surface in the absence of the C12E6. The neutron reﬂectivity measurements, made by changing the isotopic labelling of the two surfactants and the
solvent, show that SDS is coadsorbed at the interface in the presence of the C12E6
nonionic surfactant. The variations in the adsorbed amount, composition, and
the structure of the adsorbed bilayer reﬂect the very different afﬁnities of the two
surfactants for the surface. This is shown in Fig. 7, where the adsorbed amount
and composition is plotted as a function of the solution composition.
At a solution concentration above the mixed cmc, the adsorbed amount decreases for solutions increasingly rich in SDS, such that for solutions richer than
50 mol% SDS, there is no measurable adsorption. The surface composition is also
not consistent with the predictions of the pseudo phase approximation. The inherent lack of afﬁnity of the SDS for the surface is also reﬂected in the structure of
the adsorbed layer, as the SDS distribution within the bilayer is not uniform.
Nonionic surfactant adsorption at the hydrophilic solid–solution interface
has been extensively studied by ellipsometry [8] and neutron reﬂectivity [22, 54,
55]. It was demonstrated that the adsorption depended upon the ethylene oxide
chain length, and from studies on C12E5/C12E8 and C10E6/C14E6 mixtures [8]
ideal mixing at the solid–solution interface was inferred. Penfold et al. [63] have
extended their study of the nonionic mixture of C12E3/C12E8 at the air–solution
interface to the hydrophilic solid–solution interface. From surface tension data
and micelle mixing, ideal behaviour is expected. At the air–solution interface, this
did not seem to be the case; as at concentrations 100 times the mixed cmc, the
surface was dominated by the C12E3 and did not as normally expected reﬂect the
solution composition. However, the results for the solid–solution interface show a
marked difference to those for the air–solution interface, as shown in Fig. 8.
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The variation in composition with cmc at the solid–solution interface now
more closely resembles that expected for ideal mixing. The air–solution behaviour, where a monolayer is adsorbed, is associated with the different preferred
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curvature of the E3 and E8 headgroups, and hence the packing constraints
imposed by those differences. The C12E3 favours a planar interface, whereas the
C12E8 a curved interface. Hence, the C12E3 is more strongly adsorbed at the air–
solution interface. This can be accounted for in the Regular Solution approach,
by incorporating the differences in the packing constraints in terms of the surface pressure contributions. For the compositions studied (50/50 and 30/70
C12E3/C12E8), there is sufﬁcient C12E8 to ensure globular micelles are formed
and hence ideal mixing is observed. This also implies that as a similar behaviour
is observed at the solid–solution interface, the surface structure is in the form of
‘ﬂattened’ micellar aggregates, and this is consistent with the model used to
describe the neutron reﬂectivity data.

3.4. Adsorption onto Hydrophobic Surfaces
Although adsorption studies have been predominantly on hydrophilic surfaces,
much of the work using probes such as AFM have been on hydrophobic surfaces, such a graphite. There is considerable interest, however, in the adsorption
at the hydrophobic solid surface, and how that adsorption compares with the
air–solution interface. A well-established method for making reproducible hydrophobic surfaces is to graft a layer of hydrocarbon by self-assembly. This was
done by Fragneto et al. [65], by reacting octadecyl trichlorosilane (OTS) with a
silicon surface. Neutron reﬂectivity measurements of the anionic surfactant,
AOT, adsorbed at that hydrophobic surface were then made; where deuterium
labelling of the alkyl chains of the OTS provided enhanced sensitivity to the
adsorbed layer. The adsorption was of the form of a monolayer, with some
penetration into the OTS layer, and the adsorption was similar to that observed
at the air–solution interface (see Fig 9).
In comparison, the adsorption of the AOT was found to persist to lower
surfactant concentrations than was the case for the nonionic surfactant C12E4.
Fragneto et al. [66] made a more complete study of the adsorption of C12E4
onto an OTS hydrophobic surface. Two different isotopically labelled OTS surfaces (h-OTS, d-OTS) were used to establish the structure of the OTS layer in
more detail. Subsequent measurements using differently labelled C12E4 and solvent established that the adsorbed amount and structure of the adsorbed layer
was similar to that obtained at the air–water interface. Furthermore, they were
able to quantify the extent of penetration of the alkyl chains into the OTS layer.

3.5. Adsorption onto Functionalized Surfaces
Similar methods to the formation of hydrophobic self-assembled monolayers
(SAMs), as described in the previous section, were used with chemical modiﬁcation to prepare surfaces with different functionality, such as alkenes or hydroxylated surfaces. This approach was used by Thirtle et al. [67], where the
adsorption of a series on nonionic surfactants from C12E5 to C16E6 onto surfaces
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Fig. 9. Comparison of the adsorption isotherms of (’) nonionic surfactant C12E4,
() AOT on OTS self-assembled monolayers (SAMs) on silicon, and (o) AOT
adsorbed at the air–liquid interface.

with different functionality and onto bare silica was compared. On silica, all the
surfactants adsorbed as a defective bilayer, but on the SAMs, distinctly different
patterns of adsorption were observed. On an undecenyl trichlorosilane SAM
layer, modiﬁed to include ethylenic groups on the ends of the alkyl chains, the
nonionic surfactants adsorbed as a monolayer with a thickness and an adsorbed
amount comparable to that obtained at the air–water interface. Some penetration
of the alkyl chains into the SAM layer was observed. When the SAM was hydroxylated, the pattern of adsorption was found to be quite different, and a thin
layer, 4 Å thick, was obtained. This was attributed to the strong hydrogen
bonding between the surface OH groups and the ethylene glycol groups.
An alternative approach to producing a differently functional surface is to
use spin coating techniques. This was done by Turner et al. [68], who spun cast
layers of polystyrene onto a silica surface. They investigated the nature of the
surface and of SDS adsorbed to that surface by neutron reﬂectivity and IRATR. A thin layer of polystyrene, 275 Å, was established. The subsequent
SDS adsorption was consistent with a monolayer 15 Å thick and an adsorbed
amount similar to that observed at the air–solution interface. Measurements
above the cmc of SDS showed clearly the effects on the adsorption pattern of
dodecanol impurities in the SDS.

3.6. More Complex Surface Structures
The adsorption of concentrated solution of AOT at the hydrophilic solid–solution
and air–solution interfaces produced a rather different pattern of behaviour [69].
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At 2 and 5 wt.%, a series of sharp diffraction peaks, characteristic of an adsorbed
lamellar structure, were observed (see Fig 10).
The lamellar spacing observed is extremely sensitive to temperature, and
remarkably decreases with increasing temperature. In contrast to the bulk solution behaviour, the surface structure is extremely sensitive to electrolyte;
1 mM NaBr causes the adsorbed lamellar phase to disappear. The adsorbed
structure, in addition to the pronounced specular scattering, exhibits strong offspecular scattering (see Fig. 11) [70]. The specular reﬂectivity is consistent with a
highly ordered layered structure at the interface consisting of 20–30 repeats and
extending some 0.5 mm from the interface into the solution. The off-specular
scattering is attributed to conformal roughness in this long-range lamellar
structure at the interface, and is also strongly temperature dependent. The
specular and off-specular scattering show consistently increased order with increasing temperature, where normally the opposite would be expected from
increased thermal ﬂuctuations. The results are interpreted as due to a reduction
in the preferred curvature for the AOT due to dehydration, and a consequent
shift from an L1 to an La phase in solution.
McGillivray et al. [71] have also observed stable layered structures adsorbed
at the silicon–solution (and air–solution) interface for didodecyl dimethylammonium bromide (DDAB) and the corresponding diundecyl (DUDAB) cationic
surfactants, in the concentration range 0.2–2 wt.%. Similar to AOT, the surface
structures that are found are highly sensitive to temperature, with the repeat
distance decreasing with increasing temperature. A notable difference between
these systems and AOT [69] is that for the DDAB and DUDAB, the repeat
distances are much larger, 600–1500 Å. Furthermore, the observed structures
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Fig. 10. Specular reﬂectivity for 2% h-AOT/D2O at hydrophilic silica–solution
interface at 35 1C.
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silica–solution interface at 25 1C and y ¼ 0.81.

are consistent with only two to four correlated layers. This could arise for the
adsorption of monodisperse unilamellar vesicles, a lamellar phase or a structured
bicontinuous phase. Bulk scattering studies and cryo-TEM measurements show
coexistence of unilamellar vesicles and lamellar phase.
Hamilton et al. [72] have used GISANS to study the shear-induced surface
ordering in a viscoelastic surfactant solution. In a specially designed cell, they
combined specular reﬂectivity and GISANS measurements with shear ﬂow alignment. Close to the solid quartz–solution interface, they observed that the highly
extended threadlike micelles of cetyltrimethyl ammonium 3,5-dichlorobenzoate
(CTA 3,5 Cl-Bz) aligned in the ﬂow direction. Furthermore, the GISANS data
showed that within a few tens of microns of the surface, these micelles also form
well-ordered hexagonal arrays, separated by 370 Å. The combination of the
proximity of the surface and the application of shear ﬂow has resulted in crystalline ordering, which is not observed in the bulk solution under similar concentration and shear conditions. Holt et al. [73] reported the formation of layered
and subsequently hexagonal mesophase structures in the C18TAB-templated
growth of silicate structures at the air–solution interface; and similar structures
would be expected at the solid–solution interface.

3.7. Polymer/Surfactant Adsorption
The manipulation of the adsorption of surfactants at the air–solution interface
by polymers and polyelectrolytes has been extensively studied [17], and has
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revealed some striking and interesting phenomena. At the solid–solution interface, speciﬁc interactions, of either the surfactant of polymer with the solid
surface, offers the potential for an even richer range of phenomena. A range of
techniques have been used to study such phenomena, and include SFS, ellipsometry, IR-ATR, and AFM. In contrast, to date, relatively few neutron reﬂectivity studies have been made at the solid–solution interface.
Penfold et al. [74] have used neutron reﬂectivity to show that the cationic
polyelectrolyte, polyDMDAAC, adsorbed strongly and irreversibly onto hydrophilic silica to form a robust thin layer at the interface. A notable feature of
this adsorbed layer was that the relative afﬁnity of C16TAB for the surface was
substantially reduced (it normally adsorb strongly to the anionic surface of
silica) and SDS adsorbed strongly to the surface (SDS has little or no afﬁnity for
the silica surface). This implies that the surface is now strongly cationic; that is,
charge reversal has taken place. This is clearly illustrated in Fig. 12 for the 60/40
SDS/C12E6 surfactant mixture at 103 M, where the adsorption onto silica and
the polyDMDAAC-coated silica surface is compared. On silica, the reﬂectivity
for the two isotopic combinations h-SDS/h-C12E6 and h-SDS/d-C12E6 in D2O is
identical and close to that for the bare surface, consistent with no SDS adsorption. Whereas on the polyDMDAAC-coated surface there is a clear difference, which can be attributed to the increased SDS adsorption.
Further evidence of the charge reversal is demonstrated in that PSS can be
adsorbed into the polyDMDAAC-coated surface, and that surface now becomes
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Fig. 12. Specular reﬂectivity for 103 M 60/40 SDS/C12E6/D2O onto bare silica ()
and polyDMDAAC coated silica (m), and (red) for the isotopic combination hSDS/h-C12E6, and (blue) h-SDS/d-C12E6. The solid lines are model calculations.
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anionic again. This has been extensively exploited elsewhere to build up polyelectrolyte multilayer coatings. Liu et al. [75] in contrast observed from an AFM
study that C16TAC hindered polyDMDAAC adsorption onto silica. In the absence of surfactant, the polymer was found to form a neutral featureless layer on
the surface, such that C16TAC adsorbed in a manner similar to its adsorption
onto silica. This implies that the adsorption conditions are crucial, and that in this
case, only partial coverage of the polyDMDAAC was achieved. Penfold et al. [74]
also observed similar effects with the deposition of Polystyrene sulfonate (PSS)
onto polyDMDAAC, where it was possible to produce a surface where both SDS
and C16TAB adsorbed equally strongly. Fielden et al. [76], using AFM to study
the adsorption of SDS and the cationic polyelectrolyte, AM-MAPTC onto mica,
also observed that the adsorption of the AM-MAPTC left the surface slightly
charged.
In those cases, there was no reported evidence of pronounced lateral structure or separation. This is in marked contrast to the study by Fleming et al. [77],
who reported micron-sized domains of surfactant rich ordered aggregates interdispersed by disordered ill-deﬁned polymer rich domains. Whether this is a feature of a hydrophobic surface or a highly non-equilibrium condition is not clear.
Using SFS, Davies and co-workers [77–79] reported enhanced adsorption
and competitive adsorption at the hydrophobic surface, reminiscent of that seen
at the air–solution interface. For the SDS/PEO mixture [79], competitive adsorption was observed at low concentrations, whereas at higher SDS concentrations, PEO was depleted from the surface. Similar observations were made
from IR-ATR measurements by Poirier et al. [80] on C16TAB/PSS mixtures at
the silica–solution interface. However, the technique could not distinguish between depletion or surface complex formation. Similar trends were also reported by Fielden et al. [76] for SDS/AM-MAPTC mixtures on mica. For the
PEI/SDS mixture at the hydrophobic interface [76], the SFS measurements
indicated a higher degree of order and hence adsorption due to complexation at
the interface. This was also shown to be strongly pH dependent [81].
A feature of the neutron reﬂectivity study on polyDMDAAC and surfactant
adsorption by Penfold et al. [74] was that the adsorbed layer of polyDMDAAC
was remarkably robust and unaffected by the subsequent surfactant adsorption.
This is not always the case, and Fielden et al. [76] reported a large increase in the
thickness of the surface layer of AM-MAPTC on mica due to complex formation
with SDS. Thickness increases with electrolyte and pH were reported for high
molecular weight polyacrylamide adsorbed onto silica, measured by null ellipsometry by Samoshina et al. [82] in the absence of surfactant. Complex formation
at the interface, resulting in layer thickening, was also reported by Dedinaite et al.
[83] for PCMA/SDS mixtures on mica from AFM measurements.
Another feature of the study by Penfold et al. [74] was that the polyDMDAAC layer is robust, and not removed by surfactant. However, in contrast, in other cases [76, 78, 80], desorption of the polymer is observed at higher
surfactant concentrations.
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4. SUMMARY AND FUTURE PROSPECTS
Clearly, neutron reﬂectivity has contributed much to our understanding of the
nature of surfactant adsorption at the solid–solution interface. It has already been
successfully applied to an extensive range of systems, as illustrated in this chapter.
The ability to manipulate the neutron refractive index, through D/H isotopic substitution, makes it a powerful technique for the study of mixtures, and
for more detailed structural investigations. This is an aspect of the technique
that will clearly be important in the future as more complex multi-component
systems are investigated.
The solid phase that can be used is currently limited to crystalline materials
such as silicon, quartz and sapphire, and to relative large sample areas, 410 cm2.
The next generation (within the next 5 years) of neutron reﬂectometers will provide intensity increases of at least an order of magnitude. This will enable smaller
sample areas to be used and allow a greater range of solid materials to be envisaged. This will open up a much greater range of interfaces and systems that can
be explored. It makes electrochemical interfaces, bio-related surfaces, and a range
of other functionalized surfaces more accessible, and offers the prospect of combining reﬂectivity measurements with SFA to simultaneously measure the surface
force proﬁle.
Although in the direction normal to the surface, relatively high-resolution
structural information is already accessible; in the plane, there is relatively little
direct information on a relevant length scale available. Current developments in
the technique associated with off-specular scattering will address this over the
next 2–3 years, and this will transform our ability to obtain the relevant structural information in the plane of the surface. Hence, the degree of surface
ordering and the extent of the ‘bilayer or micellar patches’ will be accessible.
The associated and paralleled developments in GISANS will provide access
to not only the surface, but also to the near surface structure, and this will
enhance considerably our ability to study ordered and relatively more concentrated systems.
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1. INTRODUCTION
Lipid membranes are one of the deﬁning structural features of cells as they
contribute both to the overall morphology of the cell, and organize and segregate
the various internal organelles [1]. Lipids organize in a number of biologically relevant structures from simple lipid monolayers, such as those lining
the lung [2], to bilayers, like the cellular membrane and the vesicles that play
important roles in cellular signaling and trafﬁcking. Increasingly, the role of lipids
in these structures is proving more complex and important than ﬁrst appreciated.
The introduction of the ﬂuid mosaic model of cellular membranes in 1972
represented a pivotal moment, establishing the framework under which biological
membranes are viewed today [3]. In this model, lipid bilayers form homogeneous
membranes in which integral proteins freely diffuse. Since its introduction, this
model has undergone continual evolution as experimental observations have provided an increasingly detailed view of membrane architecture. Far from being a
homogeneous sea in which proteins freely diffuse, natural biomembranes are complex structures with intricate and dynamic domains. There is a rich assortment of
lipids that are used to ﬁne-tune membrane properties and an overall compositional
asymmetry in the two leaﬂets of the plasma membrane, which is actively controlled
by the cell.
Corresponding author. E-mail: bret.ﬂanders@okstate.edu
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Recently, much attention has focused on small lipid domains known as
lipid rafts [4,5]. These domains, rich in cholesterol and gangliosides, are insoluble in cold detergents and hence are also known as detergent resistant fractions
[4,6]. Studies ﬁnd speciﬁc G-type proteins associated with these domains, suggesting that a partitioning mechanism causes the proteins to be sequestered in
these microdomains to inﬂuence their activity [6]. These interesting structures
have, therefore, profoundly affected the way lipid membranes are viewed. Far
from simply being building blocks used to create static frameworks to support
proteins, it now appears that lipids can form dynamic domains which inﬂuence
both the spatial and temporal organization of proteins and modify their activity. Lipid rafts, however, have proven elusive to direct study. Because they
are thought to exist on the nanometric scale, they are beyond the resolving
power of conventional optical microscopy. However, the introduction of nearﬁeld scanning optical microscopy (NSOM) has enabled measurements with subdiffraction limited spatial resolution. These developments have facilitated the
study of small domains in models of the lipid membrane and more recently in
living cells. While the technique continues to evolve, initial studies on model
monolayers and bilayers suggest these capabilities will provide new insights into
the structure and the physiological roles of lipid rafts.

2. NEAR-FIELD SCANNING OPTICAL MICROSCOPY
Near-ﬁeld scanning optical microscopy is a scanning probe technique that enables optical measurements to be conducted with very high spatial resolution
[7–9]. NSOM overcomes the diffraction barrier that restricts the spatial resolution in conventional optical measurements and provides both optical and
topographical information on samples with nanometric spatial resolution.
In conventional light microscopy, which uses a lens to focus light, the
ultimate spatial resolution is limited by diffraction from the limiting aperture in
the optical path. This limiting aperture is usually determined by the diameter of
the focusing element. Light waves passing through the focusing element interfere with each other around the focus to generate a three-dimensional diffraction pattern. The two-dimensional section of this pattern in the focal plane leads
to the well-known Airy disk pattern that exhibits a bright central spot surrounded by concentric interference rings [10]. The size of the central spot in the
Airy disk pattern dictates the maximal resolution achievable with the optical
system. Assuming collimated, coherent light is directed through an aberrationfree microscope objective, the spot size is given by
0:77lvac
(1)
n sin y
where lvac is the vacuum wavelength, n is the refractive index of the medium that
the light travels through, and y is the half angle through which the light is focused
by the objective. In this equation, the spot size is deﬁned as the distance from the
spot size ¼
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center of the Airy disk to the ﬁrst node in the surrounding concentric rings. The
collection of terms in the denominator of Eq. (1) determines the minimal spot size
and is collectively known as the numerical aperture (NA) of the objective. Increasing resolution by reducing this spot size has led to the development of very
high-quality objectives with NA values reaching as high as 1.65.
While the spot size can be directly quantiﬁed, resolution is a more subjective
quantity and is usually discussed in terms of the Rayleigh criterion. Under this
rubric, two features are resolvable if they are separated by a distance greater than
or equal to that given by Eq. (1). Using this criterion, an image of two-point
sources separated by this distance results in an intensity proﬁle whose amplitude
decreases by 20% between the two peaks. Obviously, with good signal-to-noise
ratio, ﬁner separations can be resolved, while imperfections in the optics, poor
signal-to-noise ratio, or sample limitations conspire to lower the maximal resolution. Eq. (1) is often approximated to state that the resolving power using
conventional optics is equal to l/2. When working in the visible region of the
spectrum, therefore, spatial resolution is limited to approximately 250–300 nm.
Overcoming the diffraction barrier motivated the development of NSOM.
This method evolved out of the explosion in scanning probe technologies and
their associated advances that were initiated in the early 1980s [11,12]. Of particular importance was the development of scanning tunneling microscopy (STM)
and atomic force microscopy (AFM). Like these techniques, aperture NSOM is a
scanning probe technique. Instead of using a lens to image a sample, NSOM
overcomes the diffraction limit by using light passing through a sub-wavelength
size aperture to deliver light down to the nanometric dimension. Light passes
through the aperture and begins to diffract as shown schematically in Fig. 1. By
positioning and maintaining the aperture near the sample surface, light exiting the

Fig. 1. Schematic of radiation passing through a sub-wavelength aperture in an
opaque screen.
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aperture is forced to interact with the sample before diffracting out. The spatial
resolution is therefore determined only by the size of the aperture and its proximity to the sample surface and not the wavelength of the light as it is in
conventional microscopy. This concept was originally proposed by Synge in the
early 20th century [13–15], but was not experimentally realized until 1972 [16].
While the experimental details involved in implementing NSOM can be
found elsewhere [7,8], it is instructive to brieﬂy discuss the two main obstacles
that must be overcome in order to conduct NSOM measurements. These revolve
around aperture formation and implementing a feedback system for tip–sample
distance control. For the former, as in all scanning probe techniques, the quality
of the measurements is in large part dictated by the quality of the probe. For the
latter, as the schematic in Fig. 1 suggests, high resolution requires that the NSOM
probe be maintained within nanometers of the sample surface.
There are many aperture-formation methods, but those based on ﬁber optics have been the most widely adopted. In this approach, a single mode optical
ﬁber is heated and pulled or etched to form a taper terminating in a small point.
To conﬁne the light inside the tapered region of the ﬁber and form an aperture
at the distal end, the sides of the taper are coated with a reﬂective metal coating.
When working in the visible region of the spectrum, aluminum is the most
reﬂective metal with a skin depth of 13 nm at a wavelength of 500 nm. This
small skin depth enables the light to be conﬁned within the NSOM probe with
an aluminum coating only 50–100 nm thick. Keeping the metal coating thin is
important for keeping the probe aperture close to the sample surface. Fig. 2
shows magniﬁed views of a typical ﬁber optic NSOM probe. In the electron
microscopy image shown in Fig. 2, the granules from the aluminum coating are
visible as is the aperture at the very end of the probe where the light emerges. In
the optical image shown in Fig. 2, light emerging from the nanometric aperture
is visible.
Once the NSOM probe is formed, high-resolution NSOM measurements rely
on the ability to position and maintain the probe within nanometers of the sample
surface during the experiment. There have been a myriad of different approaches
that have been developed to control the tip–sample gap during measurements.
These include approaches based on shear-force feedback, tapping-mode, such as
that developed for AFM, and tuning fork feedback. All these methods enable
nanometer control over the tip–sample gap and not only keep the NSOM probe
close enough for high-resolution optical measurements, but also enable force mapping of the sample topography. NSOM measurements, therefore, provide simultaneous optical and topographical information about sample properties. Recent
efforts have exploited these unique capabilities in order to gain insight into the
spectroscopic, diffusive, and orientational properties of single molecules, as well
as to characterize the submicron optical behavior of light-emitting polymers,
J-aggregates, and liquid crystals. Here we summarize the insights that the NSOM
technique has established in Langmuir–Blodgett ﬁlms, with an emphasis on samples that are of biological importance.
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Fig. 2. (Left) Scanning electron micrograph of an Al-coated near-ﬁeld probe, fabricated from a tapered optical ﬁber. (Right) Optical micrograph of a typical NSOM
probe with light exiting the aperture at the end.

3. NEAR-FIELD STUDIES OF SUBMICRON MEMBRANE
DOMAINS
3.1. Monolayers
The manner in which cellular membranes organize in order to facilitate the
coordination and regulation of trafﬁcking and signal transduction are areas of
intense, current research. The basis for our understanding of membrane organization is the ﬂuid mosaic model [3]. This model describes the cellular
membranes as a two-dimensional solution of integral proteins in a viscous
bilayer solvent. Underlying this view is the implication that the proteins move
via Brownian motion, so that their interactions occur only by chance. However,
it is hard to reconcile this view that the proteins diffuse freely across the entire
membrane with the facile assembly of the integral protein subunits into intricately structured channels. Rather, the substructure of the membrane must
facilitate the assembly of such structures [17]. Hence, the notion that small
domains like lipid rafts in the membrane compartmentalize the key subunits of
such assemblies is gaining acceptance.
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Lipid rafts are believed to be transient microdomains, perhaps 100 nm in
size, that are composed chieﬂy of sphingolipids, cholesterol, and gangliosides.
The aggregation of these components would facilitate their trafﬁcking about the
membrane. Additionally, their mobility facilitates their association with receptor subunits and, thereby, signal transduction. The original evidence underlying
the lipid raft hypothesis is that a signiﬁcant fraction of epithelial cellular membrane resists dissolution in cold, non-ionic detergents, such as Triton X-100
[4,5]. Because sphingolipids and cholesterol are detergent-resistant lipids that
are present in these membranes and because they have been observed to form
microdomains in model membranes, the detergent-resistant fraction of natural
membranes has been associated with lipid rafts [4,6].
Substantial effort has been devoted to directly detecting these structures via
conventional microscopic techniques. However, because their expected size is less
than 100 nm, smaller than the optical diffraction limit, direct imaging of these
structures is not possible with conventional optical microscopy. Therefore, nearﬁeld microscopic techniques, which are not diffraction-limited, provide a promising avenue to accurately characterizing lipid rafts, especially in combination
with Langmuir–Blodgett techniques. Langmuir–Blodgett ﬁlms provide largely
static samples of lipid ﬁlms, suppressing difﬁculties associated with the study of
dynamical structures. Using such samples, several groups have made substantial
headway in applying near-ﬁeld microscopy to the study of lipid rafts.
Hollars and Dunn have shown that nanoscopic domains, with the dimensions of lipid rafts, form in L-a-dipalmitoyl phosphatidyl choline (DPPC) monolayers and bilayers transferred onto mica using the LB technique [18]. Fig. 3
shows a confocal ﬂuorescence image of a DPPC monolayer deposited on mica at
a surface pressure of 8 mN/m and containing 0.25 mol% of the ﬂuorescent lipid
analog diIC18. The membrane marker, diIC18, preferentially partitions into the
less-ordered phase and, therefore, marks the liquid expanded (LE) phase in these
ﬁlms. The dark domains from which the dye is excluded represent the liquid
condensed (LC) phase. Many studies of this system have been reported, but
this work reveals an interesting new detail of the ﬁlm’s phase coexistence. No
structure is evident within the LE phase in Fig. 3(A). Fig. 3(B) depicts a highresolution topographical image of this ﬁlm, obtained via AFM. The taller semicircular regions in Fig. 3(B) are the LC domains evident in Fig. 3(A). However,
Fig. 3(B) shows that the surrounding LE region is composed of coexisting
domains with a height differential of 5–8 Å. These smaller domains could reﬂect
coexisting lipid phases or simply defects in the monolayer, which are difﬁcult to
discern based on topography measurements alone. Fig. 3(C), however, shows an
NSOM ﬂuorescence image of this system. The bright regions denote the LE
domains in which diIC18 is localized. With the high resolution provided by the
NSOM technique, the substructure of the LE phase is apparent in this ﬂuorescence image, whereas it is not evident in the far-ﬁeld image of Fig. 3(A). Fig. 3(D)
shows the simultaneously captured NSOM topography image of the same region
shown in Fig. 3(C). The dark (i.e. low) regions in this image directly correlate with
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Fig. 3. (A) Far-ﬁeld confocal micrograph (35 mm  35 mm) of a mica-supported
DPPC monolayer showing LE–LC phase coexistence, deposited at a surface pressure of 9 mN/m. (B) Atomic force micrograph of the ﬁlm depicted in (A). Bright
features denote topographically higher substructure of the ﬁlm. (C) Near-ﬁeld ﬂuorescence image of the ﬁlm shown in (A). (D) Near-ﬁeld topology image collected
simultaneously with the image depicted in (C). Reproduced with permission from
Ref. [18]. Copyright 1998 Biophysical Society.

the regions of intense ﬂuorescence in Fig. 3(C). This direct comparison indicates
that the small domains are coexisting LE and LC domains.
Biological studies that employ model systems such as supported monolayers
face the issue of demonstrating the physiological relevance of the model system.
To address this issue, Shiku and Dunn extended the NSOM study of DPPC
monolayers to the air–liquid interface, more closely approximating the biological
environment of a cellular membrane [19]. NSOM studies of liquid-supported
monolayers are challenging because attractive tip–ﬁlm interactions cause the ﬁlm
to move with the tip as it scans over the surface. To overcome this problem, Shiku
and Dunn used a 2% sucrose solution for the subphase. The large shear viscosity
of this liquid provides sufﬁcient drag to prevent tip-induced lateral motion of the
sample.
Fig. 4(A) and (B) depict near-ﬁeld ﬂuorescence images of these ﬁlms at low
and high surface pressures, respectively. The LE–LC phase coexistence is clearly
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Fig. 4. (A) Near-ﬁeld ﬂuorescence image of a DPPC monolayer at the air–sucrose
solution interface under low surface pressure. (B) Near-ﬁeld ﬂuorescence image of a
DPPC monolayer at the air–sucrose solution interface under high surface pressure.
(C) Near-ﬁeld ﬂuorescence image of a DPPC monolayer at the air–sucrose solution
interface under high surface pressure, collected using the optical feedback approach. Reproduced with permission from Ref. [19]. Copyright 1999 Blackwell
Publishing.

seen in these images. A further difﬁculty for these measurements lies in attaining
strong feedback signal from Langmuir monolayers. That is, conventional tip
positioning in scanning force microscopy is performed by force feedback methods that can damage the fragile, liquid-supported ﬁlms. Therefore, this group
developed an optical feedback method for positioning the near-ﬁeld tip. This
approach is gentler than force feedback because it can sense the ﬁlm while the
tip is several hundred nanometers from the surface. Fig. 4(C) shows a near-ﬁeld
ﬂuorescence image of a DPPC ﬁlm attained via this optical feedback method at
high pressure on the air–sucrose interface. The imaging quality is superior to
that of Fig. 4(B), which depicts a similar ﬁlm attained via the conventional force
feedback approach. The coexistence of small LC and LE domains, similar to
those observed in the mica-supported monolayers (Fig. 3(C)), is evident. This
ﬁnding suggests that the intermixing of submicron-sized domains is a general
property of DPPC ﬁlms, and not speciﬁc to Langmuir–Blodgett ﬁlms.
These studies have demonstrated that microdomains in phospholipid membranes can be detected with NSOM and have, thereby, laid the groundwork for
determining the composition of the submicron domains in more complex ﬁlms.
Recently, Johnston and co-workers employed a two-color NSOM approach to
show that ganglioside-rich domains of 100 nm dimension form in model
membranes composed of dioleoyl phosphatidyl choline (DOPC), sphingomyelin, and cholesterol in a 1:1:1 molar percentage, and 1 mol% GM1 [20]. In this
study, the phospholipid was labeled with Texas Red, absorbing at 568 nm, and
ganglioside was labeled with BODIPY, absorbing at 488 nm. The overlap between the absorbance spectra of these dyes is small, so 488 nm radiation causes
both to ﬂuoresce, while 568 nm excitation gives rise to ﬂuorescence mainly from
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Fig. 5. (A) Near-ﬁeld ﬂuorescence image of a 1:1:1 sphingomyelin/cholesterol/
DOPC monolayer containing 1% ganglioside (GM1), 0.005% GM1-BODIPY, and
1% Texas Ted-DPPE. The excitation wavelength is resonant with both GM1BODIPY and Texas Red-DPPE. (B) Near-ﬁeld ﬂuorescent image of the same ﬁlm
shown in (A), except that the excitation wavelength is 568 nm and is resonant with
only Texas Red-DPPE. The rectangles denote ﬁlm region common to both images.
Reprinted in part with permission from Ref. [20]. Copyright 2003 The American
Chemical Society.

Texas Red. Fig. 5(A) depicts an NSOM ﬂuorescence image of this ﬁlm obtained
with 488 nm excitation. In addition to the bright ﬂuid phase, this image depicts
bright patches of ﬂuorescence in the condensed domains. Fig. 5(B) depicts an
image of the same area obtained with 568 nm excitation. Here, only the ﬂuid
phase is bright, while the condensed domains remain dark. A 568 nm radiation
excites Texas Red and fails to excite BODIPY, the ganglioside label. Hence, this
combination of images indicates that ganglioside is not homogeneously distributed in the ﬁlm, but rather forms microdomains that are 150 nm wide, in
agreement with dye-free AFM-based studies [21]. This ﬁnding provides support
for the lipid raft hypothesis because such rafts are believed to be composed of
ganglioside clusters in condensed lipid domains, and this study shows that the
ganglioside readily partitions into nanoscopic regions within the condensed
phase domains.
Complementing the above work on model membranes, Edidin and coworkers have performed an NSOM study of the nanoscale structure of lipid and
protein patches in human skin ﬁbroblasts [22]. As with the work of Dunn and
co-workers [18,19], this work reveals lipid-rich regions with dimensions of
200 nm and smaller. Fig. 6(A) depicts an NSOM ﬂuorescence image of a cellular
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Fig. 6. (A) Near-ﬁeld ﬂuorescence image of a ﬁbroblast containing the lipid analog
BODIPY-PC and a tetramethylrhodamine-conjugated monoclonal antibody. In
this image, the excitation wavelength is resonant with the BODIPY-PC tag. (B) In
this image, the excitation wavelength is resonant with the antibody labeling the
MHC complexes. (C) Shear force topographic image of the ﬁlm of the cell shown in
(A). Reproduced with permission from Ref. [22]. Copyright 1998 The Biophysical
Society.

membrane that has been labeled with BODIPY-tagged phosphocholine molecules, which preferentially partition into the phosphocholine-rich regions of
the ﬁlm. In the left portion of this image, a highly branched dark pattern
disrupts the otherwise uniform ﬂuorescence in this region. These dark branches,
roughly 200 nm wide, are not spatially correlated with any features in the topography image in Fig. 6(C), showing that they do not correspond to tears in
the membrane. Rather, these features designate nanoscopic regions of the
membrane from which phosphocholine is excluded.
Fig. 6(B) depicts a near-ﬁeld ﬂuorescence image of the same cell except that
here, ﬂuorescence from the antibody-labeled HLA class I protein molecules was
collected. (HLA I ﬂuoresces in a spectrally distinct region of the spectrum than
does BODIPY-PC.) Comparison of this image with the topography image shows
that the HLA I molecules tend to populate the ridges of the membrane. Moreover,
in the left region of Fig. 6(B), the ﬂuorescence from the HLA I protein molecules
does not exhibit the same fractal-like pattern as the lipid-rich regions in Fig. 6(A).
Corroborating the spatial resolution of Fig. 6(B), further analysis, based on
quantiﬁcation of the spatial extent of intensity ﬂuctuations by calculating intensity
auto-correlation functions, revealed that the HLA molecules tend to cluster into
patches of 70 and 600 nm. The fractal regions in Fig. 6(A) represent ﬁlm
regions containing the protein but little phosphocholine. These results demonstrate that 200 nm proteinaceous domains, similar to those observed in the
model membranes studies by Johnston and co-workers [20], occur in biological
cells as well.
Other NSOM studies have revealed evidence for structural features that
promote interaction between different membrane proteins. By exploiting the
high spatial resolution of NSOM, Ianoul and co-workers have performed
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colocalization investigations of caveolin-3 and b-andrenergic receptors in cardiac myocytes. A topographical image of the myocytes is shown in Fig. 7(A). In
this study, the caveolin-3 has been labeled to ﬂuoresce green and the b-andrenergic receptors to ﬂuoresce red [23]. Fig. 7(B) and (C) are NSOM ﬂuorescence images that show the distribution of caveolin-3 and b-andrenergic
receptors in this cell, respectively. Analysis of these images reveals spatial overlap between a sub-population of caveolin-3 and b-andrenergic receptors. This
property is seen most clearly in Fig. 7(D), which is an overlay of Fig. 7(B) on
(C). The yellow features in this image denote the colocalization of caveolin-3
and b-andrenergic receptors. Roughly 20% of the b-andrenergic receptors are
associated with caveolin-3. This ﬁnding suggests that the b-andrenergic receptors are compartmentalized by the caveolae, signiﬁcant because this compartmentalization may facilitate the signaling processes that the b-andrenergic
receptors induce. As similar structural organization has been observed in rhodopsin complexes, another G-protein-coupled receptor, this feature may be a
general feature of cellular signaling [24,25] and requires further study.

3.2. Bilayers and Multi-Layer Lipid Films
As shown in the previous section, the high resolution of NSOM enables the
detection of small domains in lipid monolayers that are beyond the resolving
power of techniques such as confocal ﬂuorescence microscopy. Moreover, the
simultaneous topography measurements reveal the angstrom-level height difference associated with coexisting lipid phases that can be directly correlated with
the ﬂuorescence signal. As model ﬁlms become more complex to better mimic
biomembranes, the simultaneous NSOM ﬂuorescence and topography measurements become especially informative.
Model lipid bilayers have long been the focus of research and a vast literature exists discussing various approaches to fabricating bilayer ﬁlms, measuring their physical properties, and understanding the inﬂuence of various
constituents on those properties. These structures, ubiquitous in nature, can be
formed on substrates where they are amenable for study with surface techniques
such as AFM and NSOM.
Fig. 8 shows an AFM image of a DPPC bilayer formed using a combination of the LB technique and the Langmuir–Schaefer (LS) method [18]. In
this approach, the ﬁrst monolayer is deposited onto the substrate using the LB
dipping technique. The second monolayer is deposited on the ﬁrst using the LS
approach where the substrate is positioned parallel with the air–water interface
and transferred through the interface. This results in a Y-type lipid bilayer
supported on a substrate.
For bilayers in which each monolayer is transferred in a phase coexistence
region of the pressure isotherm, the phase structure in each leaﬂet of the bilayer
is preserved. For example, each leaﬂet of the bilayer shown in Fig. 8 was
transferred in the LE–LC phase coexistence region of the pressure isotherm.
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Fig. 7. (A) NSOM topographical image of a cardiac myocyte. NSOM ﬂuorescence
images of the myocyte immunostained for (B) caveolin-3 and (C) b-andrenergic
receptors. (D) An overlay image composed of the NSM ﬂuorescence images shown
in (B) and (C). Reproduced with permission from Ref. [23]. Copyright resides with
the authors.
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Fig. 8. An AFM image of a DPPC bilayer formed using a combination of the LB and
LS ﬁlm transfer techniques. Three distinct height levels are seen that correspond to the
layering of LE on LE, LE on LC (or LC on LE), and LC on LC. Reproduced with
permission from Ref. [18]. Copyright 1998 The Biophysical Society.

Unlike the AFM image for a simple monolayer where the 5–8 Å height difference between the LE and LC phases can easily map the phase structure of the
ﬁlm, for bilayers the convolution of the two leaﬂets complicates this assignment.
In Fig. 9, the AFM image of the DPPC bilayer reveals three distinct height
levels [18]. This corresponds to stacking of LE on LE, LE on LC (or LC on LE),
and LC on LC, in order of increasing height. While images such as these suggest
that phase coexistence remains present in each monolayer of the bilayer,
assignment of the phase structure from each leaﬂet cannot be extracted from
AFM measurements alone. However, with the high-resolution ﬂuorescence
measurements of NSOM, this information can be uncovered.
Fig. 9 shows NSOM ﬂuorescence (top panel) and topography (bottom panel)
measurements, respectively, on a Y-type DPPC bilayer similar to that shown in
Fig. 8 [18]. As in the AFM measurements, the NSOM topography provides
little information about the phase structure present on either side of the membrane
leaﬂet. However, by adding a ﬂuorescent lipid analog to only one side of the
bilayer, the NSOM ﬂuorescence image reveals the phase structure in either leaﬂet.
As an example, Fig. 9(top) shows the NSOM ﬂuorescence image of a DPPC bilayer
in which the bottom monolayer contains the ﬂuorescent lipid analog diIC18.
Large circular dark regions excluding the lipid dye mark LC regions, while the
surrounding bright regions mark areas of LE phase. As seen previously, the LE
regions actually contain small coexisting domains of LE and LC phases that
require the resolution of NSOM to be resolved. Similar measurements on bilayers
in which the upper leaﬂet is doped with the ﬂuorescent lipid analog reveal similar
structures.
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Fig. 9. (Top) NSOM ﬂuorescence image of a DPPC bilayer in which the bottom
monolayer contains the ﬂuorescent lipid analog diIC18. (Bottom) NSOM force
image of the same bilayer. Reproduced with permission from Ref. [18]. Copyright
1998 The Biophysical Society.

The ability to measure the distribution of lipids across natural biomembranes
is a potentially powerful capability. Natural biomembranes maintain an asymmetric distribution of lipid components across the membrane with the inner leaﬂet rich
in anionic lipids and both leaﬂets containing proteins and species speciﬁc to each
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side. Maintaining this asymmetry is important for proper cellular function and the
loss of this asymmetry is often used as an indicator of apoptosis. Probing this
asymmetry and changes in these components directly, however, has proven difﬁcult. Preferentially labeling species on either side of the membrane can be used to
probe these differences, but this is often difﬁcult and not always practical. Since the
width of a bilayer is only a few nanometers thick, normal optical sectioning methods do not have the resolution necessary to probe these differences.
One optical technique that does operate on this length scale, however, is
ﬂuorescence resonance energy transfer (FRET). FRET takes advantage of energy
transfer from an excited donor dye molecule to an acceptor dye molecule to probe
distance relationships on the nanometer length scale. The distance dependence of
the FRET technique was combined with NSOM to create a new method for
optical sectioning with nanometer resolution [26,27]. In this approach, an acceptor dye of a FRET pair is attached to the distal end of an uncoated NSOM probe.
The acceptor dye was dispersed in a lipid matrix and transferred onto the NSOM
probe using the LB technique. This results in a controlled coating of a single
monolayer onto the surface of the ﬁber optic NSOM probe. The sample used to
demonstrate the sectioning capabilities of the combined NSOM/FRET technique
consisted of a multi-layer LB ﬁlm. The bottom and top layers of the multi-layer
ﬁlm were doped with the donor dye of the FRET pair. These layers were separated by three spacer layers of arachidic acid that did not contain the donor dye.
The ﬁlm is shown schematically in Fig. 10.
Light from the NSOM probe is resonant with the donor dye in the sample
but not the tip-bound acceptor dye. The ﬂuorescence from the donor dye, therefore, maps the location of domains that contain the donor dye in both the bottom
and top layers of the multi-layer ﬁlm, but cannot distinguish between the two.
However, as the NSOM probe nears the ﬁlm, energy transfer from the excited
donor dye in the sample to the tip-bound acceptor dye can occur, leading to
ﬂuorescence from the acceptor. Because of the strong distance dependence of this
process, energy transfer is dominated by donor dye in the upper layer of the ﬁlm
closest to the NSOM probe. To demonstrate this technique, a multi-layer ﬁlm
was deposited onto a glass substrate using the LB method. The ﬁrst monolayer
transferred was composed of DPPC doped with 0.5 mol% of the donor dye
ﬂuorescein. Three spacer layers of arachidic acid were then transferred followed
by a top layer composed again of DPPC/0.5 mol% ﬂuorescein. The LB technique
was also used to attach the acceptor dye, rhodamine, to an NSOM probe that
had not been coated with aluminum. A monolayer of DPPC/0.5 mol% rhodamine was transferred onto the pulled ﬁber optic to provide a well-deﬁned monolayer coating around the apex of the probe [26,27].
As shown in Fig. 10, this experimental arrangement reveals signiﬁcant differences in the NSOM ﬂuorescence images following excitation of the donor dye in
the multi-layer ﬁlm and monitoring either the donor dye ﬂuorescence or the
ﬂuorescence from the tip-bound acceptor dye. Fluorescence from the donor dye
(left) reveals domains in the multi-layer ﬁlm that contain the donor dye but is
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Fig. 10. (Top) Schematic of the experimental arrangement for carrying out NSOM/
FRET measurements. An acceptor dye of a FRET pair is attached to the NSOM
probe while the sample contains the donor dye in the bottom and top layers of a
multi-layer ﬁlm. The left ﬂuorescence image shows the donor ﬂuorescence and the
right the ﬂuorescence from the tip-bound acceptor dye. Reproduced with permission from Ref. [26]. Copyright 1999 The Biophysical Society.
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unable to discriminate between domains located in the top and bottom layers of the
ﬁlm. However, when acceptor emission, arising from energy transfer from excited
donors in the sample to the tip-bound acceptors, is monitored (right), new features
are observed. Some regions that appeared bright in the donor emission image
almost completely disappear when acceptor emission is monitored. These areas
mark regions in the ﬁlm where the donor dye is in the bottom layer of the ﬁlm and
energy transfer to the tip is small. Other regions in the acceptor image become
brighter and the resolution in these areas sharpens. These regions reveal areas
where the donor dye is located in the top layer of the ﬁlm where energy transfer to
the acceptor on the tip is maximized. Therefore, the combination of these images
can be used to delineate between donor dye located on either side of the ﬁlm.
Combining NSOM with FRET therefore provides an optical sectioning tool with
nanometric sectioning capabilities. Probing membrane asymmetry in living cells is
obviously a very important area that can potentially take advantage of these
unique capabilities. While progress in applying NSOM to living, viable biological
samples has been slow, recent advances are starting to open this important
area.

3.3. Live Cell Measurements
Extending NSOM measurements from model lipid ﬁlms to biomembranes in viable
cells has proven difﬁcult. Initial problems revolved around difﬁculties in implementing the force feedback, necessary for maintaining the tip–sample gap, in the
aqueous environments necessary for viable tissues. This, however, has been circumvented using a number of approaches. The more daunting challenge has been
to reduce the forces involved in the feedback such that fragile samples, such as
living cells, are not destroyed in the imaging process. Approaches to reduce these
forces have largely revolved around the development of new feedback schemes or
through modiﬁcations in the NSOM probe aimed at reducing its spring constant.
The ﬁber optic probes used in NSOM normally have spring constants on the order
of hundreds of nanonewtons per meter. This can be compared with conventional
AFM probes, which are compatible with living cells, that have spring constants less
than a nanonewton per meter. An obvious direction, therefore, has involved coupling the low spring constant of conventional AFM probes with the light delivery
capabilities of NSOM to create hybrid probes capable of live cell imaging.
One such approach has recently been developed and shown to enable highresolution NSOM ﬂuorescence and force measurements on viable cultured human arterial smooth muscle (HASM) cells under buffered conditions [28,29]. This
approach takes advantage of the nanofabrication capabilities of focused ion
beam (FIB) milling to sculpt a light delivery structure into the end of a conventional AFM probe. The FIB technique, which utilizes a focused beam of
gallium ions to mill samples with nanometer resolution, was ﬁrst used by van
Hulst and co-workers to modify conventional NSOM probes [30]. They demonstrated an improvement in single molecule ﬂuorescence measurements using
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Fig. 11. Series of steps used to fabricate a small light source onto the end of a
commercial AFM cantilever (A). (B) A small hole is cut into the cantilever and (C)
an 8 mm high-index glass sphere is glued in place. (D) The glass sphere is then
shaped into a pyramid (E), coated with aluminum and an aperture formed to
produce small light source on the end of the cantilever (F). Reproduced with permission from Ref. [29]. Copyright 2001 American Institute of Physics.
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Fig. 12. Schematic showing the hybrid NSOM/AFM probes used in a commercially
available scan head. Light focused on the backside of the cantilever is used as both
the excitation source and the feedback signal for the force feedback. Reproduced
with permission from Ref. [29]. Copyright 2001 American Institute of Physics.

NSOM probes in which the aperture had been milled ﬂat using the FIB technique.
In another approach, FIB milling was used to incorporate a light delivery
structure into a conventional AFM probe. In one report, a 7 mm hole was cut into
the end of an AFM probe and an 8 mm, high-refractive index glass sphere was
glued in the hole. The series of steps is shown in Fig. 11 [29]. The FIB was then
used to ﬂatten the backside of the sphere and sculpt the rest into a pyramid shape
that terminated at an apex that would form the aperture for light delivery. The
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sides of the pyramid were evaporatively coated with 50–100 nm of aluminum to
conﬁne the light within the taper region, and an aperture was opened at the very
end of the probe with the FIB approach. The result is a hybrid NSOM/AFM
probe that has the small spring constant of conventional AFM probes, amenable
to imaging soft and fragile samples, and an aperture for optical measurements.
Fig. 12 schematically shows how these hybrid NSOM/AFM probes are
used in commercially available scan heads. Light is focused on the backside of
the probe where a small amount is transmitted to the aperture at the apex of the
pyramid. Most of the light is reﬂected from the backside of the cantilever and
onto a quadrant detector, where it is used to generate the feedback signal for
tip–sample distance control. The light transmitted from the aperture excites
ﬂuorescence in the sample, which is collected from below using a high-numerical
aperture objective. The collected light is ﬁltered to remove residual excitation
light and the ﬂuorescence is imaged onto a high-quantum efﬁciency avalanche
photodiode detector. Fig. 13 shows the NSOM ﬂuorescence and force images of
a test sample consisting of 50 nm ﬂuorescent latex spheres embedded in an
acetate matrix [29]. The NSOM ﬂuorescence image reveals small ﬂuorescence
spots that indicate the location of the beads in the sample. The force image,
taken in contact mode, tracks the topography of the sample.
A similar design that coupled ﬁber optic NSOM probes with AFM cantilevers was also reported [28]. In this approach, shown in Fig. 14, a standard
ﬁber optic NSOM probe was carefully inserted through the 7 mm hole that was
cut into the end of an AFM probe. Once glued into place, the excess ﬁber on the
backside of the AFM cantilever was removed using FIB milling. This approach

Fig. 13. NSOM ﬂuorescence (left) and force (right) images of 50 nm ﬂuorescent
latex spheres in a thin ﬁlm. The ﬂuorescence image exhibits high resolution while
the small spring constant of the probe allowed the force image to be taken in
contact mode without damaging the NSOM aperture.
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had the advantage of incorporating the well-known properties of ﬁber optic
NSOM probes into the design along with a fabrication process that required
fewer steps. The former approach using sculpted spheres offers more ﬂexibility
in choice of material and, therefore, refractive index and more control over the
taper geometry in the probe which strongly inﬂuences light throughput. Because
of the small spring constant of the AFM cantilever, both tip designs can
be operated in contact mode without damaging the aperture, are easily operated
in aqueous environments, and are amenable to live cell imaging.
Fig. 15 shows the simultaneously measured NSOM ﬂuorescence, topography, and deﬂection of a viable HASM cell under buffered conditions [28]. These
images were collected in contact mode using a hybrid NSOM/AFM probe. The
ﬂuorescence signal maps the location of adrenergic receptors in the cellular
membrane, which have been ﬂuorescently labeled with prazosin BODIPY-FL.
These measurements show that the hybrid NSOM/AFM probes are capable of

Fig. 14. (A) Magniﬁed view of an AFM cantilever and (B) the same cantilever with
a 7 mm hole drilled with a FIB. (C) A ﬁber optic NSOM probe is positioned and
glued in the hole and (D) the excess ﬁber removed with a FIB. Reproduced with
permission from Ref. [28]. Copyright 2004 American Institute of Physics.
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Fig. 15. NSOM ﬂuorescence (left), force (middle), and deﬂection (right) images of a
living HASM cell under buffered conditions. The cell has not been ﬁxed and the
adrenergic receptors in the membrane have been ﬂuorescently labeled with prazosin
BODIPY-FL. Reproduced with permission from Ref. [28]. Copyright 2004 American Institute of Physics.

live cell measurements and repeated scans on the same cell revealed no evidence
of evolution in cellular morphology that might indicate damage. Besides mapping the adrenergic receptors through the ﬂuorescence signal, the deﬂection and
force images reveal the overall morphology of the cell and the location of
structural ﬁbers in the cell.

4. CONCLUSIONS AND FUTURE DIRECTIONS
While NSOM offers unique capabilities that should prove informative in future
biological applications. The method continues to prove difﬁcult to implement
on living biological samples due to technical aspects associated with this challenging technique. Perhaps the most critical limitation on the near-ﬁeld technique is the difﬁculty associated with fabricating probes that have reproducible
properties. Reducing the probe-to-probe variation in the aperture size, taper,
and metallic coating of these probes as well as scaling up the quantity that may
be produced at one time would make possible the systematic data-processing
and analysis routines that are exploited to great advantage in the more conventional microscopies. For example, there has been relatively little work on the
development and implementation of the deconvolution protocols for near-ﬁeld
imaging that are widely used in optical microscopies where Gaussian optics is
well obeyed. To progress in this direction, techniques must be developed that
will enable the point-spread function of the near-ﬁeld probes to be measured. In
most cases, this would be a prohibitively laborious undertaking to perform on a
sample-by-sample basis, but if large numbers of tips could be produced with
precisely controlled optical characteristics, then a single point-spread function
could be applied to all of them.
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1. SELF-ASSEMBLED MONOLAYERS (SAMs)
1.1. What is SAM?
Self-assembled monolayer (SAM) is a single layer of organic molecules formed
on a substrate in a liquid or gas phase. When a suitable combination of a
substrate material and organic molecules is selected, and the substrate is located
into a solution or vapor which contains the organic molecules, the molecules are
chemically adsorbed onto the substrate surface through the chemical reaction of
the molecules with the substrate material. As shown in Fig. 1, the adsorbed
molecules gather closely due to interactions among molecules under a certain
condition during the chemisorption process, and a monolayer with highly oriented molecules is formed on the substrate surface. As the monolayer formation
is completed, the growth of the layer is stopped automatically, because the
molecule-covered surface runs out of reaction site and the adsorption reaction
does not continue. Such an ultrathin organic ﬁlm is called SAM due to spontaneous assembling of organic molecules [1,2].
Two-dimensional arrangement in SAMs is formed in a process where the
whole system is approaching equilibrium. This means that SAMs are close to a
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Fig. 1. Illustration of the SAM.

thermodynamically stable state. Examples of typical combinations of substrate
materials and organic molecules for the formation of SAMs are as follows:
aluminum oxide, silver oxide or glass and carboxylic acid [3–9], gold, silver,
copper or GaAs and organic sulfur compounds, such as thiol [10–17], and silicon
oxide, titanium oxide or other oxides and organosilane compounds [18–31].
Terminated functional groups located at the tops of organic molecules
chemisorbed onto a substrate surface cover over the surface. It is, therefore,
possible to design and control physical and chemical properties of the surface by
the selection of terminated functional groups. For example, it is possible to add
surface reactivity by choosing amino, epoxy or vinyl group, or to reduce surface
energy by selecting alkyl or ﬂuoroalkyl group.
Especially, organosilane SAMs have high stability because they are immobilized at substrates through siloxane bonding, a kind of covalent bonding, and
neighboring molecules are bonded together through siloxane network. Therefore, organosilane SAMs are much superior to other SAMs in mechanical
strength and chemical stability with the largest possibility of the practical
uses for surface modiﬁcation and surface functionalization. We have used the
organosilane SAMs as resists and applied them to micro/nanolithography.
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1.2. Usefulness of SAMs in Lithography
Lithography is indispensable technology in micro/nanofabrication processes for
semiconductor integrated circuits, sensors, displays, macro/nanomachines, etc. In
photolithography, a photosensitive organic polymer thin ﬁlm called photoresist is
coated onto a substrate, and a photomask pattern is transferred to the resist by
exposure through the photomask. As the degree of integration in integrated
circuits increases from year to year, development of lithography technology, in
which more precise patterning and transferring are possible, is required.
For this reason, the study on the application of organic ultrathin ﬁlms of
several nanometers thickness to resist materials has been advanced as one of the
technologies which makes much ﬁner lithography possible [32–36]. Moreover, the
trials to fabricate molecular devices have begun to unfold by immobilizing functional molecules, such as DNA and proteins, selectively at ﬁne-structured SAMs
which have reactive terminated groups like NH3–, COOH– and Cl– [37–42].
Thick organic polymer resist ﬁlms are used for the conventional lithography. Their thicknesses are dozens to hundreds of nanometers. When a processing size becomes small and enters nanometer order in electron beam
lithography, scattering of electrons in a resist causes various problems, such
as the proximity effect. The variation in molecular mass of each molecule which
forms the resist also reduces the resolution. If the ultrathin resist ﬁlm of several
nanometers thickness will be realized, the lithography of higher resolution will
become possible.
The thicknesses of SAMs are 1–2 nm, depending on the length of molecules
comprising the monolayer. Moreover, the SAMs consist of molecules of the
same kind, and there is no variation in molecular mass in SAMs, which is in
contrast to the polymer ﬁlms. Therefore, SAMs are highly promising as highresolution resists. The uniform coating of SAMs is also possible onto substrates
with three-dimensional complex shapes, ﬁne-structured substrates and inner
surfaces of tubes.
From the viewpoint of environmental issues, conventional lithographic
processes discharge liquid wastes, such as developing solutions and resist removal ones; however, the SAM lithographic process does not discharge liquid
waste. The consumption of raw materials used in the process is extremely small
because of the thickness of 1–2 nm. The raw material of 2 ml is enough to coat an
area of 1 m2. The use of SAMs is superior to the conventional resist process in
solving environmental and resources problems. In addition, the use of SAMs
leads to better productivity due to the self-stopping process from a standpoint
of industrial applications.
We are investigating lithographic techniques using SAMs by employing
vacuum ultra-violet (VUV) light, electron and ion beams, and scanning probe
microscope (SPM) as shown in Fig. 2. Notably the methods using VUV light
and SPM are carried out under atmospheric pressure or in low vacuum, which
makes their industrial applications advantageous on the cost front. The wide
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Fig. 2. Micro/nanolithography of SAMs.

range of patterning from single nanometer to several hundreds micrometers
becomes possible by the combination of VUV lithography and SPM. In conclusion, the usefulness of SAMs is extremely high.

2. PREPARATION OF SAMs BY CHEMICAL VAPOR
DEPOSITION (CVD)
2.1. Structure and Formation Mechanism of Organosilane SAMs
The molecule SiRnX4n, where at least one of the functional groups X of a
silane molecule SiX4 is replaced by an organic group (R), is called organosilane.
An organic ﬁlm is formed on an oxide surface by chemical reaction of hydroxyl
groups on the oxide surface with organosilane molecules. This reaction is widely
used practically for organic coatings on inorganic substrates as silane-coupling
processing [18]. By adjusting preparation conditions, such an organic coating
can become a monolayer, or SAM [19]. Various oxide materials, such as silicon
oxide, titanium oxide, aluminum oxide, indium–tin oxide (ITO), tin oxide, germanium oxide, glass, mica, etc., are used for substrates [20–31].
Trichloroalkylsilane with one alkyl group and three chloro groups and
trialkoxyalkylsilane with one alkyl group and three alkoxyl groups (methoxy or
ethoxy groups) are often used as the raw materials of SAMs. The formation
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mechanisms of organosilane SAMs are rather complex compared to those of
other SAMs because these organosilane molecules contain three reactive functional groups. Fig. 3 shows the molecular structure of organosilane molecules
and the illustration of reactions. A small amount of water is necessary for the
formation of organosilane SAMs. At ﬁrst –Cl or –OR groups in organosilane
molecules change to silanol groups by hydrolysis. Next these silanol groups
make siloxane network with hydroxyl groups on a substrate surface by the
dehydration/condensation reaction. Then organosilane molecules are chemically immobilized onto the surface. Since there are multiple reactive functional
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groups in one molecule, the siloxane bonding is formed not only between the
hydroxyl group on the surface and the organosilane molecule but also between
adjacent organosilane molecules. This horizontal polymerization plays an important role in the two-dimensional organization of organosilane SAMs, in
addition to the interactions between alkyl groups (van der Waals force, hydrophobic interaction and electrostatic interaction).

2.2. Preparation Method of SAMs by CVD
We have prepared organosilane SAMs both by wet processing and by dry
processing. The preparation method of SAMs by CVD, dry processing, is
described in this chapter because CVD has such advantages over wet processing
as easy large-area preparation, high productivity and no discharge of liquid
waste. This method uses the chemical reaction of organosilane molecules in a
gas phase with a substrate surface.

2.2.1. Substrates and raw materials
We used n-type Si (100) plates (10 mm  10 mm  0.4 mm) as substrates. The
raw materials used are the following four types of organosilane compounds,
whose molecular structures are shown in Fig. 4.

(a) ODS

(b) FAS3

(c) FAS17

(d) AHAPS

H 3CO
H 3CO Si(CH 2)17 CH 3
H 3CO

H3CO
H3CO Si(CH 2)2CF3
H3CO

H3CO
H3CO Si(CH 2)2(CF 2)7CF3
H3CO

H3CO
H3CO Si(CH 2)3 NH(CH 2)6NH 2
H3CO

CF 3 CF 3 CF 3
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O O O O O

F 3 C F 3C F 3C
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F 2C F 2C F 2C
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F 2C F 2 C F 2C
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F 2C F 2C F 2C
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O O O O O

Si
Si
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Fig. 4. Four types of organosilane molecules used and their molecular structure.
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(a) n-Octadecyltrimethoxysilane [ODS: CH3(CH2)17Si(OCH3)3, 95%, Tokyo
Kasei Kogyo Co., Ltd]
(b) 3,3,3-Triﬂuoropropyltrimethoxysilane [FAS3: CF3(CH2)2Si(OCH3)3, ShinEtsu Chemical Co., Ltd]
(c) Heptadecaﬂuoro-1,1,2,2-tetrahydro-decyl-1-trimethoxysilane [FAS17: CF3
(CF2)7(CH2)2Si(OCH3)3, Shin-Etsu Chemical Co., Ltd]
(d) n-(6-Aminohexl)aminopropyltrimethoxysilane [AHAPS: H2N(CH2)6NH
(CH2)3Si(OCH3)3, 95%, Gelest Inc.]
We denote the SAMs prepared from these compounds as ODS-, FAS3-,
FAS17- and AHAPS-SAMs hereafter.

2.2.2. Cleaning of substrates by UV/ozone cleaning method
We used the UV/ozone cleaning method for the cleaning of substrates [43]. An
Xe excimer lamp with the wavelength 172 nm (UER 20-172, Ushio Inc.) was
used for the UV light source. The principle and method of the UV/ozone
cleaning are described below.
An excimer lamp has dual quartz-tube structure, where a metal electrode is
set at the inner side of the inner tube, and a mesh-type metal electrode is placed
at the outside of the outer tube as shown in Fig. 5. When we apply ac high
voltage between two electrodes, the dielectric barrier discharge ignites between
two dielectric materials, and reaches an excimer state instantaneously by the
excitation of atoms of a ﬁlling gas. Then the excimer light is emitted by the

Fig. 5. Schematic diagram of the barrier-discharge excimer lamp.
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Table 1
Bond energies of six bonds present in the structure of SAMs used
Bond

Bond energy (kcal/mol)

C–F

C–H

N–H

C–C

Si–C

C–N

115.2

98.5

92.7

83.2

75.5

72.9

transition from the excited state to the ground state. The most important feature
of the excimer light is to obtain the single-wavelength emission unlike the conventional low-pressure mercury lamp. The central wavelength depends on the
type of the ﬁlling gas in the lamp. Now ﬁve types of excimer lamps come onto
the market; central wavelength: 126 nm (Ar), 146 nm (Kr), 172 nm (Xe), 222 nm
(KrCl) and 308 nm (XeCl). The light whose wavelength is below 200 nm is called
the VUV light which has very high photon energy according to the equation
E ¼ hn (h: Planck constant, n: velocity of light/wavelength). For example, the
photon energy of the Xe excimer light (172 nm) is 166.7 kcal/mol which is higher
than the bond energy of a C–F bond (115.2 kcal/mol). Therefore, this light
easily cuts the C–F bond. Table 1 shows the bond energies of six bonds present
in the structure of SAMs used in this study. The VUV light can also dissociate
directly oxygen molecules in atmosphere and generate oxygen radicals [44].
These oxygen radicals have strong oxidation power against organic materials.
Therefore, organic materials are removed as volatile molecules, such as CO,
CO2 and H2O, by the reaction of free radicals produced by the photocutting
reaction of organic bonds with the oxygen radicals. As these two different
photochemical reactions advance simultaneously, it is possible to remove
organic materials efﬁciently for a short time.
The schematic diagram of the UV/ozone cleaning used is shown in Fig. 6.
The VUV irradiation was carried out for silicon substrates under atmospheric
pressure and at room temperature during 20 min (illumination intensity:
10 mW/cm2). The contact angle of a water droplet was measured with a contact angle meter (CA-D, Kyowa Interface Science) by the sessile drop method.
The water contact angle for the silicon substrate became less than 51 after
irradiation, whereas it was 30–601 before irradiation. This means that contaminants were removed and hydroxyl groups were introduced on the silicon
surface with native oxide. The thickness of the native oxide was ca. 2 nm
determined with an ellipsometer (PZ2000, Philips Japan, Ltd.).

2.2.3. Preparation of SAMs by CVD
The preparation method of organosilane SAMs is described below [31, 45]. A
simple CVD apparatus shown in Fig. 7 was used. Although the precise preparation conditions for substrates is as follows: First, the silicon substrate cleaned

Micro/Nanolithography Using Self-Assembled Monolayers (SAMs)

149

Fig. 6. Schematic diagram of the UV/ozone cleaning apparatus.

Teflon container
Heater

Organosilane

Si substrate

Fig. 7. Schematic diagram of the CVD apparatus.

by the UV/ozone cleaning was encapsulated into a closed vessel (volume: 65 ml)
made of polytetraﬂuoroethylene (PTFE; commercial name: Teﬂon) with a raw
material put in a small glass vessel. Second, the PTFE vessel was set in an
electric furnace after closing a lid and maintained at preset temperature for
several hours. Third, the silicon substrate with SAM was taken out from the
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Table 2
Preparation conditions of SAMs by CVD
Raw material

3

Dose (cm )
Temperature (1C)
CVD time (min)

ODS

FAS3

FAS17

AHAPS

0.2
150
180

0.2
100
60

0.2
150
180

0.1
100
60

 Diluted with 0.7 cm3 toluene.

vessel after cooling. The typical preparation conditions for each SAM are given
in Table 2.
These conditions are determined by our studies as shown in Figs. 8 and 9.
Fig. 8 shows the variation in thicknesses and water contact angles of SAMs
against preparation time. The formation of SAMs is completed at the time when
these values are saturated, and the self-assembling is stopped.
For the AHAPS-SAM, the cleaning by organic solvents, an acid solution
and an alkaline solution was carried out after preparation [46]. In this case the
thickness and the contact angle continued to increase with the preparation time
as shown in Fig. 9. This phenomenon comes from the electrostatic physisorption of silanol-terminated molecules at unshared electron pairs of the amino
groups of the AHAPS-SAM. To remove such admolecules, the ultrasonic
cleaning was performed in ethanol, toluene, sodium hydrate (1 mM) and
nitric acid solutions (1 mM) sequentially. Finally, the substrate was cleaned in
ultrapure water (Milli-Q water) and dried in dry nitrogen. By using these
processes the thickness and the contact angle measured after cleaning became
saturated at 1 h.
Table 3 summarizes the thicknesses and water contact angles obtained. The
thickness was determined by ellipsometry. The refractive indexes of SAMs were
assumed to be the same as that of the thermally oxidized ﬁlm of silicon, 1.465.
The obtained thicknesses are a little shorter than the molecular chain lengths
calculated by using ab initio molecular orbital theory as shown in Fig. 10 [47].
Hence the molecules in the SAMs are supposed to be immobilized on the angle
[1]. On the other hand, the water contact angles of the SAMs almost correspond
to those of the SAMs with similar terminated functional groups prepared by wet
processing [1, 48–50]. The contact angle of FAS3-SAM is, however, smaller than
that of FAS17-SAM, although these SAMs are terminated by same triﬂuoromethyl groups. This comes from the difference in surface density of molecules.
In conclusion, the SAMs of ODS, FAS3, FAS17 and AHAPS were successfully prepared by CVD. However the size of the substrates used here was
10 mm2. The uniform deposition of SAMs is possible onto larger size substrates
like silicon wafers with a diameter of 300 mm by using a large-scale CVD
apparatus shown in Fig. 11.
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Fig. 8. Variation in thickness and water contact angle with CVD time for SAMs used.

3. MICROLITHOGRAPHY USING SAMs
Microlithography of organosilane SAMs is carried out by using VUV light. The
minimum line width of 300 nm is obtained by this method at present.

3.1. Photodegradation of Organosilane SAMs by VUV Light
3.1.1. Experimental method
The schematic diagram of the VUV irradiation apparatus is shown in Fig. 12.
We used ODS-SAM as a sample. First, the sample was set in a vacuum chamber
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Fig. 9. Variation in thickness and water contact angle with CVD time for AHAPSSAM before and after ultrasonic cleaning.
Table 3
Thicknesses and water contact angles of SAMs
Raw material

Thickness (nm)
Water contact angle (1)

ODS

FAS3

FAS17

AHAPS

1.8
108

0.3
86

1.2
116

1.7
58

which was evacuated by a rotary pump. The pressure in the chamber was
controlled by adjusting the leak valve. Next, the sample was irradiated by the
excimer lamp through a quartz plate (thickness: 10 mm) and a patterned chromium-plated spacer of a quartz plate (thickness: 2 mm) on the sample. The
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2.5
2.35 nm
2.0

1.5

1.34 nm

1.43 nm

FAS17

AHAPS

1.0
0.43 nm
0.5

0
ODS

FAS3

Fig. 10. Molecular chain lengths of four types of organosilane molecules calculated
by using ab initio molecular orbital theory. The –Si(OCH3)3 was converted to the –
SiH3 for the model molecules used in the calculation using GAUSSIAN 98.

Fig. 11. Photo of the CVD apparatus for the large size substrates.
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Fig. 12. Schematic diagram of the VUV irradiation apparatus.

transmittance of the plate 10 and 2 mm thick was ca. 70% and 93%, respectively, at 172 nm. The thickness of the chromium ﬁlm was 0.1 mm, which made
0.1 mm gap between the quartz plate and the sample. This situation simulates a
micropatterning process using a conventional photomask. After irradiation the
contact angle was measured and the surface was analyzed by X-ray photoelectron spectroscopy (XPS; ESCA3400, Shimadzu).

3.1.2. Effect of ambient pressure on photodegradation of SAMs
Fig. 13 shows the variation in contact angle with irradiation time of the VUV
light at various ambient pressures (10, 103 and 105 Pa). The angle decreased and
ﬁnally became less than 51 with increasing irradiation time under any pressure.
Fig. 14 indicates the XPS C1s spectra for the unirradiated ODS-SAM and the
irradiated ODS-SAM at 105 Pa. The spectrum for a cleaned silicon substrate is
also shown for comparison. The peak height of the C1s spectra decreased with
increasing irradiation time. The height of the spectrum for the sample irradiated
for 20 min (spectrum c) was almost same as that for the cleaned silicon
(spectrum d). The origin of the C1s peak for the cleaned silicon was some
organic contamination adsorbed in the air before setting the sample into the
XPS chamber. This contamination was also adsorbed on the irradiated samples.
Therefore, the ODS-SAM was removed completely by the VUV irradiation
for 20 min.
The photodegradation rate at 103 Pa is much bigger than that at 10 Pa
as shown in Fig. 13. This expresses the important role of oxygen played in
photodegradation, and also draws a proof of the existence of oxygen at the
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Fig. 13. Relationships between water contact angle and irradiation time at various
ambient pressures (10, 103 and 105 Pa).
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Fig. 14. XPS C1s spectra for ODS-SAM under the following conditions: (a) unirradiated, (b) 10 min irradiation, (c) 20 min irradiation and (d) UV-cleaned Si
substrate.
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small gap between the photomask and the sample (gap length: 0.1 mm). The rate,
however, decreased at higher pressure 105 Pa because the light intensity at the
sample surface dropped at this pressure due to the absorption by rich oxygen in
the air. (The intensity of light at 172 nm decreases to 10% at the transmitted
distance 8 mm in the air.)

3.1.3. Photodegradation mechanism of SAMs
The photodegradation mechanism of SAMs is discussed here. When the VUV
light irradiates organic molecules in the atmosphere containing oxygen, the light
is simultaneously absorbed by the organic molecules and oxygen. The Xe excimer light at 172 nm has high photon energy, and directly cuts chemical bonds
in the molecules and produces radicals. This light also produces oxygen radicals
by the direct dissociation given in the following equations [44]:
hn

O2 ! Oð1DÞ
hn

hn

O2 ! O3 ! O2 þ Oð1DÞ

(1)
(2)

These oxygen radicals have high oxidation power to organic materials and react
immediately with free radicals generated by the photocutting reaction. By these
reactions the SAM is removed from the substrate as volatile molecules, such as
CO, CO2 and H2O.

3.2. Photopatterning of SAMs
The photopatterning apparatus used is the same as shown in Fig. 12 [45, 51].
First, a photomask was set on a SAM sample in the vacuum chamber. Second, a
quartz plate (thickness: 10 mm) was put on the photomask, the chamber was
evacuated to 10 Pa and the VUV light irradiated the sample for 20 min. The
photomask consisted of quartz glass of 2 mm thick (transmittance at 172 nm:
93%) with rectangular patterns of chromium as shown in Fig. 15(a). By using
these patterns, the micropatterns were formed on the SAM sample by removing
part of the SAM by the VUV irradiation as shown in Fig. 15(b).
Fig. 16 demonstrates the lateral force microscope (LFM) image of the
micropatterned ODS-SAM sample. The LFM is one type of atomic force microscope (AFM) (SPA-300 HV+SP13800, Seiko Instruments Inc.) to measure
lateral force. The frictional force is high at bright regions and low at dark
regions. The rectangular regions indicate the photodegraded areas by the VUV
irradiation, or the revealed bare silicon substrate. Their surrounding regions
correspond to the ODS-SAM area. In general, the native oxide surface of silicon
is hydrophilic and has large frictional force compared to the ODS-SAM surface
due to the chemical and physical interactions between the probe and the sample
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Fig. 15. VUV patterning of the alkylsilane SAM: (a) optical microscope image of
photomasks used and (b) illustration for VUV patterning.

surface. This ﬁgure proves the possibility of the micropatterning of organosilane
SAMs with high resolution by VUV irradiation.

4. NANOLITHOGRAPHY USING SAMs
Nanolithography of organosilane SAMs is performed with SPM [52, 53]. The
minimum line width of 10 nm is obtained by this method at present.
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ODS-SAM

5 µm
Fig. 16. LFM image of ODS-SAM after VUV patterning.

4.1. Principle of Nanolithography with SPM
SPM is widely used as research tool and industrial measuring instrument, and has
drawn attraction as nanoscale processing tool at nanometer order from the initial
stage of development. The atomic operation became possible by SPM [54], and
scanning probe nanolithography (SPNL) was developed at ca. 10 nm level [55].
There are three major categories for SPNL as follows:
(1) Electron irradiation by using ﬁeld emission [56–66],
(2) Mechanical scratch [67–73],
(3) Electrochemical reaction (anodic oxidation) [74–83].
The method nearest to electronic device fabrication is the nanoscale processing based on the anodic oxidation of semiconductors and metals. The following
electrochemical reactions proceed after applying voltage between the probe and
the substrate in the column of adsorbed water generated at the region between
them in the air as shown in Fig. 17.
ProbeðcathodeÞ : 4H2 O þ 4e ! 2H2 þ 4OH
SubstrateðanodeÞ : M þ 2H2 O ! MO2 þ 4Hþ þ 4e

ðM : substrateÞ

(3)
(4)

The oxide ﬁlm of the substrate is formed at the front of the probe. It is, therefore, possible to form patterns to scan the probe.
Other processing techniques, such as etching and metal plating, are also
necessary to be developed when the nanopattern drawing by SPM is advanced
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Fig. 17. Illustration of the anodic oxidation using AFM probe.

to the overall nanolithography. The SPM pattern drawing was reported to be
carried out by the oxidation process with metal or semiconductor ﬁlms as resists
[84–88]. Organic resists are, however, much better than the inorganic resists
because many pattern transfer techniques like etching and lift-off developed
until now are available not only for photolithography and electron beam lithography but also SPNL. The SAMs have, therefore, the potential to develop the
consistent ﬂexible nanolithographic process.

4.2. SPNL of SAMs
The organic thin ﬁlms used in lithography are polymer casting ﬁlms, Langmuir–
Blodgett (LB) ﬁlms, SAMs and plasma-polymerized ﬁlms. The molecular designs
and syntheses of organic monolayer materials are studied for SPNL resists [89].
We have carried out the SPNL of organosilane SAMs [90, 91]. The outline
is described below.

4.2.1. Lithography using contact-mode AFM (CM-AFM)
The substrate and SAM sample used are silicon and ODS-SAM. Fig. 18 shows
the LFM images for the surfaces after SPNL in the air and in vacuum. The
square-shaped area with high friction corresponds to the current-injected region
from the probe scanned at 0.1 mm/s in the air (Fig. 18(a)). The scanned area had
upheaved several nanometers compared to the unscanned area. On the contrary,
there is no difference between the current-injected area and the non-injected one
although the similar probe scan was carried out at the same load and voltage in
vacuum (3.2  104 Pa) (Fig. 18(b)). Since the ODS-SAM has no damage by the
scanning at the load of 600 nN [92], this frictional change, or surface modiﬁcation, is not caused by the mechanical scratch. The surface modiﬁcation proceeded
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Fig. 18. CM-AFM lithography: LFM images of the sample surfaces with the current injection in (a) the air and (b) in vacuum.

only at the current injection time in the air as shown in Fig. 18(a). Therefore, the
ODS-SAM on the silicon substrate is modiﬁed and decomposed by the electrochemical reactions in the water column formed between the probe and the sample
like the anodic oxidation reaction for metals [93, 94] and semiconductors [95–98].

4.2.2. Lithography using dynamic force mode AFM (DFM-AFM)
Subsequently, the nanolithography of organosilane SAMs was performed by
using DFM-AFM where a probe touched a sample intermittently. The damage
for the probe is mitigated by using DFM-AFM. Moreover, since the contact
time with the sample is short and the amount of current injected to the sample
decreases, a different chemical reaction is expected from SPNL using
CM-AFM. The ODS-SAM on the silicon substrate was also used. The surfaces after lithography were evaluated from the surface potential measurement
with Kelvin force microscope (KFM), and were compared with the lithography
using CM-AFM.
Fig. 19(b) shows the schematic diagram of SPNL using DFM-AFM. In
order to inject current to ODS-SAMs, dc bias voltage 10 V was applied between
a conductive probe as anode and a silicon substrate as cathode. The silicon probe
used had the spring constant 20–40 N/m and the resonance frequency 260 kHz
(NANOSENSOR, resistivity: 0.1–0.2 O cm). Fig. 19(a) indicates the schematic
diagram of SPNL using CM-AFM. The silicon probe was also used (Ultralever,
high-doped Si probe, Park Scientiﬁc Instruments; resistivity: 0.1 O cm). For
comparison, the lithography using non-contact AFM (NC-AFM) was conducted additionally. The same probe for DFM-AFM was used in this case.
After lithography, the surface topography and surface potential were measured
with a gold-coated silicon probe in dry nitrogen atmosphere. This probe had the
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Fig. 19. Illustration of SPM lithography: (a) CM-AFM lithography and (b) DFMAFM lithography.

spring constant 1.8 N/m, the resonance frequency 27.53 kHz and the Q value
180. The working conditions for KFM were as follows: ac bias voltage: 2 V,
ac frequency: 25 kHz and scan rate: 9.1 Hz [99]. The experimental results
obtained are described below.
(1) Comparison between DFM-AFM and CM-AFM lithographies: The topographic images and surface potential ones are shown in Fig. 20(a) and
(b) for CM-AFM lithography, Fig. 20(c) and (d) for NC-AFM lithography
and Fig. 20(e) and (f) for DFM-AFM lithography. The swirl-like portions
in Fig. 20 are the areas where lithography was performed. Any lithography
was conducted at the bias voltage 10 V and the scan rate 0.5 Hz in the air
(relative humidity: 40%, temperature: 24 1C). The oxide ﬁlm was formed on
the ODS-SAM-coated silicon substrate by anodic oxidation for CM-AFM
lithography as clearly shown in Fig. 20(a). Its thickness is ca. 3 nm. This
anodized region has lower surface potential than the surrounding, as shown
in Fig. 20(b). This result corresponds to the result obtained for the photodegraded surface of the ODS-SAM-coated silicon substrate. There is no
change in topography and surface potential for NC-AFM lithography because of the non-contact of the probe with the sample. On the other hand,
the change in surface potential and no change in topography are observed
for DFM-AFM lithography (Fig. 20(e) and (f)). The surface potential image shows, however, opposite contrast from the potential image obtained
for CM-AFM lithography. Moreover, the topographic image showed no
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Fig. 20. Comparison among CM-AFM, NC-AFM and DFM-AFM lithographies:
(a) the topographic image and (b) the surface potential one after CM-AFM lithography; (c) the topographic image and (d) the surface potential one after NC-AFM
lithography; and (e) the topographic image and (f) the surface potential one after
DFM-AFM lithography.
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change in Fig. 21 when the pulse bias voltage of 10 V was applied for 50 s
for DFM-AFM lithography. We discuss this topographic change and the
contrast in surface potential images in the following sections in detail.
(2) Topographic change in DFM-AFM lithography: No change in the topographic image was observed after DFM-AFM lithography. This is probably due to no formation of an oxide ﬁlm by anodic oxidation. In order to
investigate in more detail about this point, lithography was performed on
an oxide-free silicon substrate (hydrogen-terminated silicon substrate).

(a)

Application time of pulse bias
10s

20s

30s

40s

50s

10 V

Pulse bias

9.0 V
8.0 V
7.0 V
6.0 V

(b)

0

(c)

20 m

0

20 m

Fig. 21. Dependence of DFM-AFM lithography on the pulse bias voltage and the
application time of pulse bias: (a) illustration of the pulse bias voltage and application time of pulse bias used, (b) topographic image and (c) surface potential
image.
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This substrate was prepared by wet etching in a 5% hydroﬂuoric acid
solution for 20 min. The XPS Si1s spectra for the silicon substrate before
and after etching are shown in Fig. 22. The peak attributed to SiO2
disappeared completely after etching. Fig. 23(a) and (b) show the twodimensional and three-dimensional topographic images of the hydrogenterminated substrate after CM-AFM lithography. On the other hand,
Fig. 23(c) indicates the topographic image of the hydrogen-terminated
substrate after DFM-AFM lithography. In the case of CM-AFM lithography, the oxide ﬁlm of the line width 100 nm and the height 2.5 nm was
formed. On the contrary, no change in topography was observed for
DFM-AFM lithography. This means that the current injection is insufﬁcient to form the oxide ﬁlm in DFM-AFM lithography.
(3) Surface potential contrast in DFM-AFM lithography: The reversal phenomenon of the surface potential contrast in Fig. 20(b) and (f) obtained with
CM-AFM and DFM-AFM lithography is considered. The surface potential contrast of ODS-SAM observed after CM-AFM lithography is in
agreement with that of the sample photodegraded by VUV light. In the
VUV lithography, the bare silicon substrate appeared by the decomposition of SAM. Furthermore, the decomposition of SAM and formation of
oxide proceed in CM-AFM lithography. Therefore, conformity of both
surface potential contrasts is an appropriate result.

Intensity [arbitrary unit]

Si

(a)
Silicon substrate
before HF treatment
SiO2

(b)
Hydrogen-terminated
silicon

106

104

102

100

98

96

Binding Energy [eV]

Fig. 22. XPS Si2p spectra (a) before and (b) after hydroﬂuoric acid etching.
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Fig. 23. AFM lithography of the hydrogen-terminated silicon substrate: (a) the
topographic image and (b) the three-dimensional one after CM-AFM lithography,
and (c) the topographic image after DFM-AFM lithography.

On the other hand, the different result was obtained for DFM-AFM lithography. The anodic oxidation does not occur in this lithography because the
sufﬁcient current is not injected, which is proved in the lithography using
the hydrogen-terminated silicon substrate. That is, SAM is not removed from
the substrate surface and a different chemical reaction occurs on the SAM
surface.
In order to conﬁrm this reaction, the similar lithography was performed
both in vacuum (3.5  104 Pa, 24 1C) and in dry nitrogen (relative humidity:
o1%, 24 1C). Fig. 24(a) and (b) show the surface potential images for the
ODS-SAM surfaces after lithography in vacuum and in dry nitrogen, respectively. No pattern formation is conﬁrmed in these ﬁgures. Hence DFM-AFM
lithography is possible only in the air. That is, the oxidation reaction related to
both oxygen and water proceeds in DFM-AFM lithography just like CM-AFM
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Fig. 24. Surface potential images for the ODS-SAM surfaces after DFM-AFM
lithography (a) in vacuum (3.5  104 Pa, 24 1C) and (b) in dry nitrogen (relative
humidity: o1%, 24 1C).

lithography. However, since an oxide ﬁlm is not formed, this oxidation reaction
occurs only on the SAM surface unlike the case of CM-AFM lithography. It is
thought that the aldehyde group (–CHO) or the carboxyl group (–COOH) is
formed on the SAM surface by the oxidation reaction as an oxidation product.
The group of Sagiv et al. conﬁrmed the production of carboxylic acid in a
macroscopic scale [100]. They prepared the trichlorosilane SAM, which had the
similar structure as ODS-SAM, by wet processing, put a copper plate on it, and
applied bias voltage. From the result of the infrared spectroscopic analysis of
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the sample, it was proved that the peak of terminated methyl group (–CH3)
decreased ca. 16%, and the peak of carbonyl group (–C ¼ O) appeared further.
Moreover, the peak of central methylene group (–CH2–) showed no change
after biasing. From these results they came to a conclusion that only terminated
methyl groups were oxidized to change into carboxylic acid.
When the terminated group of SAM changes into carboxylic acid, the
whole molecule polarizes to minus in the direction towards the SAM surface
and to plus in the direction towards the substrate because the carbonyl group
has polarization of d and d+ between oxygen and carbon. This corresponds
well to our surface potential result obtained by the KFM measurement.

5. APPLICATIONS OF MICRO/NANOPATTERNED SAMs
The wide range of patterning from nanometer level to micrometer one becomes
possible by using SAMs. Various materials, such as semiconductors, metals,
glass, ceramics, organic polymers and other materials, can be used for substrates. Fig. 25 shows the applications of micro/nanostructured SAM; the resist
for etching, the site-selective growth of metals, semiconductors, dielectric
materials, mesoscopic materials, etc., the site-selective growth and array

Fig. 25. Applications of micro/nanostructured SAM templates to micro/nanoprocessing.
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formation of water droplets, the integration of ﬁne particles and colloids, the
assembling of functional organic molecules, the array formation of cells, DNA,
proteins, etc., and the formation of molecular memories. There are too
many potential applications of the patterned SAMs. Here three examples are
described below.

5.1. Application of Organosilane SAMs to Transferring of
Nanopatterns
Since ODS-SAM is chemically stable, it can be used as a resist. We investigated
the possibility of ODS-SAM as a resist for transferring of nanopatterns. The
line pattern of the minimum line width 30 nm was successfully prepared by
optimizing the bias voltage, the application time of bias voltage, the scanning
rate, etc. in SPNL as shown in Fig. 26(a). Using this nanopatterned ODS-SAM
substrate, the etching of silicon was carried out in an aqueous ammonium
ﬂuoride solution (NH4F:H2O2:H2O ¼ 10:3:100, 1 min, room temperature) after removing the oxide ﬁlm by etching in a hydroﬂuoric acid (0.1% HF,
10 min, room temperature). The transferring of a pattern of 50 mm width and
30 nm depth was successfully achieved on the silicon substrate as shown in
Fig. 26(b).

5.2. Application of Nanopatterned Substrates to Immobilization
Surfaces of Molecules
Since the region where lithography is carried out on the ODS-SAM silicon
substrate reveals the bare silicon surface again, the different type of organosilane molecule can be immobilized at this region. Fig. 27 shows the immobilization processes for two types of organosilane molecules. Fig. 27(a) indicates
the nanopatterned ODS-SAM surface, whereas Fig. 27(d) the ODS-SAM/
FAS17-SAM surface where the FAS17-SAM as the second SAM is immobilized
at the removal areas of the ODS-SAM. In Fig. 27(d), the contrast at the FAS17SAM area is reversed compared to the surface potential image before the
FAS17 deposition. This means that the surface potential at the line-patterned
area is lower than that at its surrounding area. This result gives the similar
contrast to the micropatterned ODS-SAM/FAS17-SAM sample by the VUV
lithography. This results from the negative dipole moment (from the SAM
surface to the direction of the substrate) of the FAS17 molecule due to high
electronegativity of ﬂuorine atoms. Moreover, the line-patterned area upheaved
2–3 nm compared to its surrounding ODS-SAM area as shown Fig. 27(e). That
is, the height of the line-patterned area increased 1.0–1.5 nm after the FAS17SAM deposition. This increased height is almost same as the thickness of
FAS17-SAM ca. 1.4 nm. In conclusion, FAS17 molecules are immobilized selectively only on the line pattern from the surface potential and topographic
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Fig. 26. Pattern transfer by etching: (a) LFM image of the patterned ODS-SAM
surface and (b) three-dimensional topographic image of the silicon surface after wet
etching.

images. Nanoscale immobilization templates of functional molecules can be
fabricated by using this technique.

5.3. Application of Patterned SAMs to Circuit Formation
Fine metal wiring can be fabricated by the selective deposition of gold, copper,
nickel, etc. onto patterned SAMs on substrates of silicon or plastics like
polyimide. The nickel and copper patterns on silicon substrates are shown in
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Fig. 27. Selective immobilization of the FAS17-SAM on the nanopatterned ODSSAM substrate: (a) surface potential image, (b) topographic one and (c) illustration
of the nanopatterned ODS-SAM, and (d) surface potential image, (e) topographic
one and (f) illustration of the ODS-SAM/FAS17 SAM.

Figs. 28 and 29. The circuit of the minimum line width of 300 nm was fabricated
by using VUV lithography of SAMs and electroless plating, and that of the
minimum line width of 10 nm was done by SPNL of SAMs and electroless
plating under atmospheric pressure.
In conclusion, the nano/microstructured SAMs are possible to apply to
electric circuits, nano/micromoulds, nano/microsurface modiﬁcation, semiconductor devices, molecular devices, sensors, bio chips, etc. and are expected to be
developed in various industrial ﬁelds.
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Fig. 28. Nickel pattern on the silicon substrate fabricated by the electroless plating
(line width: 50 mm).

Fig. 29. Copper pattern on the silicon substrate fabricated by the electroless plating
(line width: 1 mm).
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Chapter 7

Highly Fluorinated Langmuir, Langmuir–
Blodgett and Gibbs Monolayers
Marie Pierre Krafft
Systèmes Organisés Fluorés à Finalités Thérapeutiques (SOFFT), Institut Charles
Sadron (UPR 22 CNRS), 6 rue Boussingault, 67083 Strasbourg Cedex, France

1. INTRODUCTION
Fluorocarbons and ﬂuorinated amphiphiles have found a variety of applications in materials science and medicine [1–5]. As many of these applications
involve colloidal systems stabilized by a monolayer of ﬂuorinated amphiphiles,
it is essential to understand the structure and properties of these interfacial
ﬁlms. Such knowledge can provide improved control over the engineering and
properties of highly ﬂuorinated colloids and interfaces [6].
This chapter reviews the efforts recently devoted to understanding the
structure and properties of monolayers made of ﬂuorinated surfactants, including the less conventional type of ﬂuorinated amphiphiles represented by
semiﬂuorinated alkanes CnF2n+1CmH2m+1. After a brief description of the
speciﬁc physico-chemical characteristics of ﬂuorinated chains, the article focuses
on Langmuir monolayers, either spread at the air/water interface or transferred
onto solid substrates (Langmuir–Blodgett monolayers), and on Gibbs ﬁlms
(adsorbed ﬁlms). Recent results have shown that ﬂuorinated amphiphiles are
useful tools for investigating certain properties, such as phase transitions, that
Gibbs and Langmuir monolayers have in common. The lateral phase separation
into micron-size domains that occurs within mixed monolayers of ﬂuorinated
and hydrogenated surfactants is also discussed, as well as a recently reported
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case of vertical phase segregation. Finally, some examples of potential uses of
ﬂuorinated monolayers in biological sciences and in materials sciences are given.

2. SPECIFIC PHYSICO-CHEMICAL CHARACTERISTICS OF
FLUORINATED CHAINS
Perﬂuoroalkyl chains (F-chains) strongly differ from hydrogenated chains (Hchains) by their bulkiness (cross-sections of 28 and 20 Å2, respectively), helical
conformation (rather than planar ‘‘zigzag’’ structure) and stiffness [2,4]. Fchains are considerably more hydrophobic than H-chains [2,7]. This is illustrated by the formation of a stable Langmuir monolayer from a non-amphiphilic ﬂuoroalkane, C20F42, at room temperature [8], while such behavior was
subsequently only seen for alkanes one and a half times longer [9]. The low
polarizability of the ﬂuorine atom results in very weak van der Waals interactions among F-chains [10]. On the other hand, the low tendency for F-chains
to form gauche defects facilitates close packing and ordering of monolayers [11].
In addition to extreme hydrophobicity, F-chains have a pronounced lipophobic
effect, estimated at about one-third in magnitude of the hydrophobic effect [12].
The unusual combination of these two characters promotes phase separation
and compartmentalization at meso-, micro- and nano-scales in molecular systems made from mixtures of ﬂuorinated and hydrogenated surfactants. Examples of such behavior include segregated micelles [13,14], liposomes [15] and
Langmuir monolayers with laterally phase-separated zones within their bilayers
and ﬁlms, respectively [16].

3. MONOLAYERS OF FLUORINATED SURFACTANTS
3.1. Langmuir Monolayers
Owing to the small size of their polar heads, ﬂuorinated fatty acids and alcohols
have been widely used to probe the effect of F-chain/F-chain interactions on the
physical state and stability of monolayers. Highly stable monolayers have been
obtained at room temperature from compounds with short F-chains such as
C8F17COOH (F-nonanoic acid) [17], C10F21COOH (F-undecanoic acid) [7] or
C10F21(CH2)2OH (1,1,2,2-tetrahydrohenicosaperﬂuorododecanol) [18]. By contrast, a minimum of 13 CH2 groups are needed to obtain a stable monolayer
from standard hydrocarbon acids or alcohols, which further conﬁrms the higher
hydrophobicity of F-chains. A speciﬁc feature of monolayers of perﬂuorinated
acids (F-acids) and alcohols (F-alcohols), or acids and alcohols with a short, one
or two CH2 groups hydrocarbon spacer (H-spacer), is that they undergo a direct
transition from the gas (G) phase to an untilted liquid condensed (LC) phase
during compression, without occurrence of a liquid expended (LE) phase
[11,17,18]. The LE phase formation is prevented by F-chain stiffness. No tilted,
organized phase has ever been observed for F-acids and F-alcohols. This was
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explained by the weakness of the interactions among F-chains, associated to the
large F-chain cross-section as compared to the polar head size [19], as well as by
a theory based on amphiphile–amphiphile and amphiphile–water interactions
[20]. The phase diagram of ﬂuorinated surfactants is thus simpliﬁed as compared to that of hydrogenated surfactants [21]. The ﬁrst-order character of the
G/LC transition was evidenced by grazing incidence X-ray diffraction (GIXD)
[11] and surface potential measurements [22]. The LC phase structure of F-acids
and F-alcohols, identiﬁed as the LS phase [21], is identical to that found for
C20F42 [8]. The molecules are vertically oriented and packed in a well-organized
2D hexagonal lattice with a unit cell area of 29 Å2, as observed by GIXD [18].
Considering the stiffness of F-chains and their helical conformation, this 2D
lattice would be identical for molecules in a rotator phase or presenting azimuthal ordering [23]. Simulations, however, indicated that azimuthal order
should appear around 150 K [24]. Moreover, the weak intermolecular interactions correlated to the absence of LE phase lead to stabilization of the G phase
at the expense of the LC phase, resulting in an increase of the surface pressure
and a shorter G/LC coexistence plateau [25].
The introduction of an H-spacer in carboxylic F-acids substantially modiﬁes their compression isotherm. A decrease of monolayer order is generally
observed due to the combined effects of F-chain and H-spacer cross-sections
mismatch, and of repulsive interactions of the dipoles associated to the CF2–
CH2 linkage. As a result, the isotherms of the partially ﬂuorinated carboxylic
acids CnF2n+1(CH2)mCOOH (n ¼ 8, m ¼ 4) [11] and (n ¼ 4, 6, 8 and m ¼ 10)
[26] exhibited an LE phase in addition to G and LC phases. This indicates that
gauche defects are enabled by a four-carbon H-spacer. However, for n ¼ 8 and
m ¼ 10, only an LC phase, with a limiting molecular area of 29 Å2, was observed at room temperature (Goldmann et al., unpublished). The LE phase
reappeared, however, at 32 1C [26]. When n increased from 4 to 8, the limiting
molecular area decreased from 40 to 35 Å2, i.e. is always larger than the
F-chains’ close packing area. This indicates that increasing the length of F-chain
decreases the density of gauche defects in the H-spacer. Monolayers of carboxylic acids with longer H-spacers (n ¼ 8; m ¼ 10, 16, 22) spread on a cadmium acetate subphase have also been investigated [7]. The minimum
compressibility values of these monolayers were signiﬁcantly higher than that
of C19H39COOH (arachidic acid) monolayers in the same conditions. The ability to form monolayers of a series of long-chain fatty acids with alternating
F- and H-blocks has recently been explored [27].
A partially ﬂuorinated lipid (FL-8–8) was found to form stripe-like microdomains at the gas–liquid phase coexistence region, when spread on water as a
Langmuir monolayer [28].
HO
FL-8-8

O(CH2)8(CF2)8F
O(CH2)8(CF2)8F
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The formation of microdomains was assessed by ﬂuorescence microscopy
(FM). Their shape (elongated or spherical) can be understood in terms of competitive effect between long-range dipole–dipole repulsions between terminal
groups that tend to elongate the domains, and line tension that tends to minimize
the length of the domain boundary. In the case of FL-8–8, stripe-like domains
exist because the dipole–dipole repulsions are particularly strong, as compared
with non-ﬂuorinated lipids, due to the low dielectric constant of the surrounding
medium (air). By contrast, the hydrogenated analog of FL-8–8 forms spherical
microdomains (bubbles) at the gas–liquid phase coexistence. The domain periodicity ranged from 2 to 8 mm, in agreement with theoretical modeling.

3.2. Langmuir–Blodgett Monolayers
Two-dimensional monodisperse surface micelles have been visualized by atomic
force microscopy (AFM) in monolayers of partially ﬂuorinated carboxylic acids
(n ¼ 4, 6, 8 and m ¼ 10, 16, 22) spread on a cadmium acetate subphase and
transferred on cover glass [2,7]. Micelle diameter (a few tens of nanometers) was
found to depend on the structure of the amphiphile. The reduction in electrostatic energy of such ionic surfactants, resulting from their segregation in micelles, was deemed as being a driving force for their formation [29]. Polarization
modulation infrared reﬂection absorption spectroscopy (PM-IRRAS), performed
on the aqueous subphase and on solid substrate, showed that micelles pre-existed
on the water surface and allowed determination of molecular orientations [30]. It
was proposed that micelle formation arises from the interplay between the steric
hindrance of the F-chain and the van der Waals interactions between the
H-spacers. On both aqueous subphase and solid substrate, the H-spacers and
F-chains of C8F17(CH2)10COOH were tilted at similar angles (251) [30]. The
H-spacers adopted a zigzag trans conformation and displayed a hexagonal subcell packing. For m ¼ 22, the trans zigzag H-spacers were strongly tilted (43–401)
and twisted (66–611) on the subphase surface, and formed a pseudotriclinic subcell packing [31]. However, after transfer onto the solid substrate, the inclination
and twisting of the H-spacers diminished and their conformational order decreased, while the F-chains’ orientation did not change signiﬁcantly.

3.3. Gibbs Monolayers
F-chains being efﬁcient probes for X-ray scattering techniques, ﬂuorinated
surfactants provide effective tools for studying phase transitions in Gibbs
monolayers. Gibbs ﬁlms of the partially ﬂuorinated alcohol C8F17(CH2)2OH
(1,1,2,2-tetrahydroheptadecaperﬂuorodecanol) and C10F21(CH2)2OH formed at
an hexane/water interface have been investigated by surface tension measurements, Brewster angle microscopy (BAM) and X-ray surface scattering [32–34].
Although phase transitions are inﬂuenced by molecular interactions, only two
phases, a gaseous and a condensed phase, were observed. BAM experiments
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gave evidence for small circular condensed-phase domains (10 mm) coexisting
with the gaseous phase, as encountered in a ﬁrst-order transition in Langmuir
ﬁlms [34]. Investigations by X-ray reﬂectivity and diffuse scattering of the domains’ presence and phase structure, and of their interfacial coverage as a
function of temperature, conﬁrmed the ﬁrst-order character of the transition
[33]. X-ray reﬂectivity data indicated that the F-chains were perpendicular to the
interface in the condensed phase, in agreement with BAM imaging. It appears
reasonable to consider that the microscopic structure of this condensed phase is
similar to the LC phase observed at the air/water interface. Comparison between Langmuir and Gibbs monolayers for a series of hydrogenated and ﬂuorinated amphiphiles derived from mannitol conﬁrmed the structural analogies
between these two types of ﬁlms, in spite of their different formation mechanisms [35]. Comparison of Gibbs and Langmuir monolayers made from nonionic surfactants bearing two polyethoxylated chains and two F-chains (or two
H-chains) was also recently reported [36].

4. MONOLAYERS OF SEMIFLUORINATED ALKANES
4.1. Langmuir Monolayers
Semiﬂuorinated alkanes CnF2n+1CmH2m+1 (FnHm diblocks) consist of a lipophobic ﬂuorocarbon block (F-block) and a hydrocarbon block (H-block). The
mutual antipathy of these blocks results in a tendency for them to demix, which
can lead to self-organization of FnHm both in the pure state and in solutions.
Since the ﬁrst published report [37], the structure of FnHm monolayers has
remained controversial. A legitimate question concerns which block is in contact
with the water surface in the absence of a true polar head. In addition, the
presence of F- and H-blocks within the same molecule helps in the investigation
of the interplay between molecular conformation and packing structures. GIXD
and/or grazing incidence X-ray reﬂectivity (GIXR) studies were conducted on
perﬂuorooctyldodecane (F8H12), perﬂuorodecyldodecane (F10H12) and perﬂuorododecyloctadecane (F12H18) [38]. Although monolayer stability improved
as the length of F-block increased, relaxation times may reach several days [38].
The limiting areas were similar to those of vertical close-packed F-chains.
In-plane diffraction evidenced a close packing of the F-blocks and a weak organization for the H-blocks. Other GIXD studies, including out-of-plane measurements, showed that F8H16 formed organized phases, but the structure of
these phases remains undetermined [39]. The peaks, partially out-of-plane, were
broad, revealing a low positional correlation length. F-blocks may either pack in
a tilted structure or in several differently tilted coexisting pseudo-hexagonal
phases. No indication of organization of the H-blocks was observed. GIXR data
suggested an H-block-down, F-block-up orientation for F8H18 [38]. An alternative conﬁguration has, however, been proposed in which F8H18 would adopt
an antiparallel structure, with the F-blocks pointing outwards and the H-blocks
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interleaved inwards [40]. In this conﬁguration, F8H18 would form a stable
smectic bilayer phase. Molecular dynamics simulations of the F8H18 monolayer
indicated that the structure consisted of mixed orientations, with a slightly larger
fraction for an H-block-down, F-block-up conﬁguration [41].
The effect of introducing a sulfur atom in FnHm diblocks has been investigated, for example with the ﬂuorinated thioalkane C8F17(CH2)2SC16H33 [42].
Despite the observation of a single G/LC transition in the isotherm, two-phase
transitions were proposed based on FM and surface potential experiments. In a
ﬁrst low-density condensed phase, F-blocks would be vertical and H-blocks
would lie on the subphase. In a second condensed phase, F8H18 molecules
would be totally vertical with F-blocks up. Monolayers of the related branched
amphiphile C6F13(CH2)2SCH2CHOHCH2OCH2CH(C2H5)(C4H9) (FEP) have
been investigated by BAM and GIXD [43,44]. FEP presented a ﬂuid LE phase,
whose limiting area is compatible with a folded conformation where the hydrophilic part is lying on the water. However, when transferred on a hydrophilic
substrate, FEP adopted a stretched conformation inducing a weakly ordered
hexagonal packing of 30 Å2 of the F-blocks [45].

4.2. Langmuir–Blodgett Monolayers
It has been established that the presence of surface hemimicelles in monolayers
of semiﬂuorinated alkanes CnF2n+1CmH2m+1 (FnHm, n ¼ 6, 8, 10, m ¼ 14, 16,
18, 20) transferred onto silicon wafers is a general phenomenon [46,47]. The
inﬂuence of the molecular structure of the FnHm compounds of this series on
the morphology and size of the micelles has been determined. F6H16, F8H14
and F8H16 exclusively form monodisperse circular hemimicelles, which are
organized as a hexagonal array when the monolayers are transferred at high
surface pressure. The X-ray reﬂectivity spectra could be ﬁtted with a two-layer
model. The variation of the electron density as a function of the height of the
micelle showed that the H-blocks were in contact with the wafer and the Fblocks were pointing outwards. In the case of F8H16, the height of the micelle
(29.3 Å), as measured by X-ray reﬂectivity, was close to that of a fully extended
F8H16 molecule (33.2 Å). Independently of surface density, the diameter of the
micelles (from 20 to 50 nM) depended mainly on the length of the H-block
while, unexpectedly, the length of the F-block did not have any signiﬁcant effect
on micelle diameter [48]. A disk-like shape was proposed for the surface micelles
on the basis of electron density calculations. The other semiﬂuorinated alkanes
investigated form both circular and elongated hemimicelles. The longer the
FnHm molecule, the larger the area fraction of elongated micelles in the mixture. The length of the elongated micelles also increases with the length of the
FnHm diblocks. A detailed examination of the surface morphology of the circular micelles showed that these micelles generally present a pit or a tip at their
center. It was further determined that the width of the elongated micelles was
comparable to the radius of the circular pit-centered micelles. This suggests that
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the formation of the circular micelles arises from a partition of the elongated
micelles, followed by the coalescence of the edges of the resulting segments. It is
noteworthy that well-deﬁned nanoscopic ribbon, spiral and toroidal superstructures were also observed in monomolecular cast ﬁlms of F14H20 [49]. The
shape of the aggregates was found to depend on the solvent from which the ﬁlm
was cast. The well-ordered, highly stable, hexagonally packed lattice of FnHm
hemimicelles may prove useful as nanomasks in the elaboration of metallic or
polymeric nanostructures.

4.3. Surface Freezing
An ordered monolayer was found to form at the free surface of F12Hm (m ¼ 8,
14, 19) melts, a few degrees above the freezing points of the bulk material [50].
X-ray and surface tension measurements showed that the structure is fully
crystalline for m ¼ 8, 14, while it has only short-range in-plane order for
m ¼ 19, which was assigned to packing frustration of the F- and H-blocks. The
structure and thermal expansion of surface-frozen monolayers of F8H8, F10H8
and F10H6 have been investigated using surface-sensitive X-ray techniques,
demonstrating an unexpectedly strong dependence on the H-block’s length [51].
The molecule was totally stretched, and the H-blocks appeared to be organized
on the 2D lattice formed by the F-blocks. It should be noticed that the measured
nearest-neighbor distance was smaller (5.5 Å) than that typically observed for
F-blocks 2D packing (5.8 Å) in Langmuir monolayers.
Gibbs ﬁlms of F12Hm (m ¼ 12, 14, 16, 18) at the free surface of their
solutions in dodecane, bicyclohexyl and hexadecane have been studied by surface
tension measurements and surface-sensitive X-ray techniques [52]. The monolayers at the surface of dodecane and bicyclohexyl exhibited sharp ﬁrst-order
transitions from a gas-like state at high temperatures to a condensed state at
lower temperatures. In the condensed ﬁlm, the F-blocks were close-packed in a
2D hexagonal array (cross-sectional area 28 Å2) with an in-plane order limited
to 20 Å. Moreover, the F-blocks appeared to be vertically distributed over 20–
30 Å. The short-range order was attributed again to the packing frustration
induced by the mismatch between F- and H-blocks. In the case of the F12H16
monolayer on hexadecane, the sharp transition was replaced by a gradual surface concentration increase below 25 1C, which was attributed to solvation of the
H-blocks by the alkane, thus preventing close packing of the F-blocks.

5. MIXTURES OF FLUORINATED AND HYDROGENATED
AMPHIPHILES
5.1. Lateral Phase Separation
The mutual antipathy between F- and H-chains can be exploited to create
patterned surfaces. Control of the shape, size and molecular organization is
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necessary to achieve mastered construction of 2D supramolecular architectures.
An efﬁcient way to induce micro phase separation is to mix a hydrogenated and a
ﬂuorinated surfactant that form LC and LE monolayers, respectively. The mixture of C17H35COOH (stearic acid), which forms an L2 mesophase at 5 mN/m
and LS mesophase at 30 mN/m, with the ﬂuorinated surfactant FEP, which forms
an LE phase, presented complete phase separation over the entire range of molar
fractions and surface pressures investigated, as assessed by FM, BAM and
GIXD [45]. 2D circular domains, exclusively occupied by C17H35COOH
molecules, displayed an optical anisotropy that was related to the tilt of the
molecules. Lateral micro phase separation has also been achieved in mixed
monolayers of cadmium salts of n-alkyl fatty acids CnH2n+1COOH (n ¼ 17,
19, 21, 23) and the F-polyether surfactant F(CF(CF3)CH2O)3CF(CF3)
COOH (PFPE), as demonstrated by BAM at various temperatures [53].
The CnH2n+1COOH monolayers underwent direct transition from the gas state
to the solid state during compression. PFPE was in the expanded state due to the
afﬁnity of the F-polyether groups for water. The two-step collapse and the additivity rule showed that the two components were immiscible in the water-supported monolayers. Monolayers have then been transferred on silicon wafers and
studied by AFM at various temperatures [53]. The mixed monolayers were found
to separate into microscopic domains of condensed phase of CnH2n+1COOH in a
surrounding matrix in an expanded phase of PFPE. Circular-shaped condensedphase microdomains were formed when mixed monolayers were prepared using
short alkyl chain fatty acids and/or at a high temperature, whereas branched
narrow domains were observed when longer chain fatty acids were used at lower
temperatures. Mixed Langmuir monolayers of C8F17COOH and C18H37SO3Na
(sodium octadecanesulfonate) have been transferred on mica and investigated by
AFM and friction force microscopy (FFM), providing evidence for 2D phase
separation and crystallization [17]. The mixing behavior of ﬂuorinated and hydrogenated cationic gemini surfactant was studied at the air/water interface by
BAM [54]. When the monolayer was formed by separate deposition of the two
spreading solutions, the gemini surfactants formed separate domains, which was
not the case when the two spreading solutions were mixed before deposition.
It has also been shown, experimentally and through simulation, that segregation also occurred in monolayers made from hydrocarbon and ﬂuorocarbon
surfactants in the condensed state, because of their mutual phobicity. Mixed
monolayers of C10F21(CH2)2OH and C14H29OH (1-tetradecanol) at the air/water
surface were investigated by BAM and GIXD at 25 1C, showing that these molecules are practically immiscible in the condensed phase [18]. The miscibility of
hydrogenated alcohols and semiﬂuorinated alkanes has also been investigated [55].
AFM observations have been carried out on transferred monolayers of
binary mixtures of C19H39COOH, C17F35COOH (F-octadecanoic acid),
C13F27COOH (F-tetradecanoic acid) and [2-(F-decyl)ethyl]dimorpholinophosphate (F10C2DMP) [56]. In C17F35COOH/C19H39COOH and C13F27COOH/
C19H39COOH monolayers, two types of domains with different heights were
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visualized, indicating phase separation. At low surface pressures, C19H39
COOH-rich (or C17F35COOH-rich) domains coexisted in a continuous C13F27
COOH-rich region. Phase separation was also observed in C17F35COOH/
C13F27COOH mixed monolayers. C13F27COOH was miscible with F10C2DMP,
and the hybrid ﬁlm displayed a fractal texture.
The phase separation and molecular orientation in mixed ﬁlms of
C21H43COOH (behenic acid) and C13F27COOH have been investigated using
scanning surface potential microscopy (SSPM) and FFM [57]. The structure of
the monolayers formed on a CaCl2-aqueous subphase and transferred onto an
oxidized doped n-type Si(100) substrate was a ‘‘side-by-side’’ structure, different
from that of monolayers complexed with polymer cations (‘‘on-top’’ structure).
However, the small differences in surface potentials between the two separated
phases, and the low contrast in friction, revealed that the excess concentration
of one component in one phase was only slightly higher than that in the other
phase. Scanning near-ﬁeld ﬂuorescence microscopy (a combination of scanning
near-ﬁeld optical microscopy and AFM that allows ﬂuorescence imaging and
spectroscopy of a localized nanoarea) has shown that a small amount of a
cationic cyanine dye with two long alkyl chains was preferentially solubilized in
islands of C19H39COOH in phase-separated monolayers of C19H39COOH and
of the partially ﬂuorinated surfactant C9F19C2H4OC2H4COOH [58].

5.2. Vertical Phase Separation
Compression of mixed Langmuir monolayers made from combinations of dipalmitoyl phosphatidylethanolamine (DPPE) and the semiﬂuorinated F8H16
diblock resulted in expulsion of the diblock molecule at high pressure [39].
Depending on the DPPE/F8H16 molar ratio, either a monolayer or a bilayer of
F8H16 was formed on top of a DPPE-only monolayer. The structure of these
vertically separated bi- or trilayer was determined using GIXD. The phenomenon was found to be reversible and represents a unique case of vertical, pressure-induced phase separation. AFM and X-ray reﬂectivity studies on DPPE/
F8H16 mixed monolayers transferred on silicon wafers indicated that the
F8H16 molecules formed surface micelles coexisting with DPPE molecules,
within the mixed monolayer [59]. When surface pressure increased, the F8H16
surface micelle network progressively glided on top of the DPPE monolayer
until total coverage was achieved.
A similar behavior has been observed, based on isotherms and BAM experiments, for mixed monolayers of 10,12-pentacosadiynoic acid (PDA) and
F8H16 that form a miscible ﬁlm at low surface pressures [60]. When surface
pressure was increased, the F8H16 molecules were ejected on top of the PDA
monolayer. A bilayer structure was then obtained, with the PDA molecules
anchored on the water surface and the F8H16 on top, with their H-blocks
intercalated with the PDA chains. This process has been monitored by UVvisible spectroscopy, as the H-blocks of F8H16 prevented PDA polymerization
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when they were intercalated. Mixtures of F8H18 and a poly(styrene)/poly(ethylene oxide) copolymer have been investigated by isotherms and AFM experiments [61]. As observed in the above cases, F8H18 segregated on top of the
copolymer for all copolymer densities. When transferred on a glass substrate,
the ﬁlm exhibited a surface structure described as honeycombs (periodicity of
40 nM) with a hump (diameter of 30 nM) at the center.

6. POTENTIAL USE OF FLUORINATED MONOLAYERS IN
BIOLOGICAL SCIENCES
The examples given here involve lung surfactant replacement compositions and
surfactant systems used for 2D protein crystallization. Other potential systems
include direct, reverse and multiple emulsions for drug and gene delivery, as well
as micro- and nano-sized gas bubbles for O2 delivery and diagnosis [3, 4]

6.1. Lung Surfactant
With the objective of designing new compositions of synthetic substitutes for
the native lung surfactant, it is desirable to control the physical state and
properties of dipalmitoylphosphatidylcholine (DPPC) spread at the air/water
interface. DPPC is the main component of the native lung surfactant, which
also comprises a complex mixture of lipids and speciﬁc proteins [62]. Langmuir
monolayers provide a model of the air/alveolar interface that is widely used for
assessing the properties of lung surfactant replacement compositions.
Many studies have been conducted on the inﬂuence of perﬂuorinated or
partially ﬂuorinated acids or alcohols on monolayers of DPPC or of other
hydrocarbon surfactants, in order to provide a rationale for their mixing behavior. A series of partially ﬂuorinated acids, CnF2n+1(CH2)11COOH (n ¼ 4, 6,
8), was found to be miscible (between 3 and 25 mN/m) with DPPC (pH 1.9,
32 1C) [63]. The same series of compounds was partially miscible in mixed
Langmuir monolayers with hydrocarbon carboxylic acids of similar length, at
37 1C [64]. The mixing behavior of a series of perﬂuorinated carboxylic acids
with DPPC has recently been reported [65]. The results show that only the
shortest compounds, with a chain length of 12 or 14 carbon atoms, were perfectly miscible; limited miscibility or immiscibility were observed for compounds
bearing longer chains. Mixtures of partially ﬂuorinated amphiphiles with various polar heads (i.e. C8F17(CH2)5OH/C8F17(CH2)5OP(O2)(CH2)2N+(CH3)3
[66] and C12F25COOH/C11F23CH2N+(CH3)3Cl [22]) were found to be miscible in mixed monolayers.
The mixing behavior of 10-(perﬂuorohexyl)-decanol and DPPC in Langmuir monolayers has recently been reported, showing partial miscibility, especially at low surface pressure [67]. 10-(perﬂuorohexyl)-Decanol was studied
because it is a ﬂuorinated analog of hexadecanol, which has been used in synthetic lung surfactant compositions.
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However, it is known that carboxylic perﬂuorinated acids, in particular
perﬂuorooctanoic acid, accumulate in the living organisms and are environmentally persistent [68].
Recently, ﬂuorocarbon gases (gFCs) were found to have a highly effective
ﬂuidizing effect on DPPC monolayers by inhibiting their LE/LC phase transition [69, 70]. Upon compression, the FC molecules are inserted into the DPPC
monolayer, which remains in the LE phase until high surface pressures are
reached (40 mN/m), as assessed by FM and GIXD. Moreover, gFCs can
induce the dissolution of pre-existing LC phase domains and facilitate the respreading of the DPPC molecules on the water surface. The candidate FCs were
chosen among those already investigated for biomedical applications, and in
particular for intravascular oxygen transport, i.e. perﬂuorooctyl bromide, perﬂuorooctylethane, bis(perﬂuorobutyl)ethane and perﬂuorodecalin. The biocompatibility of these FCs is well documented [71]. Moreover, gFCs were found
to reduce the delipiding effect induced by serum protein, such as albumin, that
is frequently observed with commercial lung surfactant substitutes extracted
from animal lungs [72]. These studies suggest that FCs may be useful in the
design of new synthetic lung surfactant substitute compositions.
The mixed monolayer behavior of a ﬂuorinated surfactant derived of dimorpholinophosphate, C8F17(CH2)11OP(O)[N(CH2CH2)2O]2 (F8H11DMP), with
DPPC has been investigated [73]. F8H11DMP is the emulsiﬁer involved in the
preparation of water-in-ﬂuorocarbon microemulsions destined for pulmonary delivery of bioactive materials, in particular for local administration using pressurized metered-dose inhalers. F8H11DMP/DPPC mixtures form miscible, mixed
monolayers in the LE state, both at the air/water and water/ﬂuorocarbon interfaces. Furthermore, spreading an F8H11DMP-based water-in-PFOB microemulsion on a DPPC monolayer led to the quantitative adsorption of F8H11DMP at
the interface, and formation of a mixed DPPC/F8H11DMP monolayer, which
favorably augurs the delivery capacity of these microemulsions to the lungs.

6.2. Two-Dimensional Protein Crystallization
Langmuir monolayers of partially ﬂuorinated lipids have been used to induce 2D
crystallization of soluble proteins and membrane proteins, thus allowing access
to a powerful tool for structure determination. Lipids with an F-spacer were
synthesized in order to separate a lipophilic retinoid ligand from the lipidic tails
[74]. The ﬂuorocarbon ﬁlm that forms by aggregation of the F-spacers keeps the
ligand exposed on the aqueous side of the monolayer, preventing it from being
buried in the lipidic region of the monolayer. More recently, lipids containing
one F-chain and one H-chain have been synthesized in order to increase monolayer ﬂuidity [75]. Such ﬂuid monolayers, containing ﬂuorinated Ni2+-chelating
lipids, have been investigated for 2D crystallization of a histidin-tagged protein.
2D crystals of the proton ATPase, a membrane protein, have also been obtained
using a detergent-resistant monolayer of such ﬂuorinated lipids [76].

188

Marie Pierre Krafft

7. POTENTIAL USE OF FLUORINATED MONOLAYERS IN
MATERIALS SCIENCE
Porphyrin derivatives, substituted with donor and acceptor groups, have focused attention because such compounds exhibit large molecular hyperpolarizability, suggesting that they may be valuable for their nonlinear properties.
Langmuir monolayers of tetraphenylporphyrins grafted with four ﬂuorocarbon
chains have been investigated by BAM and polarized UV-visible spectroscopy
after transfer [77]. The porphyrin rings were tilted on average, but, as the Fchains’ length increased, tended to adopt an orientation more parallel to the
water surface. The third-order nonlinear optical susceptibilities of these monolayers were evaluated.
Another potential application for ﬂuorinated monolayers is their use as lubricants for microelectronics. Such a lubricant needs to be ultra-thin, ideally a
monolayer, strongly adsorbed on the substrate surface, and should have lateral
ﬂuidity. Fluorinated amphiphiles are particularly suited for such uses because of
their chemical, thermal and photolytic stability, their low surface tension and
extreme hydrophobicity. Langmuir monolayers of hexakis(tetrahydroﬂuorododecanoxyl) cyclotriphosphazene transferred on mica or on a gold-coated glass
plate have been shown to adsorb strongly onto substrates and produce signiﬁcant
friction reduction [78]. Temperature-dependent friction measurements indicated
that monolayers of partially ﬂuorinated carboxylic acids, transferred from an
aqueous Cd2+ subphase onto aluminum-evaporated glass substrates, exhibited
good thermal stability and could be used as molecular lubricants in the range of
25–140 1C [79]. Langmuir monolayers of a series of long-chain esters of acrylic
and methacrylic acids containing F-chains or partially ﬂuorinated chains, transferred using various methods, have also been investigated [80].
Surface micelles of ﬂuorinated amphiphiles have potential as templates for
the elaboration of metallic nanodot arrays. Hexagonal arrays of gold and silver
nanodots, a few nM in size, have been observed by AFM to form when a thin
layer of metal was deposited through vacuum evaporation on a silicon wafer
covered with hemimicelles of the F8H16 diblock (E. Charrault, P. Muller, M.
Maaloum, M.P. Krafft, C. Petit, P. Petit, unpublished).
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Structure and Physicochemical Properties of
Polyalkylsiloxane Monolayers Prepared onto
the Solid Substrate
T. Koga, A. Takahara
Institute for Materials Chemistry and Engineering, Kyushu University, Higashi-ku,
Fukuoka 812-8581, Japan

1. INTRODUCTION
Ultrathin ﬁlms of organosilane have been identiﬁed as promising nanocoating
for micro- and nanoscale technologies such as electronic devices and micromachines [1–3]. As the silanol groups of organosilane monolayer prepared from
organotrichlorosilane or organotrialkoxysilane strongly interact with the substrate surface by covalent bond and multiple hydrogen bonds, the monolayer is
thermally and chemically robust compared with conventional amphiphilic
monolayers. Since the chain length of organosilane is approximately 1–3 nm, the
organosilane forms a uniform ultrathin ﬁlm on the substrate surface. Furthermore, the organosilane molecules formed two-dimensionally polymerized
monolayers between their silanol groups.
Two methods have been proposed for the preparation of organosilane
monolayers. One is chemisorption from organosilane solution [4–6], and the
other one is Langmuir–Blodgett (LB) method or water-cast method [7–23].
Fig. 1 shows the ﬁlm formation mechanism of the organosilane by LB method
(a) and chemisorption method (b). In the case of LB method (Fig. 1(a)), the
toluene solution of organotrichlorosilane was spread on the water surface (pH
5.8) at a controlled subphase temperature. To attain quasi-equilibrium state of
the monolayer, the monolayer was kept on the water subphase under a given
Corresponding author. E-mail: takahara@cstf.kyushu-u.ac.jp
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Fig. 1. Film formation mechanism of the organosilane by (a) LB method and (b)
chemisorption method.

constant surface pressure for 15 min. The monolayer was transferred and immobilized onto the Si-wafer substrate surface by the LB method. In the case of
chemisorption (Fig. 1(b)), the organosilane molecule was deposited from the
solution at room temperature. It has been clariﬁed that the aggregation state of
the organosilane monolayers prepared by the LB method showed higher packing density compared with the chemisorbed monolayers [14, 21]. In recent years,
the chemical vapor adsorption (CVA) method has attracted much attention as a
simple technique for the preparation of organosilane monolayers (Fig. 1(b))
[24–36]. Sugimura et al. reported that the organosilane monolayers prepared by
the CVA method possess remarkable uniform surfaces without defects or aggregates [34], and these uniform surfaces are suitable for a microfabrication
process based on the photolithography of nanoﬁlms [26–36].
Organosilane monolayers, which have surfaces terminated by various functional groups, are useful for the manipulation of physicochemical properties of
solid surfaces such as wettability, nanotribology, and protein adsorption behavior. A key to fabricating functional organosilane monolayers is controlling
the distribution of surface functional groups. Fabricating micro- and nanodevices
using a bottom-up approach requires building blocks with a precisely controlled
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and tunable chemical composition, morphology, and size that can be fabricated
virtually at will. Organosilane monolayer is a candidate for such building blocks
because of its robustness and ease of fabrication. Patterned microfeatures of
organosilane monolayers can be fabricated on the substrate, allowing surface
physicochemical properties to be area-selectively controlled. Two methods will
be discussed in this chapter. One of them utilizes the crystallization of organosilane of binary component monolayer at air/water interface [7–10]. Since the
diffusion of organosilane molecule at air/water interface is slow, the macroscopic
phase separation is inhibited even through the alkylsilane and ﬂuoroalkylsilane
mixed monolayers. The phase-separated monolayer is transferred to the Si-wafer
substrate by the LB method. Another method utilizes the photolithography by
vacuum ultra-violet (VUV)-ray source [26–36]. In the case of a VUV source with
l ¼ 172 nm, photodecomposition of the organic moiety occurs due to the higher
photon energy of the VUV light compared with the bond energy of a typical C–C
linkage. Using photolithography, one can prepare a micropatterned surface with
various organosilane monolayers by repeating the photodecomposition and
chemisorption processes. By changing the shape and area-ratio of the patterns of
the photomask, this technique enables one to control the area ratio and surface
energy gap of different organosilane monolayers.

2. FABRICATION OF MICROPATTERNED ORGANOSILANE
MONOLAYERS
2.1. Formation of Organosilane Monolayers at the Air/Water Interface
Fig. 2 shows the chemical structure of organosilanes used for monolayer preparation. Organotrichlorosilane is mainly used for monolayer preparation at
the air/water interface. The chlorine groups of organosilane on the water surface
were substituted by hydroxyl groups. At surface pressure of 10–30 mN m1, the
hydroxyl groups in an organosilane molecule reacted with those in the adjacent
molecules in the case of the highly condensed monolayer, resulting in the formation of a polymerized monolayer. The polymerized monolayer was easily
transferred onto a Si-wafer by an LB method and the residual hydroxyl groups
could be covalently bonded with silanol groups on the silicon wafer surface
[7–10]. In the case of the water-cast method, the organosilane monolayer was also
immobilized onto a Si-wafer through the evaporation process of water [22, 23].
Fig. 3 shows the surface pressure (p)-area per molecule (A) (pA) isotherms
for the OTS, DDTS, FDOPTES, and FOETS monolayers on the water surface
at a subphase temperature of 293 K, as well as electron diffraction (ED) patterns
of the monolayers transferred onto the hydrophilic SiO2 substrate on the EM
grid at the surface pressure of around 20 mN m1. The p–A isotherms of the
OTS and the FDOPTES monolayers showed a steep increase in surface pressure
with a decrease in the surface area. The molecular occupied areas were determined to be 0.24 and 0.29 nm2 per molecule for the OTS and the FDOPTES
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Fig. 2. Chemical structures of organosilanes.
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Fig. 3. The p–A isotherms for the OTS, DDTS, FDOPTES, and FOETS monolayers on the water surface at a subphase temperature of 293 K, as well as the AFM
images and ED patterns of the monolayers transferred onto the substrate at the
surface pressure of around 20 mN m1.

monolayers, respectively. Both ED patterns of the OTS and the FDOPTES
monolayers showed hexagonal crystalline arcs at 293 K. The (10) spacings of the
OTS and the FDOPTES monolayers were calculated to be ca. 0.42 and 0.50 nm
based on ED patterns, respectively [17]. Therefore, the ED results make it clear
that the hydrophobic alkyl and ﬂuoroalkyl chains in the crystalline OTS and
FDOPTES monolayers were closely packed in the hexagonal crystal lattice at
293 K. High-resolution AFM was applied to observe the molecular arrangement
for the crystalline OTS monolayer as well as the crystalline FDOPTES one.
Fig. 3 also displays AFM images on molecular scale for the crystalline OTS and
the FDOPTES monolayers transferred onto the silicon wafer at the surface
pressure of 15 mN m1 at 293 K [18]. The (10) spacing was evaluated to be ca.
0.42 and 0.50 nm on the basis of the two-dimensional fast Fourier transform
(2D-FFT) [11]. These values are in good agreement with the (10) spacings
determined from the ED patterns for the crystalline OTS and the FDOPTES
monolayers. Thus, it is conceivable that the higher portions (the brighter dots)
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in the AFM images of Fig. 3 correspond to the individual methyl group of the
OTS molecule and the ﬂuoromethyl group of the FDOPTES one in the monolayers, respectively. On the contrary, the p–A isotherms for the DDTS and the
FOETS monolayers with shorter alkyl chain showed a gradual increase in surface pressure with the decreasing surface area. In general, this can be the signature that the monolayer is in the liquid-condensed or the liquid-expanded
state. In addition, the ED patterns of the DDTS and the FOETS monolayers
showed amorphous halo at 293 K. Hence, it can be envisaged that the chain
length of hydrophobic groups of the DDTS and the FOETS molecules were not
long enough to crystallize on the water subphase at 293 K.

2.2. Phase Separation of Mixed Monolayers at Air/Water Interface
Binary components monolayer of crystalline OTS and amorphous FOETS is
expected to form phase separation because of the incompatibility of OTS and
FOETS [9]. Fig. 4 shows the surface pressure–area isotherm and AFM image of
the scanned area 10  10 mm2 for the OTS/FOETS (50/50, mol/mol) mixed
monolayer, which was transferred onto the silicon wafer substrate by the LB
method at the surface pressure of 25 mN m1. The height proﬁle along the line
shown in AFM image revealed that the brighter and the darker portions in
AFM image correspond to the higher and the lower regions of the monolayer
surface, respectively. The molecular occupied area (the limiting area) of
0.28 nm2 per molecule for the OTS/FOETS (50/50) mixed monolayer is almost
equal to the average of the molecular occupied area for the OTS (0.24 nm2 per
molecule) and the FOETS (0.31 nm2 per molecule) monolayer in consideration
of the molar fraction of OTS and FOETS. The OTS/FOETS mixed monolayer
can be transferred onto the silicon wafer substrate over a wide surface pressure
range. The transfer ratio of the OTS/FOETS mixed monolayer was ca. 1.0 at
the surface pressure of 25 mN m1. This indicates that the substrate surface is
almost completely covered with the immobilized mixed monolayer. Also, the
transfer of the OTS/FOETS mixed monolayer on the silicon substrate was
conﬁrmed by using an attenuated total reﬂection Fourier transform infrared
(ATR-FT-IR) spectroscopy and an X-ray photoelectron spectroscopy (XPS).
Since the area occupied by the circular ﬂat-topped domains increases with an
increase in the OTS content, it is expected that the circular domains correspond
to the OTS domain. AFM line proﬁle revealed that the circular domains were
1.1–1.3 nm higher than the surrounding area. Since the difference in molecular
lengths between OTS and FOETS is ca. 1.3 nm, it can be concluded that the
higher, circular domains and the surrounding ﬂat matrix regions were composed
of OTS and FOETS molecules, respectively. OTS molecules formed circular
domains even if the molar percent of OTS molecules was 75%. It is apparent
from the ED pattern of the OTS/FOETS (75/25) mixed monolayer that the OTS
domain is in a crystalline state, since ED pattern showed Debye ring and the
magnitude of spacing corresponds to the (10) spacing of the OTS monolayer. In
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Fig. 4. The p–A isotherm and AFM image of the scanned area 10  10 mm2 for the
OTS/FOETS (50/50) mixed monolayer, which was transferred onto the silicon wafer substrate by the LB method at the surface pressure of 25 mN m1.

the case of the mixture of ﬂuoroalkane and alkane, the macroscopic phase
separation is observed. However, in the case of organosilanes at the air/water
interface, the macroscopic phase separation such as coalescence of crystalline
domain is inhibited due to the limited diffusion at the air/water interface.
Similar phase separated structure was also expected for mixed monolayer of
the crystalline NTS and amorphous FOETS. Crystallization of NTS phase was
conﬁrmed by ED [16]. Fig. 5 shows the AFM images of the mixed NTS/FOETS
and carboxylated NTS(NTSCOOH)/FOETS monolayers. It was clariﬁed that the
NTS/FOETS mixed monolayers were in a phase-separated state, and circular
ﬂat-topped domains with ca. 1–2 mm in diameter were surrounded by a sea-like
ﬂat region. The phase separation in the mixed NTS/FOETS is also arisen from
the crystallization of the NTS component. The NTSCOOH/FOETS mixed
monolayer was prepared through an oxidation of vinyl end-group of the NTS
molecule in the NTS/FOETS mixed monolayer [17]. The NTSCOOH monolayer
showed high surface free energy, where the magnitude was comparable to that
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Fig. 5. The AFM images of the mixed NTS/FOETS and carboxylated
NTS(NTSCOOH)/FOETS monolayers.

of water. The surface morphology of the NTS/FOETS mixed monolayer was
not changed even after oxidation, because of the presence of strong interaction
between silanol groups of NTS and silicon wafer. The height difference between
the NTSCOOH domain and FOETS matrix phase in the NTSCOOH/FOETS
mixed monolayer was almost the same as that for the NTS/FOETS mixed
monolayer. Also, XPS measurement was performed for the NTS/FOETS and
the NTSCOOH/FOETS mixed monolayers to conﬁrm the oxidation of the NTS
phase. Since the ratio of oxygen/carbon atoms for the NTSCOOH/FOETS mixed
monolayer was larger than that for the NTS/FOETS one, it was suggested that
the vinyl end-groups of the NTS molecules were oxidized to carboxyl groups.
The magnitude of lateral force of the NTSCOOH phase was higher than that of
the FOETS phase in the case of the NTSCOOH/FOETS mixed monolayer in
contrast to the case of the NTS/FOETS mixed monolayer. As the NTSCOOH
phase had hydrophilic carboxyl end-groups at the surface, presumably these
end-groups can form intermolecular hydrogen bonds with neighboring
NTSCOOH molecules. Therefore, the surface of the outermost NTSCOOH phase
is expected to show higher shear strength than the case of the NTS one due to
difﬁculty in surface deformation. Also, there is a signiﬁcant contribution of
adhesion force between the sample surface and Si3N4 tip on lateral force. Since
the surface free energy of NTSCOOH phase is comparable to that of the water,
the water capillary force interacting between NTSCOOH monolayer surface and
hydrophilic Si3N4 tip could strongly contribute to the adhesion force of the
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NTSCOOH phase. Therefore, it is conceivable that the NTSCOOH phase exhibited
higher lateral force than the FOETS one due to the formation of intermolecular
hydrogen bonding and thicker absorbed water layer as discussed above. LFM
and XPS measurements revealed that the phase-separated monolayer with a
large surface energy gap was successfully prepared. The state of phase separation was also investigated for the mixed monolayer with crystalline alkylsilane
(OTS) and amorphous alkylsilane (DDTS). Even though the alkyl chain is
compatible, the phase separation similar to OTS/FOETS was clearly observed
by AFM and LFM. These results suggest that the phase separation of mixed
monolayer is governed by crystallization kinetics [16].

2.3. Fabrication of Multi-Phase Organosilane Monolayers through
Chemisorption and Photolithography Process
Since the phase separation mentioned above is controlled by crystallization kinetics, more sophisticated method for the fabrication of multiphase monolayer
was proposed [27–36]. A structural surface that exhibits patterns of varying
wettability can be produced by chemisorption and local photodecomposition of
organosilanes. Using such patterns as templates for three-dimensional structures
with various topographic and surface properties appears very promising.
Site-speciﬁc adsorption of microparticles can be achieved by speciﬁc interaction
between microparticles and a monolayer surface. The immobilization of a
polymerization initiator on a functional monolayer enables site-speciﬁc polymerization, which can result in a large topography change. Fig. 6 summarizes the
Single component

Two components

Site specific
immobilization of
nanoparticles

Ternary component
system

Site specific
polymerization

Fig. 6. The schematic representation of surface patterning, site-speciﬁc polymerization, and site-speciﬁc immobilization of microparticles.
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scheme of fabrication of micropatterned organosilane monolayers, site-speciﬁc
polymerization, and immobilization of microparticles on patterned organosilane
monolayers. Micropatterning method will be described in this section. Other
applications such as immobilization of nanoparticles and site-speciﬁc polymerization will be discussed in Section 4.
Fig. 7 outlines the essential steps for fabrication of micropatterned organosilane monolayers. The ﬁrst step was the preparation of organosilane-grafted Siwafer substrates. The CVA method was used to fabricate the monolayers from
organotrialkoxysilane. A uniform monolayer formation was conﬁrmed by AFM
observation. Removal of the monolayer in selected areas by photodecomposition
was the next step in the process. In photolithography, irradiation with VUV light
(l ¼ 172 nm) leads to excitation cleavage of covalent bonds, such as C–C, C–H,
and Si–C bonds, and formation of surface Si–OH residues [26]. Fig. 8 shows the
variation of water contact angle on OTES and FHETES monolayers with the
irradiation time of VUV light generated from an excimer lamp (l ¼ 172 nm).
VUV irradiation was carried out under 0.8 mmHg of pressure. Initially, OTES

Fig. 7. The schematic representation of site-speciﬁc photodecomposition by irradiation with VUV light and chemisorption.
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Fig. 8. The XPS survey scan spectra of the changes in the surface chemical compositions through the micropatterning process.

and FHETES monolayers gave water contact angles larger than 1001. However,
within 15 min, the angles approached 01, which indicates that almost complete
removal of a monolayer can be achieved with 15-min irradiation of VUV light
[33]. The monolayer removal was also conﬁrmed by XPS measurement. Using a
photomask, one can prepare a pattern with the desired shape and precisely controlled arrangement of surface functional groups. As an example, the preparation
and characterization of OTES/FHETES/AEAPDMS patterned surface is discussed in this section. The OTES-grafted Si-wafer was irradiated for 15 min with
VUV light. Then, the second organosilane monolayer, FHETES (molecular
length is ca. 1.0 nm), was then introduced into the ﬁrst patterned surfaces by a
similar method with alkylsilane. The formation of a ternary component monolayer requires another photodecomposition and chemisorption process, with the
photomask rotated 901 from its position in the ﬁrst patterning step. The OTES/
FHETES sample was then irradiated with VUV, resulting in cross-line
micropatterns on the substrate surfaces. The third organosilane monolayer,
AEAPDMS (molecular length is ca. 0.9 nm), was ﬁnally introduced into the
second-patterned substrate surfaces, again by the CVA method.
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The XPS and the contact angle measurements have been employed in order
to characterize the changes in the surface chemical compositions of the micropatterned organosilane monolayers [31, 32]. Fig. 8 shows the XPS survey scan
spectra of the changes in the surface chemical compositions through the micropatterning process. The OTES monolayer showed C1s, O1s, Si2s, and Si2p peaks
at 285, 533, 151, and 100 eV, respectively. The OTES/FHETES patterned Si
substrate clearly showed an additional F1s peak at 690 eV, while the OTES/
FHETES/AEAPDMS-grafted Si substrates showed another N1s peak at 400 eV.
The decomposition of the FHETES monolayer was revealed from the decreased
intensity of the F1s peak. The grafting of organosilane monolayers was also
conﬁrmed from C1s and N1s XPS narrow scan spectra. These results indicated
that the three kinds of organosilane molecules were subsequently grafted on the
substrate surfaces.
The local photodecomposition of the organosilane monolayer was also conﬁrmed by time-of-ﬂight secondary ion mass spectroscopy (ToF-SIMS) [33]. The
(2-perﬂuorohexyl)ethyltrimethoxysilane (FHETMS) monolayer was irradiated
with VUV light through a photomask, and the secondary ion image was measured. A Physical Electronics TRIFT-II ToF SIMS instrument was used to make
the SIMS imaging. Negative ion images were obtained with a 15 kV primary
pulsed Ga+ ion beam (pulse width of 13 ns) with a 2 nA beam current. The scan
area was 100 mm  100 mm. Fig. 9 shows F (m/z ¼ 18.987–18.99) and SiO
(59.84–59.88) in a secondary ion image FHETMS monolayer irradiated with
VUV light under a photomask. F originated from the ﬂuorine group of the
ﬂuoroalkyl chain, and SiO originated from the native oxide layer of the Si-wafer
substrate corresponding to the photodecomposed area. In spite of the large
diameter (ca. 300 nm) of the Ga+ ion beam, a line pattern was clearly observed.
Since F was not observed from the region where SiO showed strong intensity,
the removal of the monolayer by irradiation with VUV light was conﬁrmed.
Fabrication of a micropattern with three kinds of surface functional groups
was conﬁrmed by SFM observation. Fig. 10 shows (a) AFM and (b) LFM

Fig. 9. ToF-SIMS F (m/z ¼ 18.987–18.99) and SiO (m/z ¼ 59.84–59.88) in a
secondary ion image FHETMS monolayer.
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Fig. 10. AFM and LFM images of three-component micropatterned organosilane
monolayers. (a) The AFM and LFM images of an OTES/FHETES/AEAPDMS
micropatterned surface; (c) and (d) the line proﬁles of white line parts in (a).

images of a (OTES/FHETES/AEAPDMS) three-component micropatterned
organosilane monolayer, respectively. Fig. 10(c) and (d) show the line proﬁles of
the white lines in Fig. 10(a). These ﬁgures show cross-line microstructures fabricated on Si-wafer substrates. The widths of the fabricated FHETES and
AEAPDMS lines were consistent with the widths of slits in the photomask. In
the line proﬁle of the AFM image as shown in Fig. 10(c), the height difference
between the OTES and FHETES surfaces was ca. 1.4 nm. The height difference
corresponds to the difference in the molecular length (ca. 1.3 nm) between OTES
and FHETES. On the other hand, the height difference between the OTES and
AEAPDMS surfaces was ca. 1.5 nm (Fig. 10(d)), corresponding to the difference
in the molecular length (ca. 1.4 nm) between OTES and AEAPDMS. The origin
of the contrast in the LFM image is explained by the difference in surface
properties of three components, i.e., the chain rigidity, crystallinity, and
chemistry of terminal functional groups of the organosilane molecules [31].
AEAPDMS-grafted areas are the brightest of the three components, because the
terminal amino groups exerted high lateral force due to the strong interaction
between the hydrophilic amino group and the Si–OH group of the cantilever tip
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Table 1
Surface free energy of micropatterned organosilane monolayers
Organosilanes
AEAPDMS
OTES
FHETES
OTES/FHETES
OTES/FHETES/AEAPDMS

gsv (mJ m2)

gds (mJ m2)

ghs (mJ m2)

48.5
20.1
14.7
17.1
23.8

34.3
18.1
13.1
15.5
19.7

14.2
2.0
1.6
1.6
4.1

[31]. The area ratio of the prepared micropatterned monolayer is in accord with
that of the target value, i.e., the estimated area ratio of OTES/FHETES/AEAPDMS was 4/2/3.
The introduction of different organosilane component was also conﬁrmed by
the measurement of surface free energy. Table 1 shows the surface free energies of
uniform or micropatterned organosilane monolayers. The surface free energy was
calculated from the contact angles of water and methylene iodide based on
Owens and Wendt’s method [37]. In Table 1, gds and gps denote the dispersion and
polar components of surface free energy, respectively. The surface free energy of
the OTES/FHETES micropatterned surface is smaller than that of the OTES
monolayer surface; the decrease can be attributed to the ﬂuoroalkyl groups of
FHETES, which are known to decrease surface free energy. On the other hand,
the surface free energy, especially the hydrogen-bonding component ghs ; extensively increased after the grafting of AEAPDMS; this increase was attributed
to the relatively high polarity of amino groups introduced in the grafted
AEAPDMS monolayers [31]. Taken together with the SFM observation, this
stepwise change of surface free energy conﬁrmed that the three-component
organosilane surfaces had been micropatterned with highly hydrophobic, hydrophobic, and hydrophilic areas. Our patterning of three-component organosilane
monolayers is expected to be a useful template for immobilizing various organic
or inorganic materials on Si surfaces.
A laterally structured surface with different wetting properties may be
produced by various techniques such as microcontact printing [38], micromachining [39], photolithography [40], and vapor deposition [41]. If one phase of a
micropatterned surface has an afﬁnity towards a certain liquid, the surface can
be utilized as a template for local liquid condensation. A line-patterned highwettability contrast surface was prepared via the local photodecomposition of
an FHETMS monolayer. Fig. 11(a) shows FE-SEM image of FHETMS/Si–OH
patterned monolayer. Bright part corresponded to the bare Si–OH, which was
formed after VUV decomposition. The advantage of this method for anisotropic wetting study is that the height difference of the two phases is less than
2 nm and topographic effect on wettability can be ignored. The water droplet
formation on the micropatterned surface was directly observed with an environmental scanning electron microscope (ESEM) [33]. At ﬁrst, the ESEM
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Fig. 11. (a) FE-SEM image of FHETMS/Si–OH patterned monolayer and (b)
ESEM image of a water droplet on an FHETMS/Si–OH patterned monolayer after
exposure in water vapor at 273 K.

sample chamber was evacuated below the saturated vapor pressure (612 Pa) of
water at 273 K. Then, the sample surface was cooled to 273 K and the vapor
pressure of the ESEM sample chamber was increased to 700 Pa. Fig. 11(b)
shows the ESEM image of the water droplet on the surface of the FHETMS/Si–
OH patterned monolayer during the initial condensation process. The water
started to condense on the Si–OH part of the patterned surface. The size of the
water droplet and the number of water droplets increased until the droplets
coalesced in a line. Since water has large surface free energy compared with the
FHETMS phase, the water is more likely to condensate on the higher surface
free energy region. After the vapor pressure of the ESEM sample chamber was
raised to 1050 Pa, the water droplet started to bridge with droplets on the
adjacent line. Since the micropatterning surface can conﬁne liquid in distinct
micropatterned regions, the surface can be used for the local growth of a solution of functional molecules [42] or as a substrate for inkjet printing with
functional molecules [36, 43].

3. DEPENDENCE OF THE MOLECULAR AGGREGATION
STATE OF ORGANOSILANE MONOLAYERS ON
PREPARATION METHODS
The surface morphology of organosilane monolayer is strongly dependent on
their fabrication processes [34]. The surface morphology and thickness of the
organosilane monolayers were evaluated by AFM measurement. Fig. 12 shows
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Fig. 12. The AFM images of (a) the OTMS-CVA monolayer surface, (b) the OTS-S
monolayer surface, (c) the OTS-W monolayer surface, and the line proﬁles of the
white line part in the AFM images ((d) OTMS-CVA, (e) OTS-S, and (f) OTS-W).

the AFM images of (a) the OTMS monolayer surface prepared by the CVA
method (OTMS-CVA), (b) the OTS monolayer surface prepared by chemisorption method from solution phase (OTS-S), (c) OTS monolayer surface prepared
by water-cast method (OTS-W), and line proﬁles of the white line part in the
AFM images ((d) OTMS-CVA, (e) OTS-S, and (f) OTS-W). The AFM images
revealed that the OTMS monolayer possessed highly uniform surfaces
(RMSo0.2 nm), and that there were no domains and defects on the OTMS
monolayer. On the other hand, some crystalline domains of OTS molecules and
defects were observed on the OTS-S and OTS-W monolayer surfaces (OTS-S,
RMS ¼ 0.3–0.5 nm; OTS-W, RMS ¼ 0.2–0.4 nm). The thicknesses of the
monolayers estimated by the AFM observation of the micropatterned samples
were ca. 2.0, 2.1, and 2.3 nm for OTMS, OTS-S, and OTS-W, respectively.
The molecular aggregation state of the organosilane monolayers also depends on the difference of fabrication process [23, 34]. Fig. 13 shows the grazing
incident X-ray diffraction (GIXD) proﬁles of the organosilane monolayers: (a)
the OTMS-CVA, (b) the OTS-S, and (c) the OTS-W. In Fig. 13(a), no crystalline diffraction peak was observed, indicating that the octadecyl groups in the
OTMS monolayer were immobilized on the Si-wafer substrate in a disordered
state. On the other hand, crystalline diffraction peaks were observed at
qxy,max ¼ 14.9–15.2 nm1 in Figs. 13(b) and 14(c). In our previous reports [21],
ED of the OTS monolayer prepared by the LB method gave a (10) diffraction of
the hexagonal crystalline lattice with a 0.42 nm spacing. Furthermore, the (10)
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Fig. 13. Syncrotron GIXD proﬁles of the organosilane monolayers: (a) OTMSCVA, (b) OTS-S, and (c) OTS-W.

Fig. 14. The FT-IR spectra for the organosilane monolayers: (a) OTMS-CVA, (b)
OTS-S, and (c) OTS-W.

spacing of the OTS-W monolayer was smaller than that of OTS-S monolayer.
These results apparently indicate that the OTS molecules in the monolayer
prepared by the water-cast method are tightly packed in comparison with those
prepared by the chemisorption method.
The conformation of octadecyl groups in the organosilane monolayers was
investigated using FT-IR spectroscopy [34]. Fig. 14 illustrates the FT-IR spectra
for the organosilane monolayers: (a) the OTMS-CVA monolayer, (b) the OTS-S
monolayer, and (c) the OTS-W monolayer. The peaks observed at 2916.5–
2924.6, 2849.3–2855.5, and 2962.3–2963.4 cm1 were, respectively, assigned to
antisymmetric [na(CH2)], symmetric [ns(CH2)], and antisymmetric [na(CH3)]
bands for the alkylene chains and terminal methyl groups of OTS and OTMS
molecules [15, 21]. It has been reported that the peak positions of the na(CH2)
and ns(CH2) bands of the octadecyl groups in the hexagonal crystalline lattice are
observed at 2915–2918 and 2846–2850 cm1. They are also observed at greater
than 2921 and 2852 cm1 in the case of the amorphous alkylsilane monolayer,
which has molecular chains with gauche-rich conformation [9]. This suggested
that the gauche-rich conformation of octadecyl assembles in the OTMS-CVA
monolayer. On the other hand, Fig. 14(b) and (c) revealed that the OTS

210

T. Koga, A. Takahara

8.0 x 102 mV
3

2.0 x 10 mV
OTS-W

15 µm

15 µm

OTS-S
15 µm

15 µm
OTS-S

OTMS-CV A
0 µm

0 µm

Fig. 15. The LFM images of (a) OTMS-CVA/OTS-S and (b) OTS-S/OTS-W micropatterned monolayer surfaces in air at room temperature.

monolayers prepared by the chemisorption and the water-cast methods were in a
hexagonal crystalline state.
The relationship between the molecular aggregation state and the molecular
motion of the organosilane monolayers was investigated using LFM measurements [34]. Fig. 15 illustrates the LFM images of (a) the OTMS-CVA/OTS-S
and (b) the OTS-S/OTS-W micropatterned monolayer surfaces in the air at
room temperature. The LFM results indicate that the magnitude of the lateral
force corresponds to the packing density of the organosilane molecules. In one
of our previous studies, we revealed that the lateral force of the crystalline
alkylsilane domain in the crystalline/amorphous mixed alkylsilane monolayer
was larger than that of the amorphous alkylsilane matrix [15]. Since the alkylsilane monolayer was in an amorphous state at room temperature, its molecular motion was activated in comparison with crystalline monolayers. This
means that a smaller sheer force can cause molecular bending and/or a conformational change of alkyl chains in the amorphous monolayer. Thus, it is
considered that the lateral force of the OTMS-CVA monolayer with an amorphous state showed the smallest value.

4. APPLICATIONS OF ORGANOSILANE MONOLAYERS
4.1. Site-Specific Polymerization of Methacrylate Monomers
The patterned organosilane monolayers introducing organolsilane molecule
with a polymerization initiating unit are useful as template surfaces for sitespeciﬁc polymerization. Atom transfer radical polymerization (ATRP) unit was
immobilized as a monolayer component. Since ATRP is one of the most successful methods for polymerizing a variety of monomers in a controlled fashion
[44, 45], tailor-made surface topography is possible. Several reports have described the formation of polymer thin ﬁlm by the radical polymerization from
the immobilized ATRP initiator [46, 47].
Fig. 16 shows a schematic representation of a site-speciﬁc ATRP from a
micropatterned monolayer surface [47]. Prior to introducing the initiator for
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Fig. 16. The schematic representation of the site-speciﬁc ATRP from a micropatterned monolayer surface and AFM image of line-patterned PMMA ultrathin ﬁlm.

ATRP into the organosilane monolayer system, an AEAPDMS monolayer was
prepared on a Si-wafer substrate surface. The prepared surface terminated by
amino groups was treated with 2-bromoisobutyric acid in the presence of a
condensation agent. After the modiﬁcation, the water contact angle of the obtained surface increased from 631 to 691 due to the change of the surface functional groups. The introduction of the initiating unit was further conﬁrmed by
XPS measurement, in which the peaks attributed to Br and carbonyl carbon
were observed at 68 and 287.9 eV, respectively. The resulting surface was irradiated by VUV light through a photomask. The LFM image of the patterned
surface shows the presence of a pattern corresponding to the line width of the
photomask used.
Surface-initiated radical polymerization of methyl methacrylate (MMA)
was carried out in the presence of CuBr(I) and 4,40 -di-n-heptyl-2,20 -bipyridine in
anisole. In order to control the polymerization process, the corresponding initiator, ethyl 2-bromoisobutyrate, was also added for bulk polymerization. The
mixture was degassed, and argon was bubbled through the mixture for 20 min
to ensure that oxygen was removed completely. The mixture was heated at
363 K. After several hours, the polymerization solution was cooled to room
temperature to terminate the polymerization. The Si-wafer was immersed in
THF and rinsed with toluene to remove the adsorbed free poly(methyl methacrylate) (PMMA). The PMMA micropattern was observed by AFM. Fig. 16
also shows the AFM image of the line-patterned PMMA ultrathin ﬁlm. An
AFM image revealed that the site-speciﬁc polymerization of methacrylate
monomer occurred on the micropatterned surface of the ATRP initiator. The
height and width of the PMMA layer is ca. 6–10 nm and ca. 5 mm, respectively.
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The width estimated from the AFM image is in good agreement with the line
width of surface initiator micropatterns. The formation of a PMMA layer was
further conﬁrmed by XPS measurement, in which the characteristic peaks attributed to aliphatic carbon, the ether carbon, and carbonyl carbon were observed at 285, 286.5, and 288.8 eV, respectively.

4.2. Site-Specific Immobilization of Charged Microparticles
Two-dimensional alignment of micro- and nanoparticles on a substrate surface
might be a promising method for fabricating functional materials, since properties of micro- and nanoparticles can be tuned by controlling the size and
surface chemistry. Various attempts have been made at the site-speciﬁc immobilization of micro- and nanoparticles [48–50]. In this study, the micropatterned
organosilane monolayer with an aminosilane/ﬂuoroalkylsilane line pattern was
applied for a template surface for site-speciﬁc immobilization of negatively
charged microparticles.
FHETMS and AEAPDMS were used as surface modiﬁers for a Si-wafer
substrate. The AEAPDMS/FHETMS micropattern (line width, AEAPDMS/
FHETMS ¼ 2/4 (mm/mm)) was fabricated by a similar method as that used to
yield the multi-component organosilane monolayer. The Si-wafer substrate with
a micropatterned surface was then exposed to the 0.1 g L1 aqueous dispersed
solution of sulfonated polystyrene (PS) microparticles (diameter is ca. 200 nm,
Polyscience Co. Ltd.) at pH ca. 6.0 for 30 min. As shown in Fig. 19, the sitespeciﬁc immobilization of PS particles was successfully achieved on the micropatterned substrate surface. An AFM image shows that the layers consisting of
adsorbed PS microparticles are ca. 200 nm high and ca. 2 mm wide (Fig. 17). The
height and width estimated from the AFM image is in good agreement with the
diameter of PS microparticles and the line width of AEAPDMS micropatterns,
respectively. This result suggested that the sulfonated PS particles were adsorbed on the surface as a monolayer. The site-speciﬁc adsorption of PS particles onto the AEAPDMS-grafted surfaces was ascribed to the electrostatic
interaction between negatively charged sulfonic acid groups of PS particles and
positively charged amino groups of AEAPDMS-grafted surfaces.

4.3. Tribological Control
Recently, ultrathin organic thin ﬁlms attract attention as new ﬁlm lubricant [51].
Organosilane monolayer, which is one of the ultrathin ﬁlms, has been identiﬁed
as promising boundary lubricants. This is because organosilane molecules interact strongly with substrates and they are robust against solvent and temperature increase. Friction and wear tests of monolayers were carried out with a
conventional ball-on-disk type friction tester (SHINTO Scientiﬁc Co. Ltd.) in
air and tetradecane at 298 K. A 5.0 mm radius ball made of stainless steel was
slid on a disk. The friction coefﬁcient was determined by the distortion of a
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Fig. 17. The AFM image of the AEAPDMS/FHETMS monolayer after exposure
to the aqueous dispersion of sulfonated PS microparticles.

strain gauge attached to the arm of the tester and was recorded as a function of
time. The friction test was performed under the conditions of normal load 20 g
and scan rate 80 mm min1 at room temperature in air.
Fig. 18(a) shows the dynamic friction coefﬁcients of various organosilane
monolayers prepared by CVA method investigated by friction tester. All organosilane monolayers showed lower friction coefﬁcient than the unmodiﬁed Si-wafer
surface. The friction coefﬁcient had no distinct chain-length dependence among
the alkylsilane and ﬂuoroalkylsilane monolayers. Furthermore, alkylsilane monolayer with non-polar methyl group had the smallest friction coefﬁcient and aminosilane monolayer with polar amino group exhibited the highest among all. This
is because interaction between the stainless ball and monolayer with amino group
was stronger than those with other monolayers. It is considered that the nature of
the terminal functional group has a strong inﬂuence on friction coefﬁcient.
The bar graph in Fig. 18(b) shows the wear resistance of the alkylsilane and
ﬂuoroalkylsilane monolayers in air [51]. The vertical axis exhibits sliding cycles
when the friction coefﬁcient exceeds 0.3 (Si-wafer substrate’s friction coefﬁcient).
The organosilane monolayers with longer alkyl chains showed higher wear resistance than those with shorter chains. Since the intramolecular interaction
among alkyl chains increased with a chain length, the organosilane monolayers
with long alkyl chains showed strong wear resistance. The same experiment was
performed in tetradecane as a lubricant. Compared with the friction tests in air,
the friction coefﬁcient was slightly lower in the tetradecane lubricant, and the
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Fig. 18. (a) Friction coefﬁcient and (b) wear resistance of organosilane monolayers
prepared by CVA method.

Stainless-ball
DTMS(C12)

FOETMS(C8F17)

10µm

Parallel
Perpendicular

Fig. 19. Frictional direction of two-component micropatterned organosilane
monolayer.

frictional wear was much less than that in air. From these results, it can be
concluded that organosilane monolayers can exhibit excellent tribological performance.
In order to obtain further insight into the tribological properties of organosilane monolayers, the authors prepared two-component, microscopically
line-patterned organosilane monolayer of DTMS and FOETMS by a photolithographic process [51]. The difference in height between the DTMS and FOETMS
monolayers was less than 1 nm. The friction coefﬁcients of DTMS and FOETMS
monolayers were 0.09 and 0.15, respectively. The spherical stainless steel probe
was slid either parallel with or perpendicular to the direction of the line pattern
of the two-component monolayer, as shown in Fig. 19. The normal load and
scan rate were 20 g and 80 mm s1, respectively. The magnitude of the friction
coefﬁcient (0.1470.02) in perpendicular scanning was higher than that
(0.10470.005) in parallel scanning. In the case of parallel scanning, the contact
component of the stainless steel probe and monolayer surfaces was always
the same, hence there was no change in frictional behavior along the line.
With perpendicular scanning, on the other hand, the contact component periodically changed as the friction probe advanced. Therefore, it was speculated that
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resistance arose by the difference in surface free energy at the interface between
the DTMS and FOETMS monolayers. This was the ﬁrst observation of friction
force anisotropy originating from the surface chemical composition of a ﬂat
surface.

5. CONCLUSION
The organosilane monolayers prepared by the chemisorption and water-cast
methods were in hexagonal crystalline states. By contrast, the monolayer prepared by the CVA method was in an amorphous state. Patterned microfeatures
of organosilane monolayers were fabricated on the substrate by two different
methods. One of them utilizes the crystallization of binary component organosilane monolayer at the air/water interface. Another method utilizes the local
photodecomposition by VUV light and backﬁlling of the decomposed area by
chemisorption of organosilane monolayers. It was also revealed that micropatterned organosilane monolayers can be used as model surfaces with controlled,
area-selective surface natures, such as free energy, nanostructure, and chemical
composition.
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1. INTRODUCTION
‘‘Nano-technology’’, that is, a technique handling materials at nano-meter scale
is a trendy scientiﬁc ﬁeld and remarked as one of key sciences in the 21st century
[1,2]. Fabrication and characterization of the ‘‘nano-scaled materials’’ have
been investigated by many scientists, since this concept was proposed [3]. To
fabricate such materials, two classes of methods are available. The ﬁrst method
is the ‘‘top-down’’ approach, where bulk materials are fragmentized. Second, in
the ‘‘bottom-up’’ approach, characteristics of spontaneous organization of atoms and molecules are utilized. The latter method is called ‘‘self-assembly’’ and
advantageous to the construction of both small materials and large products [4].
One of the typical self-assemblies is colloidal metal, which is used since 17th
century [5]. Micelles of amphiphilic compounds in solutions, monolayers (Gibbs
adsorption and Langmuir monolayers) at air/water interface, and adsorbed or
transferred (Langmuir–Blodgett (LB)) ﬁlms on solid substrates have also been
extensively studied [6–8]. Monolayers of thiols on metal substrates are known as
typical ‘‘self-assembled monolayers (SAMs)’’ since 1980s [9]. Since the SAMs
are easy fabricated, thiol SAMs functionalized have been developed for many
applications in the ﬁelds of electronics, optics, and catalysis [10]. Along with
Corresponding author. E-mail: imae@nano.chem.nagoya-u.ac.jp
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SAM, conventional LB ﬁlms are also useful for some applications in the nanotechnology ﬁeld [11]. In this way, ‘‘self-assembling’’ can be deﬁned as not only
simple spontaneous aggregation but also functionalized organization.
Novel polymers, ‘‘dendrimers’’, were introduced as prospective materials in
1980s [12–15]. Unlike traditional polymers, dendrimers are monodisperse in
molecular mass, precisely designed in chemical structure and highly branched
in symmetric globular shape. That is, dendrimers are molecules organized in
themselves and have been widely investigated not only from the interest as the
basic science but also from the viewpoint of the application: Since the dendrimers are thermodynamically stable, they could be functionalized and utilized
as nano-capsules and nano-reactors [16,17]. Although dendrimers are useful by
themselves as isolated nanomaterials, they are also indispensable as building
blocks in self-assembling of higher order [18]. The self-assembled architectures
of dendrimers have been prepared in solutions [19], at air/water interfaces [20],
and on solid substrates [21]. On the preparation of dendrimer-based nanostructures through self-assembling approach, adsorption ﬁlms and SAMs of
dendrimers can be easily and preferably produced, since dendrimers have many
adsorption sites, that is, terminal groups in the periphery of their spherical
structure [22–24]. When terminals of dendrimers are substituted by hydrophobic
moieties, dendrimer ﬁlms can be fabricated by LB technique [25]. The selfassembled functional dendrimers on solid substrates are also valuable, because
they work on surface modiﬁcation [26, 27]. Among dendritic polymers denoted
by ‘‘dendrimers’’ or ‘‘dendrons’’, poly(amido amine) (PAMAM) and poly(propyleneimine) (PPI) dendrimers and dendrons are applicable to biochemical and
medical objects [28]. Such dendritic polymers function as aggregates in solutions
and ﬁlms at interfaces. Especially, thin ﬁlms of biocompatible dendritic polymers may be built in nanodevices and nanosensors for medical therapy [29].
Moreover, the functions of ﬁlms of dendritic polymers are enhanced and extended, when the dendritic polymers are hybridized. The hybridization is possible with not only organic platforms such as liquid crystals [30] and
macromolecular layers [31] but also inorganic scaffolds like clays [32] and
metal nanoparticles [33].
In the present chapter, the fabrication of monolayers of dendritic polymers
at air/water interfaces and on solid substrates is reviewed in Section 2. In Section 3, the hybrids of dendritic polymers with linear polymers at interfaces are
focused, and the hybrids with inorganic materials are introduced in Section 4.

2. HOMO-MONOLAYERS OF DENDRITIC POLYMERS
In respect to thin ﬁlms of dendritic polymers, many investigators have fabricated different types of ﬁlms such as multilayers of amine-terminated PAMAM
dendrimers on a silicon wafer [34], covalent attachment of amine-terminated
PAMAM dendrimers [35] and poly(iminopropane-1,3-diyl) dendrimers [36] on
thiol SAMs, self-assembled composite multilayer ﬁlms from amine- and
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carboxyl-terminated PAMAM dendrimers [21], mixed monolayers of amineterminated PAMAM dendrimers with alkylthiols on gold [37, 38], chemisorbed adlayers of dendron-thiols on gold [39–41], spread ﬁlms of carbosilane
dendrimers at air/water interface [42], monolayer ﬁlms of poly(benzyl ether)
monodendrons with oligo(ethylene glycol) tails [43], and ordered array of
metal-initiated self-assembly from terpyridyl-pendant dendrimers and bridging
ligands [44].
The adsorption at air/water interface is remarkable for amphiphilic dendritic polymers, as demonstrated by the decrease in surface tension [45]. Most
typical amphiphilic dendritic polymers consist of a dendritic head and a linear
polymer chain tail [43, 46–54]. Dendritic head may behave as hydrophilic or
hydrophobic moiety depending on the combination with linear polymer tail.
Spherical dendrimers, where terminal groups of one half moiety of a dendrimer
are hydrophilic and those of another half moiety are hydrophobic, are also
amphiphilic at air/water interface [16, 45, 46, 55–60]. These kinds of dendrimers
can form amphiphilic bilayer accumulation on solid substrates [18, 45, 59, 60].
Then the bilayers are composed of hydrophilic and hydrophobic halves of
dendrimers, while symmetric dendrimers cannot prepare the self-assembled ordered array on solid substrate. Another variation of amphiphiles is a core-shell
block dendrimer, where internal and peripheral moieties have different solvophilicity [25, 61–65]. Amphiphilic PAMAM dendrimers, which have their
terminal groups modiﬁed with 12-hydroxydodecanoic acid, take the ‘‘edge-on’’
conﬁguration in Langmuir ﬁlms and the column-like structure in LB ﬁlms [66].
PAMAM dendrimers attach 10,12-pentacosadiynoic acid to their terminal
groups to form a stable monolayer at air/water interface, where the compressed
monolayer is polymerized upon UV irradiation [67]. The perﬂuorinated dendritic polymers self-assemble on water subphase through the different mechanism from conventional amphiphiles, owing to the additional interaction of the
perﬂuorinated tails [68].
Adsorption of target molecules on solid substrates depends on the interaction of molecules with substrates. It is well known that molecules with siloxy
groups chemically interact with silicone or glass substrate and form uniform
SAMs. Correspondingly, thiol molecules preferably react with gold substrate.
Recently, SAM formation of carboxyl-terminated PAMAM dendrimer on gold
substrate was reported (Fig. 1) [69]. A 2.5th generation dendrimer displays
multilayers on adsorption processing, different from alkyl thiol SAM. Adlayer
thickness is highest at neutral pH and increases with dendrimer concentration in
solution. However, the adlayers are rinsed with solvent down to monolayer
thickness. This indicates that carboxyl-terminated derivatives of PAMAM
dendrimers can form SAMs on metal substrates. Since the stable SAMs are
resulted at whole pH region from acid to alkaline and at every dendrimer
concentration, these self-assembled dendrimer monolayers prepared by one-pot
method should be expected the utilization as functional ﬁlms. In this case, the
chemical species of carboxyl groups and the interactions between dendrimers or
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Fig. 1. (a) A chemical structure of a 2.5th generation carboxylic acid-terminated
poly(amido amine) (PAMAM) dendrimer. (b) Transmission surface enhanced infrared absorption spectra (SEIRAS) of dendrimer adlayers prepared at 30 min adsorption from aqueous solutions (0.01 wt.%) of a dendrimer at different pHs.
Numerical values are pHs of the solutions. (c) Adsorption–desorption proﬁles as a
function of time at different pHs and adlayer thicknesses at adsorption and desorption equilibrium as a function of pH for aqueous solutions (0.1 wt.%) of the
dendrimer. The symbols, m and k, in the top ﬁgure denote start of adsorption and
desorption, respectively. In the bottom ﬁgure, ﬁlled circle and opened square denote
adlayer thicknesses at adsorption and desorption equilibrium, respectively. The
dark tie denotes the calculated dendrimer size width. A solid curve is drawn to be
visual. (d) Schematic illustration of dendrimers adsorbed at different pHs. Reprinted with permission from Ref. [69], r 2006, American Scientiﬁc Publishers.
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between dendrimer and substrate in SAMs can be elucidated from infrared
absorption spectra.
Self-assemblies of carboxyl-terminated dendrons through multiple ionic
interaction were reported [70]: Dendrons form a compact and smooth molecular
layer on the aminosilylated surface on fused silica or silicon wafer. Monolayer
survives for 1–2 h in water at 100 1C or for 3 h at pH 4–10, indicating the strong
interaction of dendrons with substrate surface. The stability of adsorbate on
substrate was investigated for monolayer of dendrons with thiol terminals [71]:
The ﬁlms of dendrons with three and nine thiol groups were characterized on
gold surfaces. Although about 20 and 28%, respectively, of sulfur atoms terminated are free, the ﬁlms exhibit higher stability than octadecanethiolate
monolayers on gold upon heating in mediums. Similar characterization was
carried out with allyl-terminated carbosilane dendrons [72]. For the ﬁlms prepared by thermally induced hydrosilation on hydrogen-terminated silicon surfaces, the analytical results indicate the presence of roughly 20, 27, and 46% of
unreacted allyl groups for 3, 9, and 27 allyl groups, respectively, in dendrons. In
order to create stable reactive surface platforms on gold substrates, disulﬁdecored poly(propionic acid)-based dendrimers with acetonide-terminal groups
were synthesized [73]. Acetonide groups of dendrimers in SAM on gold substrates are hydrolyzed with subsequent formation of hydroxyl-terminated dendron SAM. This modiﬁcation provides an easy and fast way to control the
wettability of the surfaces.
Monolayers of dendritic polymers can be formed on SAM of functional
molecules: The protonated amine-terminated groups of PAMAM dendrimers
bind to carboxylate groups of 3-mercaptopropionic acid (MPA) SAM by the
electrostatic interaction [74, 75]. In this case, hydrogen bonding of amide groups
in PAMAM dendrimers with carboxyl groups in MPA SAM is also a motive
force of adsorption. Aggregation of carboxyl- and amine-terminated PAMAM
dendrimers was compared on naked and thiol-modiﬁed gold substrates [76].
Surface coverages of both dendrimers on the naked surface are almost half of
those on the thiol-modiﬁed surfaces, where the electrostatic interaction promotes the large coverage values, although the latter adsorption process is inﬂuenced by the solution pH. It may be noted that the main effect of thiol SAM
is a favorable lateral interaction between the adsorbed dendrimer molecules but
not an overall adsorption energy.
Langmuir ﬁlms prepared at air/water interface are transferred on solid
substrates and LB ﬁrms are constructed. The morphologies of the LB ﬁlms and
their molecular arrangements depend on the characters of hydrophilic and hydrophobic moieties of amphiphiles and the afﬁnity of the moieties to the substrates. Transition of molecular arrangement in LB ﬁlms of third generation
amphiphilic PAMAM dendrimers with dodecyl terminal groups was elucidated
[77]. The LB ﬁlms were transferred by horizontal lifting onto hydrophobic
silicon wafers and were devoted to their structural characterization. Since
silicon wafers are ahead treated (that is, oxidized) by an aqueous solution of
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ammonium biﬂuoride, their surfaces are hydrophilic, resulting in turning upside
down of dendrimers during the drying process. Then dendrimers on the substrate take an oblate shape, where hydrophilic core is preferably toward the
substrate and alkyl terminals trend selectively to air side.
The fullerene having unique structure is one of the most focused materials,
since it is applicable as electron acceptor, antioxidant, singlet oxygen sensitizer,
and so on. Primarily solvo-insoluble fullerene can be improved to be more
available, when it is hybridized with solvophilic moiety [78, 79]. However, the
monolayer of fullerene derivatives with dendritic moiety is rarely investigated.
The fullerodendrons were synthesized by reacting fullerenes to anthracenyl focal
points of methyl ester-terminated PAMAM dendrons, and their ﬁlms were
fabricated (Fig. 2) [80]. Although dendrons of 0.5th, 1.5th, and 2.5th generations are randomly oriented in the adsorbed ﬁrms, the LB ﬁlms of 0.5th and
1.5th generation dendrons take a well-ordered four-layer structure, which consists of a bilayer of fullerodendrons and allows fullerene moieties to exist in the
interior of the LB ﬁlms. By contrast, the LB ﬁlm of 2.5th generation molecule is
in a two-layer structure, where the fullerene moieties are at air side and the
dendron moieties are at substrate side. This is a result of the competition
between the amphiphilicity of fullerodendron and the fullerene–fullerene
attractive interaction. These effects bring monolayer or bilayer formation of
fullerodendrons, that is, two-dimensional arrays of fullerene moieties: One is
sandwiched by layers of dendron moieties and other is exposed on a layer of
dendron moieties. Such difference in two-dimensional arrays of fullerodendrons
may play a key role in bringing about changes on the electrochemical and
photoelectrochemical properties of the arrays and their availabilities as microsensors and optoelectronic devices.
The difference between LB ﬁlms and adsorption ﬁlms in morphology and
molecular arrangement was revealed in a case of poly(phenylene sulﬁde) dendrimers and dendrons [81]. Unlike PAMAM dendrimers, since poly(phenylene
sulﬁde) dendrimers have a rigid skeleton, the face-to-face stacking between them
is assumed. In fact, multilayers exist in the LB ﬁlms of poly(phenylene sulﬁde)
dendrimers as a result of accumulation and aggregation of molecular layers,
where molecules are oriented perpendicular to the substrate, that is, with ‘‘edge
on’’ conﬁguration. Carboxyl-focal dendrons take a domain (or aggregate)
structure in the LB ﬁlms, owing to the face-to-face interaction of dendron
moieties and the amphiphilicity of the dendron. By contrast, adsorption ﬁlms of
these dendritic polymers are fundamentally monolayer, where the dendrimer
molecules are tilted and the self-assembled in-plane ordering of the dendrons is
promoted by thermo-annealing, as seen in Fig. 3(a).
The ﬁlms consisting of poly(benzylether) dendrons are comparably different from those of poly(phenylene sulﬁde) dendrons. Second generation
poly(benzylether) dendrons with an amine-focal point form uniform ﬁlms
after adsorption at room temperature, and the thermo-annealing results only
in the increased roughness of the surface (Fig. 3(b)) [82]. SAMs were also
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Fig. 2. Preparation schemes, X-ray reﬂectivity curves, and depth proﬁles of n generation methylether-terminated fullerodendron (C60(Gn-COOMe)) ﬁlms, and schematic illustrations of molecular arrangements in the ﬁlms. (a) Adsorption ﬁlm of
C60(G2.5-COOMe); (b) LB ﬁlms of C60(G1.5-COOMe) and C60(G2.5-COOMe).
Reprinted with permission from Ref. [80], r 2005, American Chemical Society.

fabricated by thiol-focal poly(benzylether) dendrons at room temperature [41].
The size of ordered region of monolayer increases after annealing for about 4 h
at 70 1C. The LB ﬁlms of second generation poly(benzyloxy) dendrons with a
carboxylic acid focal point display discotic monolayer domains, and the
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Fig. 3. Atomic force microscopic images of adsorption ﬁlms of second generation
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poly(phenylene sulﬁde) dendron. Reprinted with permission from Ref. [81],
r 2005, The Society of Polymer Science, Japan. (b) Amine-focal poly(benzylether)
dendron. Reprinted from Ref. [82]. Schematic illustration of molecular arrangements on substrates is included in (a).

homogeneity and ﬂattening increase with increasing generation, depending on
the increase in surface coverage [83], although the stability and reversibility of
the Langmuir monolayers at air/water interface decrease with generation [84].
Anyhow, the formation of multilayer aggregation or accumulation in the ﬁlms
of poly(benzylether) dendrons is not found, different from a case of poly(phenylene sulﬁde) dendrons as described above. It can be assumed that this
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difference comes from the strong p–p stacking interaction between poly(phenylene sulﬁde) dendrons because of the restricted conﬁguration of the dendron
[81]. The difference in the p–p stacking interaction may be relative to the crystallinity of two dendrons.
Dendrons attached as side chains on linear polymer chains behave different
from free dendrimers and dendrons. Block copolymers, poly(3,5-bis(3,5-bis
(benzyloxy)benzyloxy)-benzyl methacrylate-random-methacrylic acid)-blockpoly(2-perﬂuorooctylethyl acrylate), possess poly(benzylether) dendrons and
perﬂuorinated alkyl chains in their side chains (Fig. 4) [85]. While an LB
ﬁlm of a copolymer with a medium substitution fraction of poly(benzylether)
dendron side chain in poly(methacrylic acid) displays ﬂat surface, a copolymer
with high fraction of poly(benzylether) dendron side chains produces the
zone texture. Dendron rich blocks are hydrophobic and oleophilic but perﬂuorinated blocks are solvophobic. Therefore, in this case, the ‘‘solvophobicityto-solvophilicity balance’’ must be considered. As a result, copolymers with
medium fraction of dendron are laid on solid substrate, but dendron blocks
of copolymers with high fraction prefer to arrange at air side of air/
water interface and the ﬂuorocarbon blocks are enforced to exist close to water subphase, resulting in the zone texture [86]. These situations of molecular
arrangements at air/water interface are kept even after transfer on solid
substrate. By contrast, when perﬂuorooctadecanoic acids are mixed with
block copolymers with high dendron fraction, the ﬂat monolayers are visualized as terrace [87]. The monolayers are hierarchized into carboxyl, perﬂuoroalkyl, and dendron layers, that is, hydrophilic, solvophobic, and
oleophilic layers. In this case, perﬂuorooctadecanoic acids play a role for ordering of block copolymers.

3. HYBRID-MONOLAYERS OF DENDRITIC POLYMERS
WITH LINEAR POLYMERS
The interaction of biomacromolecules with surfactant micelles and dendrimers
is focused with the aim of clariﬁcation of vital functions and as the mimetic
processing of native organisms. Especially, the mimetic processing is developed
with backing from the recent breakthrough nano-technology. The complexation
of biomacromolecule, DNA, with dendrimers is energetically carried out because of the applicability to the producible intravenous gene delivery [88–100].
Biocompatible complexation of sodium hyaluronate (NaHA) and PAMAM
dendrimer has also been performed [101]. One of the driving forces on complexation of anionic polyelectrolytes and cationic dendrimers at alkaline condition is the electrostatic interaction. Such interaction is possible between
anions of linear polymers and protonated amine groups of PAMAM dendrimers. The electrostatic complexation of linear polyelectrolytes with dendrimers in
solutions is also investigated between anionic sodium poly-L-glutamates
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(NaPGA) and amine-terminated PAMAM dendrimers [102–105]. The ﬂexible
NaPGAs are possible to interact not only with protonated primary amines in
the periphery of a dendrimer but also with tertiary amines in its interior. Opposite combination of the complex, which is stimulated by the electrostatic
interaction, was formed between cationic synthetic polyelectrolyte, poly(diallyldimethylammonium chloride), and anionic carboxyl-terminated PAMAM
dendrimers [106–109].
By contrast, there are fewer reports for the complexation of linear polymers
and dendrimers at interface, despite demands of technology on molecular recognition devices and sensing. Adsorption reactions on dendrimer SAMs were
carried out by immersing PAMAM dendrimer SAMs into aqueous solutions of
polyelectrolytes [24, 110]. With lowering pH, C ¼ O(COOH) and C–OH stretching absorption bands of NaPGA and NaHA are intensiﬁed differently from
characteristic infrared absorption bands of PAMAM dendrimers, indicating
the increase in amount of adsorbed polymers (see surface enhanced infrared
absorption spectra (SEIRAS) in Fig. 5). Additionally, characteristic amide I
and II bands of NaPGA and NaHA are also observed at acidic condition.
At pHs higher than pKa (9.20 and 6.65, respectively [105]) of primary and
tertiary amines of a PAMAM dendrimer, almost of NaPGAs and NaHAs
prefer to be free in solution rather than to be localized near the surface of
dendrimer SAMs because of the high solubility of polyelectrolytes. If pHs
are lowered below pKa of amines of a dendrimer, negatively charged moieties
of linear polyelectrolytes electrostatically interact with protonated amines on
dendrimer SAMs. However, at pHs lower than pKa [105] of linear polymers,
COOH moieties of linear polymers must interact through the hydrogen bonding
with protonated amines of dendrimer SAMs. Adsorption of NaHAs at acidic
condition (pH 2.5) increases with increasing concentrations of NaHA from
0.02 to 0.04 wt.%, but there is no increase of adsorption at concentrations
above 0.04 wt.%, suggesting the saturation in the adsorption of NaHA on
dendrimer SAM.
In adsorption reactions of DNA from aqueous solutions on PAMAM
dendrimer SAMs, less amount of DNA are adsorbed on dendrimer SAMs at pH
higher than 7, and the amount of adsorbed DNA increases with lowering pH, as
seen from detectable intensity of characteristic SEIRA bands (for example,
P ¼ O and C ¼ O(base) stretching bands) of DNA (Fig. 5) [110]. At pH region of
7–9, only primary amines of a dendrimer are protonated, and DNA is
adsorbed electrostatically on the surface of dendrimer SAMs. By contrast,
since tertiary amines of a dendrimer are also protonated at lower pH, electrostatical binding of DNA is possible even with tertiary amines in the interior
of a dendrimer, besides with primary amines at the periphery of a dendrimer,
indicating the increased adsorption of DNA on dendrimer SAMs with decreasing pH. Such penetration of DNA into a dendrimer is possible, when DNA
is denaturated. It is known that an UV–vis absorption band of DNA at
258.8 nm becomes stronger, without band shift, with increasing denaturation
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Fig. 5. (Left) SEIRAS of NaHA and DNA on PAMAM dendrimer SAMs after
adsorption for 30 min from aqueous solutions. Dendrimer SAMs were prepared by
the amide bond formation of dendrimers with active ester groups of 3-mercaptopropionic acid (MPA) SAMs on CaF2 substrates. Infrared absorption spectra of
NaHA, DNA, and PAMAM dendrimer are also included. (Right) Schematic illustration of the interactions between polyelectrolytes and dendrimer SAMs. Reprinted from Ref. [110].

231

Homo- and Hybrid-Monolayers of Dendritic Polymers

Sodium poly-Lglutamate (NaPGA)

15

pH 4.10 (17.03nm)

10
5
pH 9.27 (4.32 nm)

0
-5

0

1000

2000 3000
Time / sec

4000

Sodium hyaluronate
(NaHA)

20
15

DNA
Film thickness / nm

20

Film thickness / nm

Film thickness / nm

degree of DNA. Then the denaturation degree of DNA (0.0023 wt.%) in an
aqueous solution evaluated from the decrease of band intensity is 60% at pH 3
and 47% at pH 4–9 [110]. This indicates that about half of DNA strands
become single stranded or slackened in water due to the break of basepair hydrogen bonds. Single-stranded portions of DNA chains are easily penetrated into dendrimer interior. The saturation of adsorption is reached at
0.02 wt.% for DNA at two pHs (7 and 4.8), different from the case of
adsorption of NaHA.
The quantitative difference in adsorption behavior of linear polymers between alkaline and acidic conditions can be veriﬁed from surface plasmon resonance (SPR) results [111]. As seen in Fig. 6, the adsorption kinetics change
along any proﬁle of rapid saturation, gradual increase after rapid increase or
gradual increase, depending on the type of linear polymers. The equilibrium of
adsorption is reached faster for NaPGA and NaHA than for DNA. However,
the ﬁlm at equilibrium is thicker at acidic condition than at alkaline condition.
The quantitative estimation of adsorption of DNA on dendrimer SAMs can be
also carried out from the intensity increase of a UV–vis absorption band at
258.8 nm [110].
Desorption reaction in water at different pHs on polyelectrolyte-adsorbed
PAMAM dendrimer SAM substrates was followed up with SEIRAS (Fig. 7)
[24, 110]. The characteristic amide I and II bands of NaPGA, a C–OH band of
NaHA and DNA, and a P ¼ O band of DNA decrease with increasing pH of
immersion water. The desorption is almost done within initial 30 min but proceeds slowly with time till overnight and, in all cases, the desorption reaction
runs down, when the adsorbed molecules decrease down to the amount adsorbed at each pH. Namely, it can be remarked that the adsorption/desorption
processes are reversible. Moreover, the present dendrimer SAMs have an advantage to be reusable for the adsorption/desorption reactions. In the case of
the desorption reaction at pH 9.08 on a DNA-adsorbed PAMAM dendrimer
SAM substrates, DNA on a substrate prepared at pH 3.04 does not achieve the
adsorption amount at the adsorption reaction at the same pH, owing to the
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Fig. 6. Time dependence of ﬁlm thicknesses of polyelectrolytes adsorbed on dendrimer SAMs. Concentrations of polyelectrolytes are 0.04 wt.% for NaPGA and
NaHA and 0.02 wt.% for DNA. Numerical values in blankets after pH values
denote the ﬁlm thicknesses at absorption equilibrium. Reprinted from Ref. [111].
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Fig. 7. (Top) SEIRAS after desorption process of NaHA and DNA adsorbed on
PAMAM dendrimer SAMs. (Bottom) Schematic illustration of the amounts of
adsorbate on the adsorption and desorption processes. Reprinted from Ref. [110].

unreproducible denaturation of DNA. In other words, denaturated DNA is
tightly bound to PAMAM dendrimer, and thus the desorption reaction is irreversibly accomplished.
The selective interaction of polyelectrolytes and dendrimers can be intelligibly examined using patterned substrates. On SAM of n-octadecyltrimethoxysilane (ODS) prepared on a silicon substrate, alkyl groups are
oxidized to carboxyl groups by partial irradiation of vacuum ultra-violet light
under the photo mask, producing the COOH/ODS line pattern (Fig. 8(a)) [112].
After the active esteriﬁcation of carboxyl groups by using coupling reagents,
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC) and
N-hydroxy succinimide (NHS), NH2-terminated dendrimers are immobilized
on a COOH pattern through amide bond. The fabrication process of photolithographic PAMAM dendrimer/ODS pattern can be certiﬁed by an atomic
force microscopy (AFM), as seen in Fig. 8(a). Irradiated lines are lower than
the original ODS surface and the same situation is maintained even after the
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Fig. 8. (a) Schematic illustration of photolithographic formation of poly(propyleneimine) (PPI) dendrimer/n-octadecyltrimethyoxysilane (ODS) patterns and AFM
images with section analyses at reaction steps. (b) Schematic illustration of adsorption process and AFM images before and after adsorption of NaPGA on
PAMAM dendrimer/ODS patterns. Reprinted with permission from Ref. [112],
r 2005, American Scientiﬁc Publishers.
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esteriﬁcation. However, after the fabrication of dendrimers, the irradiated lines
are heightened more than the ODS lines because of the increased thickness by
immobilized dendrimers.
The prepared patterns were used for the selective adsorption of polyelectrolytes (Fig. 8(b)) [112]. At acidic condition, anionic polyelectrolytes described
above interact with cationic PAMAM dendrimers through hydrogen bonding
(for NaPGA at pH 4.21) or electrostatic interaction (for NaHA at pH 3.82 and
DNA at 4.15). Then the heights of dendrimer lines increase 3–20 nm, indicating
the selective adsorption of polyelectrolytes on dendrimer SAM lines. Focusing
is that the rod-shape texture is observed on an AFM image of the dendrimer
lines in a PGA-adsorbed dendrimer/ODS pattern. This texture is an aggregate
of a-helical PGA, because the adsorption of PGA was carried out at a pH below
a-helix random-coil transition. Similar characteristic textures are not observed
on the adsorption of HA and DNA.
There are some reports of hierarchically patterned monolayer structures,
where dendrimers are one of the building blocks or units. Dendrimers were
interacted with gold ions and chemically bonded on a plasma-treated substrate
[113]. Then, the photo-masked substrate was irradiated by UV light, resulting in
dendrimer+gold nanoparticle patterns. The pattern of amine-terminated
PAMAM dendrimer (fourth generation) was also prepared by the microcontact printing method where the patterned stamp was utilized [114]. The stable
multilayered pattern structure was prepared at a high concentration of dendrimer ink. The guest, palladium ion, was adsorbed on the host, dendrimer on
pattern, which was prepared by the contact printing method [115]. The pattern
was used as the nucleation core on the formation of metal cobalt pattern.
Dendrimers encapsulating gold nanoparticles were selectively accumulated on
hydrophilic stripe of amphiphilic SAM patterns on the printed substrate [116].
Amine-terminated PAMAM dendrimers were immobilized via amide linkage on
a carboxyl-terminated thiol SAM on gold surfaces [117]. Patterning was
achieved by microcontact printing and dip pen nanolithography. The patterns
possess high degree of order and stability.

4. HYBRID-MONOLAYERS OF DENDRITIC POLYMERS
WITH INORGANIC NANOPARTICLES
Metal nanoparticles have been used for many applications because of their
unique characteristics, even before they were visualized as small particles of
nano-meter order by using a transmission electron microscope [118]. For example, colored glasses, which gained in popularity in medieval times, contain
nanoparticles of noble metals. These colors originate from the SPR of metal
nanoparticles, which is the resonance phenomenon of surface electron density
wave with incident light wave at the metal surface [119]. Since this resonance is
sensitive to the dielectric constant of surrounding media, the phenomenon has
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an advantage as sensors [120]. Furthermore, this phenomenon is also effective
to enhance photoreactions, since nanoparticles accumulate the energy of photons [121–124]. Nanoparticles are valuable not only in photonics but also in
many ﬁelds of science. In electronics, nanoparticles can be used as ‘‘quantum
dots’’, which behave quantum theoretically: Memory effects using nanoparticles
(quantum dots) have been reported [125]. In chemistry, nanoparticles are activated and used as catalysts, even though they are made of inactive materials
like gold [126].
For these applications, nanoparticles and their aggregates should be designed in preferable structures and arrangements. Up to date, some shape-control
methods [127, 128] and organization techniques [129–133] of nanoparticles have
been reported. For organizing nanoparticles to the desirable arrangements,
scaffold materials are widely utilized. The scaffolds are divided into two types.
The ﬁrst one is a protector, which prevents the undesired aggregation of nanoparticles and maintains a constant interparticle distance. It follows that nanoparticles and protectors take spontaneously crystalline arrays [134–137]. Alkyl
thiols, fatty acids, and alkyl amines are typically used as protectors [138, 139].
The other is a template. Binding sites in the template for nanoparticles are
patterned on a substrate and nanoparticles are adsorbed along the pattern [140].
The patterning at sub-micrometer order is generally carried out by lithography
[141]. To obtain smaller patterned arrangements, the templates should be
prepared by self-assembly. Dendrimers are stable and have possible binding sites
in the molecules, and their sizes (nm order) are convenable. Thus they could be
ideal templates. The combination of characteristic materials, dendrimers and
nanoparticles, should be useful in terms of practicality. Therefore, the investigation of dendrimer/nanoparticle hybrids with ordered arrangements is still in
progress.
Concerning the investigation on the hybridization of dendrimers with
nanoparticles and on the structures of the prepared bifunctional hybrid ﬁlms,
dendrimers possessing an azacrown core and long alkyl chain (hexylene) spacers
were newly designed for the fabrication of the hybrid ﬁlms [142]. Amine-terminated (second and third generations (G2, G3)) homologs of this dendrimer in
a methanol solution are adsorbed onto the gold surface and MPA SAM [143].
Especially, the MPA SAM strongly interacts with the dendrimers via electrostatic interaction between carboxyl groups of MPA and amine groups of dendrimer. While G3 dendrimer has perpendicular molecular axis to the substrate,
G2 dendrimer changes its globule conformation to oblate one and rearranges to
the prolately oriented one during the adsorption onto MPA SAM. Such conformational change of dendrimer adsorbed has not been discussed deeply in
prior reports. By contrast, methyl ester-terminated dendrimers (1.5th and 2.5th
generations (G1.5, G2.5)) are hardly adsorbed onto MPA SAMs. Although
minor amount of G1.5 dendrimers can interact with the substrate via the electrostatic interaction of azacrown in the dendrimer with horizontal molecular
axis to the substrate, G2.5 dendrimer is scarcely detected on the substrate. The
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terminal ester groups hide the interior binding sites of the dendrimer, and
the dendrimer of higher generation has disadvantage for adsorption. Thus, the
different efﬁciencies between terminal and interior groups of dendrimers were
clariﬁed for adsorption on the metal surface or SAM. Now, it is required that
the conformation of dendrimers should be controlled in order to hybridize
effectively at interface.
An adsorption behavior of nanoparticles to the Langmuir ﬁlms of dendrimers was examined at air/water interface, by using water-insoluble dendrimers
with azacrown core and hydrophobic terminal groups, with expectation of interaction with nanoparticles dispersed in water subphase [144]. First, to control
the conformation of methyl ester-terminated dendrimers, G1.5 and G2.5 dendrimers were spread on water subphase. The dendrimers take the ‘‘face-on’’
conﬁguration and form small circular domains at air/water interface. When the
aqueous subphase contains silver nanoparticles protected with MPA, the Langmuir ﬁlm of G1.5 dendrimer is reinforced by hybridization with silver nanoparticles. By contrast, the ﬁlm of G2.5 dendrimer is not strengthened in the
presence of silver nanoparticles. From the plasmon band variation and electron
microscopic image, it is clariﬁed that the silver nanoparticles are adsorbed onto
both G1.5 and G2.5 dendrimer ﬁlms. After ﬁlm-collapsing by compression, the
hybrid ﬁlm of G1.5 dendrimer arises cracks at the interface, while G2.5 dendrimers in the ﬁlm produces water-dispersible aggregates with nanoparticles. This
difference suggests that the structures of hybrid ﬁlms are not the same. The
adsorption property of G1.5 dendrimer is weaker than that of G2.5 dendrimer
because of the less number of binding sites per dendrimer molecule. Therefore,
the structure of dendrimers could be controlled to preferable one for hybridization with nanoparticles at air/water interface.
Fabrication of monolayer of metal nanoparticles was carried out at air/
water interface with aid of Langmuir ﬁlms of octyl-terminated amphiphilic
PAMAM dendrimers, and the effect of terminal groups of dendrimer for the
structures of hybrid ﬁlms was discussed (Figs. 9 and 10) [145]. The gold nanoparticles in the subphase are adsorbed to dendrimers in the Langmuir ﬁlm to
form a monolayer with hexagonal lattice ordering. Several dendrimers are
bound only on the upper-half surface of a gold nanoparticle at air/water interface. The dendrimer used is characterized by azacrown core, hexylene spacers, and terminal octyl groups. In the interaction of dendrimers with gold
nanoparticles, the azacrown core is an effective binding site, the ﬂexible hexylene spacers allow dendrimers to take favorable conformation, and the terminal octyl groups stimulate two-dimensional ordering of dendrimer/gold
nanoparticle composites through their hydrophobic interaction. This method
using dendrimer template is valuable to obtain new type of hybrid ﬁlms of metal
nanoparticles, and this is a unique case of dendrimer template technique. In the
obtained ﬁlm, the half surface of a nanoparticle is lapped by functional dendrimers, and the other half is bare active metal. Such bifunctional surfaces could
be independently used on some purposes.
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Fig. 9. (a) A chemical structure and a ‘‘face-on’’ conﬁguration of a 1.5th generation
azacrown-core PAMAM dendrimer with hexyl spacers, surface pressure–molecular
area isothermal curves of the dendrimer on water and gold-nanoparticle (Au-NP)
suspension subphases, and a TEM image of Au-NP-adsorbed LB ﬁlm. (b) Schematic illustration of neutron and X-ray reﬂectivity measurement systems at air/
subphase interface and on silicon substrate, respectively. (c) (Left) Depth vs. scattering length density (SLD) proﬁles of dendrimer/Au-NP hybrid Langmuir ﬁlm
(black) and D2O and Au-NP suspension subphases (red); (right) depth vs. density
proﬁle of its LB ﬁlm. Dendrimer and Au-NP regions are illustrated with a corresponding model. Reprinted with permission from Ref. [145], r 2006, American
Chemical Society.
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Fig. 10. Schematic illustration of the formation of dendrimer/Au-NP hybrid ﬁlms
via hybridization at air/suspension interface and transfer to the solid substrate.
Reprinted with permission from Ref. [145], r 2006, American Chemical Society.

5. CONCLUSION
Dendrimers consist of dendritic branches, and high generation homologs have
dense peripheral functional groups and inner voids. These structural characters
give advantages over the uptake of the volatile organic compounds (VOCs) and
the size selectivity of guest molecules. Moreover, peripheral functional groups
stimulate the strong (multiple) interaction and afﬁnity with the substrates. This
indicates the advantage of dendritic polymers as building blocks. Even if parts
of functional terminal groups are used for anchoring on substrates, the residual
terminal groups are active as functional sites. Then internal voids are operative
as reservoirs of guest molecules. How dendritic polymers are suitable for usage
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to chemical sensing systems is reviewed [146]. It is possible to apply dendrimers
for making different types of surface acoustic waves (SAWs). On PAMAM
dendrimer-modiﬁed SAW devices, the response for dosing of VOCs depends on
the chemical structure and character of VOCs, indicating the molecular recognition by dendrimers.
As one of applications of dendrimer SAMs, the deposition of nanostructures was carried out [147]. On the dendron thiol SAM as an underlying surface, gold nanostructures were electrodeposited. Then the size and
shape of nanostructures can be controlled by the deposition time and potential.
By the surface modiﬁcation of gold nanostructures with n-dodecanethiol or
11-mercaptoundecanol, the surfaces with the superhydrophobic (water contact
angle: about 1551) or superhydrophilic (water contact angle: about 01) properties, respectively, are created. Moreover, pH-responsive surface can be prepared
by reacting 2-(11-mercaptoundecanamido)benzoic acid on the surface of gold
nanostructures. It is expected that this series of researches offer the route for
fabrication of nanostructured functional materials with the use of dendrimer
SAMs.
Surface of gold electrodes was modiﬁed with thiol SAM and further reacted
with PAMAM dendrimers by electrostatic interaction [148]. Then, Prussian
Blue (PB) was anchored on the surface of electrodes. The surface coverage of
PB at acidic condition is improved on the dendrimer-modiﬁed electrodes as
compared with that on naked electrodes. Moreover, the stability of electrodes at
neutral pH increases on dendrimer-modiﬁed electrodes, while PB ﬁlm is not
formed on naked electrodes at the condition of neutral pH. It is suggested that,
in the stable PB-dendrimer composite ﬁlms prepared on thiolated gold electrode
surfaces, the uptake of PB takes place inside the dendrimer and PB molecules
retain their electrocatalytic properties for the electro-oxidation due to the permeability and hosting properties of dendrimer.
Many scientists, who go for the application of dendrimer architectures, pay
attention to the biological purposes like antigen–antibody reaction, biomacromolecule-detection sensing (or chips), and so on. The investigation of protein–
ligand (avidin–biotin) interactions was carried out on SAMs of fourth generation PAMAM dendrimer fabricated on 11-mercaptoundecanoic acid SAM
[149]. The speciﬁc binding of avidin to the fully biotinylated dendrimer monolayers is about 80% of the maximum binding. It is implied that the efﬁcient
avidin–biotin interaction on dendrimer monolayers originates from surface exposure of biotin ligands and corrugation of surface. The chemical (covalent)
immobilization of DNA and protein on dendrimer-functionalized SAM was
carried out [150]. Amine-terminated PAMAM dendrimers supported by aminoundecanethiol SAMs on gold substrates were used as intermediate layers, and
biomolecular sensing layers were fabricated. It is found that sensor surfaces
containing dendrimer layers display an increased capacity of protein immobilization in comparison with those without dendrimer. This dendrimer-based
surfaces are sensitive speciﬁc detectors of DNA–DNA interaction and display
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high stability for repeated reuses. The fabrication of dendrimer-mediated sensors will contribute to the development of biosensing devices.
The application of dendrimer-activated surface as a protein chip was carried out [151]. Amine-terminated PPI dendrimers are immobilized onto silicon
and glass surfaces using coupling procedure. The amine content on dendrimercoated surfaces increases with increasing dendrimer generation higher than the
third generation. Simultaneously, the concentration of immobilized proteins and
the activity of immobilized alkaline phosphatase also rise. The high activity of
immobilized proteins is indispensable in the application of functional surface as a
protein chip. Stable and uniform SAM of hydroxyl-terminated dendron thiol was
prepared on gold substrate, and the subsequent derivation of activated monolayer was performed via bridging reactions with amine-terminated dendrimers
[152]. Then the stability, reactivity, and versatility of the prepared surface are
enhanced. This biosensitive surface is useful in the immobilization of biological
macromolecules for the fabrication of DNA microarrays and protein chips.
With a view of applying to biomolecular recognition and biosensing array
technologies, the patterned platforms consisting of functional groups with high
density and the hierarchical structures distinctly controlled are strongly demanded in late years. The dendrimer-mediated surfaces are on a way to them.
The further development of monolayer surfaces including dendrimer SAMs is
expected and in progress.

REFERENCES
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]

A. Hullmann and M. Meyer, Sciencometrocs, 58 (2003) 507.
K. Havancsak, Mater. Sci., 414 (2003) 85.
A. Franks, J. Phys. E, 20 (1987) 1442.
N. Kimizuka, Curr. Opin. Chem. Biol., 7 (2003) 702.
H. Siedentopf and R. Zsigmondy, Ann. Physik., 10 (1903) 1.
J. W. McBain, Trans. Faraday Soc., 9 (1913) 99.
K. B. Blodgett, J. Am. Chem. Soc., 56 (1934) 495.
D. K. Schwartz, Surf. Sci. Rep., 27 (1997) 245.
C. D. Bain and G. W. Whitesides, Science, 240 (1988) 62.
J. J. Gooding, F. Mearns, W. Yang and J. Liu, Electroanalysis, 15 (2003) 81.
O. Albrecht, K. Sakai, K. Takimoto, H. Matsuda, K. Eguchi and T. Nakagiri,
Adv. Chem. Ser., 240 (1994) 341.
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Chapter 10

Infrared Reﬂection Absorption Spectroscopy
of Monolayers at the Air–Water Interface
Jiayin Zheng, Roger M. Leblanc
Department of Chemistry, University of Miami, 1301 Memorial Drive, Coral Gables,
FL 33124-0431, USA

1. INTRODUCTION
There has been considerable interest in the characterization of the conformation
and orientation of amphiphilic molecules in Langmuir monolayers in the past
few decades [1–5]. Monolayers at the air–water interface are widely employed as
convenient experimental paradigms that mimic many vital biological processes.
The advantages realized when using monolayers as models for biological interfaces arise primarily from the ease with which experimental variables may be
manipulated. These include parameters that are not readily controlled in bulk
phases or in ﬁlms prepared on solid substrates, such as lateral pressure, surface
area, and domain size and shape [6].
The acquisition of structural information from Langmuir ﬁlms began in the
mid-1980s, with the application of epiﬂuorescence microscopy to study domain
formation and the application of X-ray reﬂection and diffraction to study molecular orientation [7–11]. Since then, a variety of methods have been employed
to evaluate the physical state of monolayer ﬁlms. For example, Brewster angle
microscopy was applied to study the topography of molecules at the air–water
interface [12–15]. Techniques used for the characterization of Langmuir ﬁlms
also include surface pressure–area isotherms from which phase transitions, limiting molecular area and packing densities, can be obtained [3,16–18]. Moreover,
surface potential–area isotherms contain information about ﬁlm homogeneity
and data about orientation of the molecules and molecular groups [16,19].
Corresponding author. E-mail: rml@miami.edu
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Ellipsometry and nonlinear optics have proven their sensitivity in studying
monolayer thickness and molecular orientation, but generally the anisotropic
nature of the interface makes results rather difﬁcult to interpret [20–22]. In many
cases, these methods were limited in their potential to supply information about
biophysical issues such as head group structure, enzyme secondary structure, and
the orientation of ordered regions.
Infrared reﬂection absorption spectroscopy (IRRAS) was ﬁrst applied in
the mid-1980s by Dluhy and co-workers, who demonstrated the feasibility of
acquiring infrared (IR) spectra from aqueous Langmuir ﬁlms of fatty acids and
phospholipids in situ at the air–water interface [23–29]. IRRAS provides several
well-known advantages for the conformation and orientation characterization
of Langmuir ﬁlms. The technique monitors molecular vibrations that produce
dipole moment oscillations. IR absorptions are sensitive to displacements of
the permanent bond dipole moment, which in turn depend upon changes in
conformation and conﬁguration of the bonds making up the normal mode
of vibration [30,31]. Thus, IRRAS has been shown to be one of the leading
structural analysis for monolayers at the air–water interface over the past
decade [32–35].
However, the IRRAS method presents some difﬁculties for the study of
Langmuir ﬁlm because the strong absorption of the water vapor hides the spectral region where the most interesting molecular information is. Besides, even
though the interferometers are now very stable and the detectors very sensitive,
conventional IRRAS requires long acquisition times and accurate control of
vapor pressure during sample (covered water) and reference (uncovered water)
spectrum recordings. To overcome these problems, a differential IR reﬂectivity
technique by polarization modulation of the incidence light (PM-IRRAS) was
developed [20,30]. This technique has been proven to be almost insensitive to the
strong IR absorption of water vapor, and only important bands arising from the
Langmuir ﬁlm were observed [20]. PM-IRRAS also allows the extraction of
information about conformation and orientation of the Langmuir ﬁlm.
This review includes the structural information that has been carried out to
date from ﬁlms of single chain amphiphiles, enzymes, and proteins using both
IRRAS and PM-IRRAS methods.

2. IN SITU INFRARED REFLECTION ABSORPTION
SPECTROSCOPY (IRRAS) OF LANGMUIR FILMS
2.1. Background
For many years, IRRAS has been successfully applied to the study of thin ﬁlms
adsorbates on metal surfaces [36]. In the case of monolayers deposited on metal
surfaces, an IR external reﬂection spectrum is obtained by reﬂecting the incoming radiation from the three-phase ambient–adsorbate–substrate system,
measuring the reﬂected intensity as a function of wavelength, and then ratioing
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this spectrum against the reﬂected intensity from a bare substrate. The reﬂection
spectrum obtained by this process is a function of the wavelength, the state of
polarization, the adsorbate thickness, the angle of incidence of the reﬂected
light, and the optical constants of the three phases involved [30,37,38].
While there are many instances in which it is appropriate to study monomolecular ﬁlms on metal surfaces, there exists a large group monolayer ﬁlms
whose native substrate is water and are best studied in situ to avoid the problems associated with transfer artifacts. Such molecules include surfactants, polymers, proteins, lipids, and other compounds of a biological nature [24]. In most
optical setups for IRRAS, the incident IR beams is directed onto the surface of
a Langmuir trough ﬁlled with pure H2O or with the model monolayer ﬁlm on
H2O at different angles of incidence. The IR beam has to be polarized to allow
measurements of molecular orientation. However, most experiments are carried
out with unpolarized IR radiation to improve the S/N ratio. The Langmuir
troughs are often placed outside the spectrometer and are completely enclosed.
The molecular area can be easily controlled and Wilhelmy plate is used to
monitor surface tension [39].
There is a large difference in the reﬂectance of the two substrates as a
function of the angle of incidence of the incoming radiation. While the reﬂectivity of metals is always very high, the reﬂectance of IR radiation from a water
subphase is considerably weaker, and approaches zero at the pseudo-Brewster
angle [24]. An additional difference between the two types of external reﬂection
experiments is the polarization dependence of the spectra. When recording
external reﬂectance spectra of thin ﬁlms on metal substrates, the best experimental conditions of obtaining IRRAS spectra are governed by the selectivity of
metal surfaces and the spectra have to be recorded at grazing incidence (around
801) with the radiation polarized parallel to the plane of incidence (p-polarized),
because the electric ﬁeld perpendicular to the plane of incidence (s-polarized) is
almost zero. Under such conditions, the surface electric ﬁeld of the resulting
stationary wave is normal to the metal plane and presents an enhanced intensity
due to constructive interferences. This is the origin of the ‘‘surface selection’’
rule, which states that only vibrational dipole moments oriented perpendicular
to the surface will be observed, since this is the only orientation that p-polarized
radiation will excite [30,40]. This is not the case when using water as the reﬂective
substrate, as ﬁnite values of the mean square electric ﬁelds for both p- and
s-polarized radiation are present at the air–water interface [24]. In the case of
s-polarization, the bands have the same sign throughout the entire range of
incidence angles. In the case of p-polarization, the sign of the IRRAS bands
changes by crossing the Brewster angle and their intensity varies with the angle
of incidence. This polarization provides information on ﬁlm anisotropy because
the electric ﬁeld is spread both in and out of the plane of the ﬁlm. IRRAS of thin
ﬁlms at the air–water interface is thus a convenient technique for studying
vibrations with transition moments in the plane of the ﬁlm as opposed to IRRAS
on metal surfaces [1,41,42].
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2.2. Application
2.2.1. Single-chain fatty acids
The IRRAS experiments consist of recording the reﬂectance spectrum of the
monolayer at the air–water interface R(d) and then normalizing it with respect
to the reﬂectance of the water subphase R(0). Thus, detailed information about
the structure and the interactions of head groups such as carboxylic acids,
carboxylic esters, carboxylates, and amides becomes accessible. The ﬁrst
IRRAS spectrum from an oleic acid (9-cis-octadecenoic acid) monolayer at
the air–water interface was reported by Dluhy and co-workers [23]. The most
obvious feature of the spectrum is the negative absorbance bands of the oleic
acid due to the properties of the complex refractive index of the water substrate
[43]. The symmetric and asymmetric CH2 stretching bands of the saturated
hydrocarbon chain were observed, together with an intense alkenic C–H
stretching vibration. The C ¼ O stretching vibration of the carboxylic acid was
also detected.
Several other saturated long-chain fatty acids were investigated at the
air–water interface using IRRAS at different pH values (from pH 2 to 10) and at
temperatures 288 and 294 K by Gericke and Hühnerfuss [44]. The chain order
decreases with decreasing chain length (C184C164C15), although this effect is
not so pronounced for pH 2 as for pH 6. For pH 9 the order increases greatly
and the molecules are oriented almost vertically with respect to the water surface.
They also reported the head group structure of the fatty acid monolayers at the
air–water interface for the ﬁrst time. The stretching vibrations of unprotonated,
monoprotonated, and doubly protonated functional groups were observed.
They also studied the interaction of stearic acid (C18) monolayers at the
air–water interface with bivalent cations (Cd2+, Pb2+, Ca2+, Ba2+, Cu2+, Ni2+,
and Zn2+) in aqueous subphase using the IRRAS technique [45–47]. However, the
information on molecular orientation was limited due to the use of unpolarized IR
radiation. Recently, the headgroup interaction and chain orientation in the
monolayers of stearic acid on pure water and ion (Ag+, Co+, Zn2+, and Pb2+)containing subphases have been investigated using the IRRAS technique [48].
Fig. 1 shows the surface pressure–area (p–A) isotherms of stearic acid
monolayers on pure water and ion-containing subphases, respectively. The
presence of bivalent cations in the subphase gives rise to condensation of the
monolayers. On the Ag+-containing subphase, the isotherm shows extremely
compressed characteristics with a limiting area of 0.12 nm2/molecule, much
smaller than the cross-sectional area of 0.20 nm2 of a saturated hydrocarbon
chain, which suggests the formation of a three-dimensional structure of the
compressed monolayer [48].
Fig. 2 shows the IRRAS spectra of stearic acid monolayers on pure water
and ion-containing subphases at the angle of incidence of 301 for p-polarization.
On pure water surface, the monoprotonated and double protonated carbonyl
groups in the stearic acid monolayer were observed (1724, 1705 cm1). On the
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Fig. 1. p–A isotherms of stearic acid monolayers on pure water and ion-containing
subphases (1 mmol/L, Ag+, Co2+, Zn2+, and Pb2+), respectively: compression
rate, 5 mm/min; 22 1C. Reprinted with permission from Ref. [48]. Copyright 2006,
American Institute of Physics.

ion-containing subphase, carboxylate groups were formed (between 1600–1500
and 1430–1400 cm1) at the expense of carbonyl ones. Based on the separation
between the na(COO) and ns(COO) vibrational frequencies, it is known that for
Co2+ and Zn2+, the H-bonded monodentate and unsymmetric bidentate chelating structure within the headgroups were formed [48–50]. For Pb2+, three types
of structures, bidentate chelating, unsymmetric chelating, and bidentate bridging
coordinations, were formed [45,48]. Moreover, the hydrocarbon chains in the
monolayers are uniaxially oriented at a tilt angle of 01 with respect to the
surface normal in contrast to a tilt angle of 201 on pure water surface at
20 mN/m by the computer simulation. In the presence of Ag+, all the bands were
considerably enhanced, multilayers were formed with the highly ordered hydrocarbon chains in a triclinic subcell structure and a bidentate bridging structure
within the headgroups. The multilayers were composed of three monolayers, and
the hydrocarbon chains in each monolayer were oriented at a tilt angle of 301
away from the surface normal.

2.2.2. Phospholipids
In addition to the long-chain fatty acid molecules described above, a large
number of studies have appeared that use IRRAS to study phospholipid
monolayers as models of biomembrane interfaces. Mitchell and Dluhy [26] reported the ﬁrst IRRAS spectra of 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) monolayers at the air–water
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Fig. 2. IRRAS spectra of stearic acid monolayers on pure water and ion-containing
subphases (1 mmol/L, Ag+, Co2+, Zn2+, and Pb2+) at the surface pressure of
20 mN/m: angle of incidence, 301; p-polarization; 22 1C. Reprinted with permission
from Ref. [48]. Copyright 2006, American Institute of Physics.

interface. The results demonstrated that the liquid-expanded (LE) to liquidcondensed (LC) phase transition of DPPC monolayer is heterogeneous and
biphasic in character, with coexistence of ﬂuid and solid phase and involves a
conformational change in the hydrocarbon chains of the monolayer as the
average molecular area is decreased in the transition region. These trends are
supported by the data for the other two monolayer ﬁlms.
The study of the interaction of divalent cations with liposomes is of great
interest, because a number of biological processes, such as membrane fusion,
enzyme regulation, and signal transduction, are induced by the association of
cations with negatively charged lipids of natural membranes [51–56].
The interaction of soluble cations with the phospholipid phosphate groups
has been investigated on a mixture of DPPC and 1,2-dipalmitoyl-sn-glycero3-phosphoserine DPPS as a function of surface pressure and Ca2+ ion presence
[51]. The presence of Ca2+ in the subphase induce an acyl chain ordering at
all surface pressures in both components of the binary mixture that was not
observed in the case of pure DPPC alone. Unlike the bulk phase mixture of
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DPPC–DPPS, the binary lipids in this mixed monolayer ﬁlm appear to retain
their miscibility in the presence of Ca2+. Finally, Ca2+-induced dehydration of
the phosphate group was observed through characteristic frequency shifts in the
asymmetric PO
2 stretching mode.
The interaction of aqueous phospholipid dispersions of negatively charged
1,2-dimyristoyl-sn-glycero-3-phosphoglycerol, sodium salt (DMPG) with the
divalent cations Ca2+, Mg2+, and Sr2+ was investigated by IRRAS [56]. Fig. 3
shows the frequency of the maximum of the symmetric CH2 stretching bands
ns(CH2) of DMPG and DMPG: divalent cation complexes as a function of
temperature. The phase transition from the gel to the liquid crystalline phase is
marked by an abrupt change in the frequencies of the ns(CH2) mode. The

Fig. 3. Temperature dependence of the symmetric CH2 stretching mode frequency
of DMPG:Na+ (diamonds) and of the equimolar complexes DMPG:Mg2+ (circles), DMPG:Ca2+ (squares) and DMPG:Sr2+ (triangles) in 100 mM NaCl at pH 7.
Solid symbols represent the heating and open symbols the cooling scan. The samples were stored for 24 h at 4 1C prior to the ﬁrst cycle. Reprinted with permission
from Ref. [56]. Copyright (2000), Elsevier.
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addition of divalent cations shifts the phase transition to higher temperatures.
From Fig. 3 it can also be concluded that the binding of the cations to the lipid
bilayer leads to an increase in conformational order of the hydrocarbon chains.
Compared to free, uncomplexed DMPG, the frequencies of the ns(CH2) shifted
to lower values, an indication for a tight packing of immobilized all-trans acyl
chains.
The IRRAS results also suggest a deep penetration of the divalent cations
into the polar head group region of DMPG bilayers, whereby the ester carbonyl
groups, located in the interfacial region of the bilayers, are indirectly affected by
strong hydrogen bonding of immobilized water molecules.
IRRAS was also used to provide straightforward information about structure and ionization state of the L-1,2-dipalmitoylphosphatidylglycerol (DPPG)
monolayer [57]. Surface pressure–area isotherms of a DPPG monolayer on
aqueous subphase with various pH values containing 0.01 M K+ are presented
in Fig. 4. The shape of the isotherm depends strongly on the subphase pH. At
pH 2, the DPPG monolayer is fully condensed and the molecules occupy the
smallest area. Increasing pH shifts the isotherm to larger molecular areas and a
plateau can be observed, which corresponds to the phase transition from the LE
to an LC state.
Obviously, the ionization state of the phosphate group strongly inﬂuences
the structure and phase state of the DPPG monolayer. The higher degree of
ionization at higher pH values leads to increasing repulsion between lipid molecules and thus to a more expanded structure.
IRRAS in the region of phosphate stretching bands of the DPPG monolayer on subphase with various and constant ionic strength yield direct information about the protonation of the headgroup. The intensity of the negative

Fig. 4. Surface pressure–area isotherms of DPPG monolayers at 23 1C on subphases with various pH values in the presence of 0.01 M K+. Taken from Ref. [57]
with permission from American Chemical Society.
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1
bands arising from PO
and symmetrical
2 stretching (asymmetrical 1217 cm
1
1
1080 cm ) and C–O–P–O–C stretching (1067 cm ) increases with increasing
pH. Moreover, the asymmetrical phosphate-stretching mode appears at smaller
wavenumbers compared with other phospholipids. This can be explained by a
better hydration or by involving the phosphate group of DPPG into hydrogenbonding with the glycerol hydroxyl group of neighboring molecules [58].

2.2.3. Peptides and proteins
The pulmonary surfactant system. The next generation of IRRAS applications
involved determination of peptide or protein secondary structure at the air–
water interface [59,60]. IRRAS is currently the only physical method able to
directly monitor peptide and protein secondary structure in situ in Langmuir
ﬁlms. Protein monolayers’ study began in 1989 on the pulmonary surfactant
system [29]. This lipid–protein mixture (90% lipid and 10% protein by
weight) exists in vivo as a monomolecular ﬁlm that lowers surface tension, thus
allowing normal breathing. A lot of attention has been paid on this system for
the determination of the phospholipidic chain orientation and conformation
and also for the determination of the secondary structure of its protein components (SP-B and SP-C) [61–63]. SP-B and SP-C are small hydrophobic proteins processed from large precursors that enhance the rate of adsorption of
phospholipids from the subphase to the air–water interface and facilitate
spreading across the interface [64]. The amide I and II regions for SP-C monolayer showed two peaks at 1654 and 1542 cm1, respectively, and are characteristic of an a-helical secondary structure [59]. Additional support of a helical
structure of SP-C monolayer form comes from the relative sharpness of the
amide I mode, which suggests a regular structure with minimal distortion from
idealized geometry. The secondary structure of SP-B Langmuir ﬁlm was also
studied by IRRAS in the presence and absence of lipids under conditions of
varying surface pressure [6,60]. The most striking behavior was a surface pressure induced conformational change in the peptide monolayer (from mixed
helix/random to b-strands). This feature disappears when the ﬁlm is re-expanded. Similar patterns are noted for the peptide in a mixed ﬁlm with DPPC.
Although the biological signiﬁcance of this surface pressure induced reversible
secondary structure change remains obscure, it is evident that IRRAS provided
a unique means of studying this phenomenon.
In a recent research, effect of hydrophobic surfactant proteins SP-B and
SP-C on binary phospholipid monolayers was studied by IRRAS [65]. The
phospholipids examined were DPPC plus either DPPG or 1,2-dioleoylsn-glycero-3-phosphoglycerol (DOPG). IRRAS obtained at the air–water interface for a monolayer ﬁlm of 7:1 DPPC-d62:DPPG plus 5 wt.% SP-B/C are
shown in Fig. 5. Both C–H and C–D vibrational bands grow in intensity as the
surface pressure increases and the surface density of the lipid molecules
increases. As the average surface area per molecule is reduced, hydrophobic
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Fig. 5. IR external reﬂection absorption spectra of a 7:1 DPPC-d62:DPPG+5 wt.%
SP-B/C monolayer ﬁlm collected at surface pressures from 6 to 60 mN/m. (A) CH2
stretching region between 3000 and 2800 cm1. (B) CD2 stretching region between
2250 and 2050 cm1. Taken from Ref. [65] with permission from Biophysical Society.

interactions predominate and the lipids begin to adopt a more ordered and
condensed conﬁguration because the CH2 antisymmetric stretching band shifts
to lower frequency. A close study of variations in wavenumber for the CH2
antisymmetric stretching with different amount of SP-B/C reveals that the extent
of this ordering depends on the amount of SP-B/C incorporated into the ﬁlm,
with the largest effect seen upon addition of the smallest amount of protein.
Deuteration of the DPPC acyl chains produces a shift in the vibrational
bands to lower wavenumber values. The CD2 vibrational modes exhibited similar behavior to the CH2 modes: the wavenumber positions decreased as surface
pressure increased. However, the addition of different amounts of SP-B/C had
relatively little inﬂuence on the wavenumber or intensity of the CD2 stretching
bands.
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Synthetic surfactant peptides based on patterns of structure or charge
found in the human SP-B or SP-C appear to mimic some of the structural and
functional properties of the native proteins and thus may offer a useful basis for
the design of synthetic agents for therapeutic intervention [66]. Cochrane and
Revak [67] suggested that the simple peptide KLLLLKLLLLKLLLLKLLLLK
(KL4) with its pattern of ﬁve positively charged lysine residues interspaced with
four leucines would be an effective therapeutic agent because it may mimic
aspects of the positive charge and hydrophobic residue distribution in SP-B. As
KL4 has been used in clinical trials for pathological states of the lung in both
animal models and in humans, it seemed of importance to determine the secondary structures of this peptide in monolayers at the air–water interface. Fig. 6
shows the IRRAS spectra in the region of 1550–1800 cm1 acquired from
aqueous monolayers of DPPC containing KL4 (20/1, lipid–peptide mol ratio)
on D2O at several surface pressures (p) [66].

Fig. 6. IRRAS spectra of the lipid carbonyl and peptide amide I region (1550–
1800 cm1) for a mixed ﬁlm of DPPC with 5 mol% KL4 on a D2O subphase.
Spectra were acquired using s-polarization, and surface pressure values are noted
from top to bottom during compression (c) and expansion (e) of the ﬁlm. The angle
of incidence was 501. Taken from Ref. [66] with permission from American Chemical Society.
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The peak at 1652 cm1 was assigned to a-helical secondary structure, while
the major component near 1620 cm1 was assigned to antiparallel b-sheet. As
the surface pressure is increased, the predominant secondary structure adopted
by KL4 is that of an antiparallel b-sheet. This conformation is retained at
physiologically relevant pressures (440 mN/m) [66].
The same authors also explore KL4 secondary structure in aqueous monolayers of DPPC/DPPG, and DPPG only. The secondary structure of the peptide
is a function of lipid headgroup charge and surface pressure. Although in DPPC/
DPPG mixtures, the peptide also adopted mainly antiparallel b-sheet structure,
when DPPG/peptide ﬁlm was spread at higher initial pressures, the a-helical
component was observed to be the most intense during the compression.

Other IRRAS applications to peptides and proteins. In addition to the pulmonary surfactant system, a variety of other applications employing IRRAS to
study peptide and protein conformation and orientation have appeared. The
secondary structure conversion of the amyloid (prion)-protein in the normal
form into the abnormal form is the main cause of several human and animal
diseases, such as Alzheimer’s disease [68]. The secondary structure of the ﬁrst 40
residues of the amyloid protein was detected by circular dichroism (CD) in
aqueous solution and with IRRAS at the interface. A stable b-sheet-enriched
state of the amyloid is formed at the air–water interface, in contrast to the initial
bulk solution containing high a-helix/random coil and low b-sheet parts. The
change in the pH going from bulk (alkaline pH) to the interface (neutral or
slightly acidic pH) can have effects on the conformation at the interface. Another
alternative might be the intrinsic hydrophobicity of the air–water interface,
which is a hydrophobic–hydrophilic system with air as the hydrophobic part.
IRRAS was also employed to determine the orientation of the peptide at
the interface [69]. Spectra were acquired with p-polarized light at various angles
of incidence (Fig. 7). b-Sheets split into two components: the transition dipole
moment at 1627 cm1 is oriented along the plane of the interchain hydrogen
bonds, perpendicular to the peptide chain, and the one at 1690 cm1 is oriented
along the peptide chain [70]. The transition moment of amide II band is oriented
along the peptide chain.
Simulations of amide bands for a b-sheet oriented parallel to the interface
with different angles of incidence and use of p-polarized light are shown in
Fig. 8. Comparison of measured and simulated spectra reveals that amyloid-b
(Ab) is lying almost ﬂat at the air–water interface, although a slightly tilted
conformation cannot be excluded.
Besides Ab, other amphipathic model peptides are also studied using
IRRAS. The linear sequence KLAL (KLALKLALKALKAALKLA-NH2) is a
model compound to form amphipathic helices, which is able to bind to membranes and to increase the membrane permeability in a structure and targetdependent manner [71,72]. Kerth et al. ﬁrst studied the secondary structure of
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Fig. 7. IRRAS spectra of Ab adsorbed at the air/buffer interface acquired with
p-polarized light at various incident angles: (1) 321, (2) 401, (3) 481, (4) 561, (5) 621.
The surface pressure was 15 mN/m. Taken from Ref. [69] permission pending from
Wiley Interscience Journals.

Fig. 8. Simulation of IRRAS spectra of a b-sheet lying ﬂat at the air/buffer interface. The calculation was performed for p-polarized light and different incident
angles: (1) 321, (2) 401, (3) 481, (4) 561, (5) 621 for the amide I bands at 1627 and
1690 cm1 and the amide II band at 1535 cm1. Taken from Ref. [69] permission
pending from Wiley Interscience Journals.

KLAL and its analogs bound to the air–water interface using IRRAS [72]. The
p–A isotherm of KLAL together with its IRRAS spectra are shown in Fig. 9.
At large areas (position a) the surface pressure is nonzero, namely 0.7 mN/m.
At this area, an a-helical secondary structure of the peptide is observed because
the amide I band is centered at 1660 cm1. It is very interesting that a decrease
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Fig. 9. (A) Surface pressure vs. area per amino acid residue of a KLAL ﬁlm spread
from an aqueous buffer solution. (B) IRRAS spectra of the KLAL ﬁlm during the
compression at the respective areas per amino acid residues at positions a–f of the
surface pressure area curve in (A). The intensity of the spectra taken at positions
e and f has been reduced by a factor of 2 for clarity. All spectra have been recorded
at an angle of incidence of 401 and with p-polarized light. Taken from Ref. [72] with
permission from Biophysical Society.

in surface pressure was observed when KLAL was compressed (from positions
b to d). At the same time, the IRRAS spectra show the development of the
amide I band at 1620 cm1. The band at 1660 cm1 is reduced to a shoulder.
Upon further compression, the intensity of the IRRAS bands at 1695 and
1620 cm1 associated to b-sheets increases, especially during the steep rise of the
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surface pressure. Thus, the secondary structure of this peptide changes from
random coil in solution to a-helical after spreading at the air–water interface.
The amphipathic a-helical secondary structure is therefore energetically more
favorable than the random coil when the peptide is located at the interface.
However, this structure converts to intermolecular b-sheet with compression
because of an energy gain [72].
IRRAS has also been used to probe protein–lipid interactions at the air–
water interface [73–76]. The interaction of model proteins, lysozyme, and bovine and human serum albumins (BSA and HSA) with insoluble lipid layers
has been investigated using both Langmuir trough arrangement and IRRAS
[76]. Fig. 10(a) shows a series of spectra for the adsorption of lysozyme to a
compressed stearic acid monolayer in its condensed phase (20 Å2/molecule).
Fig. 10(b) reveals changes in intensity (peak area) of the major peaks as
adsorption occurred. During adsorption the CH2 stretch peaks did not
change, revealing that the presence of lysozyme did not signiﬁcantly alter the
stearic acid layer. The amide I peak at 1650 cm1 increased in size during
protein adsorption and shifted to slightly lower wavenumbers as the adsorption time increased. Such changes in peak shape appear to correspond to a
reduction in a-helix structure (1650 cm1) and a small increase in random coil
structure (1640 cm1) [77]. However, the secondary structure of lysozyme will
shift from a-helix to predominantly b-sheet (1625 cm1) at the bare air–water
interface [78]. This is a further evidence that adsorption of lysozyme to stearic
acid monolayers is driven by a different interaction (electrostatic interactions
between the negatively charged stearic acid head group and positively charged
lysozyme) than adsorption to the bare air–water interface (hydrophobic
interactions).

2.2.4. Compensation of the water vapor vibration bands
The spectral region between 1400 and 1800 cm1 is of importance for the investigation of biomolecules as it contains several conformation-sensitive bands,
e.g., the amide I, amide II, carbonyl, and carboxylate vibrations [7]. Unfortunately, strong water vapor bands overlap the IRRAS in that region. An improvement in both S/N ratio and water vapor compensation has been obtained
by Gericke et al. using ﬁne regulation of the humidity in the sample compartment with a low ﬂow of dry nitrogen in the chamber [79].
Mendelsohn and co-workers have proposed a new external reﬂection IR
sampling accessory, which permits the acquisition of spectra from protein monolayers in situ at the air–water interface [59,80]. The accessory, a sample shuttle
that permits its collection of spectra in alternating fashion from sample and
background troughs, reduces interface from water vapor bands in the amide
I and II regions of protein spectra by nearly an order of magnitude. The trough
shown in Fig. 11 has the same feature, and permits subphase injection of aqueous
solutions without disturbing a preexisting monolayer and inhibits the diffusion of
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Fig. 10. External reﬂection FTIR spectra for lysozyme adsorption to stearic acid in
its condensed phase state (at 20 Å2/molecule). (a) The spectral regions corresponding to CH2 stretch vibrations (2820–2960 cm–1) and the amide I vibration (1500–
1750 cm–1). (b) Peak area against time for CH2 asymmetric stretch (triangle) and the
amide I stretch (square). Peak area was calculated between 2940 and 2900 cm–1 for
the CH2 asymmetric stretch, and between 1680 and 1600 cm–1 for the amide I peak.
Taken from Ref. [76] with permission from The Royal Society of Chemistry.

solutes to the background side of the trough [81,82]. The trough has two independently controlled barriers and a center divider, the top of which lies just
beneath the water surface. Injections are made when the back barrier is positioned over the divider that leaves a small gap of 0.25 mm. This retards the rate
of solute diffusion to the background side while maintaining an equal subphase
height on either side of the barrier for acquisition of high-quality IRRAS spectra.
In addition, to obtain more accurate spectra, these authors have used D2O as the
subphase [59]. However, this procedure is evidently risky due to the potential
shift in the exchanged amideI mode of the a-helix to a frequency overlapped with
those of unordered structures.
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Fig. 11. (A) Design of the Langmuir trough used in the current studies. The trough
is shuttled under computer control for IR illumination of the background surface
and monolayer covered surface. (B) Schematic of the IRRAS instrument displaying
the sections of the accessory that rotate in concert under computer control to
provide the desired angle of incidence. Taken from Ref. [81] with permission from
American Chemical Society.

3. POLARIZATION MODULATION REFLECTION
ABSORPTION SPECTROSCOPY (PM-IRRAS) OF LANGMUIR
FILMS
3.1. Theory of PM-IRRAS on Dielectrics
As discussed above, the IRRAS method still lacks sensitivity for the study of a
monolayer spread on water; it seems to necessitate running successive long-time
accumulations of many interferograms with a covered and uncovered water
surface. Moreover, the strong absorption of the water vapor hides the spectral
region where the most interesting molecular information is. In order to
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overcome most of the limitations of the IRRAS experiments, polarization
modulation spectroscopy (PM-IRRAS) has been applied [83,84].
On a metallic substrate, PM increases the surface absorption detectivity of
IRRAS by several orders of magnitude and provides high-quality monolayer
spectra that can be quantitatively analyzed in terms of orientation and conformation of the surface molecules in a few minutes [85–88]. Moreover, due to
the differential nature of the detected signal, these spectra are independent of
the isotropic IR absorptions of the sample environment and water vapor interference is diminished. For these particular reasons, it appeared interesting to
adapt PM-IRRAS method to the study of a monolayer spread at the air–water
interface.

3.1.1. PM-IRRAS signal
Basically, in general PM-IRRAS experiment on any sample with polarized reﬂectances Rp and Rs, the signal at the detector output can be electronically split
into a ﬁrst part carrying only the intensity modulation induced by the moving
mirror of the Fourier transform infrared (FTIR) spectrometer:
I þ ¼ C þ fðRp þ Rs Þ þ J 0 ðfo ÞðRp  Rs ÞgI 0 ðoi Þ

(1)

I  ¼ C  fJ 2 ðf0 ÞðRp  Rs ÞgI 0 ðoi Þ cosð2om tÞ

(2)

and a second
That in addition contains the PM induced by the photoelastic modulator
[85,86].
After demodulation, the ratio of these two parts gives the so-called PMIRRAS signal:
S¼C

J 2 ðf0 ÞðRp  Rs Þ
ðRp þ Rs Þ þ J 0 ðf0 ÞðRp  Rs Þ

(3)

where J2 and J0 are the second- and zero-order Bessel functions of the maximum dephasing f0 introduced by the photoelastic modulator, and C is a constant accounting for the different ampliﬁcation of the two parts during the
two-channel electronic processing [83,89].
To eliminate the Bessel function-type variations in the baseline, spectra
data are plotted as (S–S0)/S0, where S and S0 are the polarization modulated
reﬂectivities of the ﬁlm-covered and ﬁlm-free water surface.

3.1.2. Experimental setup
We already know that PM-IRRAS combines Fourier transform mid-IR reﬂection spectroscopy with fast PM of the incident beam (ideally between p- and
s-linear states) and with two-channel electronic and mathematical processing of
the detected signal in order to get a differential reﬂectivity spectrum: DR/
R ¼ (RpRs)/(Rp+Rs) [20].
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Fig. 12. Scheme of the PM-IRRAS setup at the air–water interface. Taken from
Ref. [90] with permission from Biophysical Society.

The basic optical setup was shown in Fig. 12 [90]. The spectra were recorded on a commercially available spectrometer equipped with an external PM
setup. The photoelastic modulator modulated the polarization of the IR light at
a ﬁxed frequency. Demodulation was performed with a lock-in ampliﬁer and a
low-pass ﬁlter. After the IR beam passes through the polarizer and modulator,
it is focused on the sample, then focused on an mercury-cadmium-telluride
(MCT) detector cooled by liquid nitrogen.

3.1.3. Optimization of the angle of incidence
Optimization of a PM-IRRAS experiment on a dielectric substrate covered with
a monolayer having a thickness d can be made using the behavior of the
difference PM-IRRAS signal vs. the angle of incidence: DS ¼ S(d)–S(0).
Calculated behaviors of DS vs. angle of incidence show that DS values
corresponding to (x, y)- and (z)-oriented transition moments have opposite
signs, which switch when the angle of incidence passes through the Brewster
angle [20]. Consequently, (x, y)- and (z)-oriented monolayer absorptions will
always have opposite sign on the PM-IRRAS spectra relative to the uncovered
substrate spectrum, S(0). Additionally, as 9DSj is always larger for (x,y)-oriented moments than for (z)-oriented moments, detection of the in-plane monolayer absorption will be easier.
There are two angles of incidence (361 and 751) that maximize the surfaceabsorption detection. Although these two maxima have theoretically almost the
same absolute values, experimentally it was found that 751 is the more appropriate angle of incidence for both the S/N ratio and the sensitivity to the molecular anisotropy of the monolayer [20,83].

3.1.4. Surface selection rules of PM-IRRAS
Under the optimum incidence angle, the direction and the intensity of the bands
on PM-IRRAS spectra are governed by a surface selection rule that depends on
the orientation of the corresponding transition moment: a transition moment
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Fig. 13. Surface selection rules linking the transition moment orientation and the
sign and intensity of the absorption band at the air–water interface. Taken from
Ref. [91] with permission from American Chemical Society.

lying in the surface plane gives rise to an absorption band oriented positively
with respect to the baseline while a transition moment perpendicular to the
surface gives rise to an absorption band oriented negatively with respect to the
baseline [91] (Fig. 13). Moreover, for an intermediate angle of about 521 between the transition moment and the surface, the band totally vanishes.

3.2. Applications
3.2.1. Fatty acids on subphase of different pH and cations
The applications of PM-IRRAS also include fatty acids, phospholipids, and
protein conformations. Desbat and co-workers reported on the variation of the
dissociation of a Langmuir monolayer of arachidic acid at the air–water interface as a function of the subphase pH and for several cations (Cd2+, Ca2+,
Mg2+, and Na+) with the help of the PM-IRRAS method [92]. Fig. 14 shows
the PM-IRRAS spectra of Langmuir monolayer of deuterated arachidic acid in
the presence of CdCl2 as a function of the subphase pH. At low subphase pH
(pH ¼ 3.5), the spectrum only presents absorption bands related to the acid
form, i.e., the C ¼ O stretching vibration (n(C ¼ O)) and the OH bending
(d(O–H)) located at 1720 and 1270 cm1, respectively. The frequency position of
the n(C ¼ O) is characteristic of a hydrogen-bonded carbonyl group. As the
subphase pH is increased, the arachidic acid is progressively deprotonated to
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Fig. 14. Normalized PM-IRRAS spectra of a monolayer of deuterated arachidic acid
spread onto a water subphase containing 3.5  103 M CdCl2 as a function of the
subphase pH in the headgroups vibration range (a) and in the alkyl chains vibration
range (b). Taken from Ref. [92] with permission from American Chemical Society.

give cadmium arachidate as indicated by the appearance and the increase in
the carboxylate antisymmetric (na(COO)) and symmetric (ns(COO)) bands,
located at 1540 and 1415 cm1, respectively. These bands are correlated with
the decrease in the n(C ¼ O) and d(O–H) bands. With the cadmium counterion,
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a total deprotonation is achieved for a subphase pH of 6.9. The absorptions
corresponding to the antisymmetric and symmetric stretching of the CD2
groups, located at 2193 and 2089 cm1, respectively, present intense and narrow
bands that slightly decrease in intensity as the pH decreases (Fig. 14(B)). The
observed frequencies are indicative of an almost all-trans conformation for the
deuterated alkyl chains.
Möhwald and co-workers conducted similar research on arachidic acid
monolayer on the subphase of different pHs in the presence of sodium ions [93].
The ﬁtted peak intensities are related to surface concentrations of single and
double hydrogen bonded and non-hydrogen bonded carbonyl and carboxylate.
From the change of the concentrations with the pH, tentative conclusions are
drawn on the bonding situation of fatty acids in monolayers on water and
alkaline solution.

3.2.2. Hydrolysis reaction analysis of phospholipids
Phospholipase A2 (PLA2) is a calcium-dependent enzyme, which exists extensively in organisms. It can stereoselectively hydrolyze the sn-2 ester linkage of
enantiomeric L-phospholipids to release fatty acids and lysophospholipids [94].
The hydrolysis reaction of DPPC monolayers has been studied using PMIRRAS [95,96]. Wang et al. used this technique to investigate the hydrolysis
process of an L-DSPC monolayer at the air–water interface catalyzed by PLA2
at different surface pressures [94]. Spectra changes of L-DSPC monolayers with
reaction were recorded at different initial surface pressures and the results are
presented in Fig. 15. At 40 mN/m (Fig. 15(a)), no change was observed, indicating that at such high surface pressure the hydrolysis reaction cannot occur.
At 10 mN/m, the ester band intensity at 1734 cm1 decreases quickly within the
ﬁrst 30 min and the fatty acid bands increases correspondingly (Fig. 15(b)). It
directly reﬂects the formation of hydrolysis products. Fig. 15(c) shows the obvious change of the spectra after the injection of enzyme into the subphase at
0.5 mN/m. Due to the fast reaction rate under this initial surface pressure, the
monolayer can only be compressed to 10 mN/m for performing the PM-IRRAS
measurements.

3.2.3. Enzymes and proteins
Since PM-IRRAS is insensitive to the strong IR absorption of water vapor, it
has proved to be an efﬁcient way to study the conformation and orientation of
protein molecules because only important bands arising from the monolayer
are observed [72,97–103]. The ﬁrst in situ study of the protein conformation by
PM-IRRAS technique was reported by Dziri et al. [97]. The vibrational spectrum of acetylcholinesterase (AChE) at the air–water interface in its free form
and bound to either its substrate or organophosphorus (OP) inhibitor was
measured. PM-IRRAS spectra collected during compression of the AChE
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Fig. 15. PM-IRRAS spectra of L-DSPC monolayer hydrolysis by PLA2 with the
enzyme concentration in the subphase of 173 ng/mL. The surface pressures were
kept at different initial surface pressure for the hydrolysis reaction. (a) p ¼ 40 mN/
m and (b) p ¼ 10 mN/m for 180 min, respectively, and then the monolayer was
compressed to p ¼ 40 mN/m for the PM-IRRAS measurements. (c) p ¼ 0.5 mN/m
for the hydrolysis reaction of 180 min, and then the monolayer was compressed to
p ¼ 10 mN/m for the PM-IRRAS measurements. Taken from Ref. [94] with permission from American Chemical Society.
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monolayer are shown in Fig. 16. Careful examination of the amide I band
revealed that AChE contained both a-helix (1655, 1647 cm1) and b-sheet (1630,
1696 cm1). The measured secondary structure content indicated that the enzyme did not unfold for the surface pressure used. In all PM-IRRAS spectra, at
low surface pressures (1–15 mN/m), the a-helix was dominant, whereas the
b-sheet structure was less signiﬁcant. At high surface pressure (20–35 mN/m),
the b-sheet became much more pronounced, whereas the a-helix was shown
only as a shoulder. A change in the orientation of the AChE secondary structure components occurred during the compression. In fact, at low surface pressure, the a-helices were lying parallel to the water surface. Upon further
compression, the tilt axis of the a-helix relative to the water surface achieved a
perpendicular orientation. Their PM-IRRAS results also show that the OP
inhibitor, paraoxon, was observed to unfold the enzyme at the air–water

Fig. 16. Normalized PM-IRRAS spectra of AChE monolayer collected at the air–
water interface at different surface pressures. The AChE solution was spread at zero
surface pressure. Taken from Ref. [97] with permission from American Chemical
Society.
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interface because only high-frequency components associated with the extended
conformation were observed upon compression.
Monomolecular ﬁlms of the membrane protein rhodopsin have been investigated in situ at the air–water interface by PM-IRRAS and X-ray reﬂectivity
in order to ﬁnd conditions that retain the protein secondary structure [104]. The
spreading of rhodopsin at 0 or 5 mN/m followed by a 30 min incubation time at
21 1C resulted in the unfolding of rhodopsin. In contrast, when spreading is
performed at 5 or 10 mN/m followed by an immediate compression at, respectively, 4 or 21 1C, the secondary structure of the protein is retained.

3.2.4. Effect of a-helix orientation on amide I/II ratio and band position
To understand spectra in terms of a-helix orientation relative to the water
surface, the theoretical normalized PM-IRRAS signal was calculated for an
anisotropic polypeptide monolayer, using a general software program [105]. The
simulation was performed at different orientation angles of the a-helix relative
to the water surface [98,106]. When the helix axis is parallel to the interface
these simulations give a strong positive amide I band and a weak positive amide

Fig. 17. Effect of the orientation of a helical structure on the position of the amide I
band adapted from Cornut et al. [98]. Variation of the amide I band wavenumber
maximum on the PM-IRRAS spectra as a function of the y tilt angle of the a-helix
is shown. y is the tilt angle between the helical axis and the normal to the interface.
Taken from Ref. [107] with permission from American Chemical Society.
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II band. Conversely, when the a-helix is perpendicular to the interface, a negative strong amide I band and a strong positive amide II band are expected.
Fig. 17 shows the effects of the orientation of a-helix structures on the
position of the amide I band [107]. It is adapted from calculated spectra in
the amide I and II regions for pure a-helices when changing the tilt angle [98]. If
the helix tilt angle is varied from 01 (a-helix perpendicular to the interface) to 901
(a-helix parallel to the interface), the amide I band position should shift from
1656 to 1649 cm1. Therefore, changes in the orientation of a-helix structure may
cause the shift of the amide I band, as well as the intensity ratio of amide Iand II.
The monolayer organization of intestinal alkaline phosphatase (AP), a
glycosylphosphatidyl inositol (GPI) anchored dimeric protein (AP-GPI) was
monitored using PM-IRRAS. Normalized PM-IRRAS spectra collected at
different applied pressures are presented in Fig. 18. In this compression experiment, the a-helix band is located at 1655 cm1 just after spreading and an
overnight compression at 20 mN/m (Fig. 18(a) and (e)); it is possible to suggest
that the tilt angles of the helices are about 451 or about 801 [107].

Fig. 18. Normalized PM-IRRAS spectra of native AP-GPI monolayers at the air/
buffer interface. Initial surface pressure was at 5 mN/m. Spectra were collected at a
surface pressure of 5 (a), 10 (b), 15 (c), and 20 mN/m (d), and after a standby period
of one night at 20 mN/m (e). Taken from Ref. [107] with permission from American
Chemical Society.
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4. CONCLUSION
IRRAS can provide information concerning conformation, tilt angle, and head
group structure, as well as information about protein secondary structure and
orientation. The technique in general can be extended by introducing the PM
technique to the IRRAS experiment. It takes advantage of the great difference
in the absorption of p- and s-polarized light at high angles of incidence. In
particular, the sensitivity can be signiﬁcantly increased. Both IRRAS and PMIRRAS have proved to be a versatile and powerful technique for the spectroscopic characterization of biophysical monomolecular ﬁlms at the air–water
interface. Advances in instrumental design coupled with newly developed sampling methodology have enabled researchers to develop these techniques into
methods with great sensitivity. This has allowed great insight into not only the
study of monolayer structural and conformational analysis, but also the study
of monolayer spatial and orientational analysis, which has led to increased
insights into molecular organization in two dimensions.
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E. Maltseva, V. L. Shapovalov, H. Möhwald and G. Brezesinski, J. Phys. Chem.
B, 110 (2006) 919.
Y. P. Zhang, R. Lewis and R. N. McElhaney, Biophys. J., 72 (1997) 779.
C. R. Flach, J. W. Brauner, J. W. Taylor, R. C. Baldwin and R. Mendelsohn,
Biophys. J., 67 (1994) 402.
B. Pastrana-Rios, S. Taneva, K. M. W. Keough, A. J. Mautone and R. Mendelsohn, Biophys. J., 69 (1995) 2531.
A. Gericke, C. R. Flach and R. Mendelsohn, Biophys. J., 73 (1997) 492.
R. A. Dluhy, Z. Ping, K. Faucher and J. M. Brockman, Thin Solid Films, 327
(1998) 308.
B. Pastrana-Rios, A. J. Mautone and R. Mendelsohn, Biochemistry, 30 (1991)
10058.
X. H. Bi, C. R. Flach, J. Perez-Gil, I. Plasencia, D. Andreu, E. Oliveira and R.
Mendelsohn, Biochemistry, 41 (2002) 8385.
J. M. Brockman, Z. D. Wang, R. H. Notter and R. A. Dluhy, Biophys. J., 84
(2003) 326.
P. Cai, C. R. Flach and R. Mendelsohn, Biochemistry, 42 (2003) 9446.
C. G. Cochrane and S. D. Revak, Science, 254 (1991) 566.
St. B. Prusiner, Science, 278 (1997) 245.
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Chapter 11

Measurement of Complex Formation and
Aggregation at the Liquid–Liquid Interface
Hitoshi Watarai
Department of Chemistry, Graduate School of Science, Toyonaka 560-0043, Japan

1. INTRODUCTION
The liquid–liquid interface formed between two immissible liquids is an extremely thin mixed-liquid state with about one nanometer thickness, in which
the properties such as cohesive energy density, electrical potential, dielectric
constant, and viscosity are drastically changing from those of bulk phases.
Solute molecules adsorbed at the interface can behave like a 2D gas, liquid, or
solid depending on the interfacial pressure, or interfacial concentration. But
microscopically, the interfacial molecules exhibit local inhomogeneity. Therefore, various speciﬁc chemical phenomena, which are rarely observed in bulk
liquid phases, can be observed at liquid–liquid interfaces [1–3]. However, the
nature of the liquid–liquid interface and its chemical function are still less understood. These situations are mainly due to the lack of experimental methods
required for the determination of the chemical species adsorbed at the interface
and for the measurement of chemical reaction rates at the interface [4,5]. Recently, some new methods were invented in our laboratory [6], which brought a
breakthrough in the study of interfacial reactions.
Liquid–liquid systems have been most widely used in the solvent extraction
of various compounds in chemical and hydrometallurgy industries. Kinetic
process of solvent extraction of metal ions depends intrinsically on the mass
transfer to or across the interface and the chemical reactions in both bulk phases
and at the interface. Therefore, the study of the role of the interface is very
Corresponding author. E-mail: watarai@chem.sci.osaka-u.ac.jp
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important to analyze the real extraction mechanism and to control the extraction kinetics. In the beginning of 1980s, the high-speed stirring (HSS) method
was invented by Watarai and Freiser [7,8]. Thereafter, various new methods
were made in our laboratory, which included the two-phase stopped ﬂow
method [9], the capillary plate method [10], the total internal reﬂection (TIR)
spectrometry [11], the centrifugal liquid membrane (CLM) method [12], the
two-phase sheath ﬂow method [13], the CLM/Raman microscope spectrometry
[14], the single molecule probing at the interface [15,16], the magnetophoretic
velocimetry of microdroplets [17], the surface enhanced Raman scattering
(SERS) of nanoparticles at the interface [18], the CLM/circular dichroism (CD)
spectrometry [19], and the second harmonic generation/circular dichroism
(SHG/CD) [20].
The most speciﬁc role of liquid–liquid interfaces in the solvent extraction
kinetics of metal ions that we elucidated is a catalytic effect on the interfacial
complexation kinetics [21]. Shaking or stirring of solvent extraction system
generates a wide interfacial area or a high speciﬁc interfacial area deﬁned as the
interfacial area divided by a bulk phase volume. Almost all extractants, and an
auxiliary ligand in some cases, are interfacially adsorbable more or less, since
they have both hydrophilic and hydrophobic groups. Interfacial adsorption of
the extractant or an intermediate complex at the liquid–liquid interface can
facilitate the extraction rate extremely. Another speciﬁc role of the interfacial
reaction is the formation of aggregates of various organic molecules or metal
complexes, which results in characteristic spectral properties such as extremely
large spectral shift and generation of optical chirality.
In this chapter, some useful measurement methods of the interfacial adsorption and interfacial reaction, which take place at the monolayer region of
the liquid–liquid interface, are reviewed along with some essential examples.

2. MEASUREMENT OF LIQUID–LIQUID INTERFACE
There are many classical methods to investigate the chemical reaction and
kinetics at the liquid–liquid interface, which include a Lewis cell, a single drop
method, and rotating disc method [22]. All of these methods however could not
measure both the extraction rate and interfacial concentration of extractant,
simultaneously. Modern experimental methods of interfacial reaction can determine the interfacial species, interfacial concentration, and interfacial chirality
of an extractant or complex as a function of time.

2.1. High-Speed Stirring Method
HSS method made it possible to measure both an interfacial concentration and
an extraction rate for the ﬁrst time by a simple principle. When a two-phase
system is highly stirred or agitated in a vessel and the interfacial area is extremely extended, the interfacial amount of an adsorbed compound is increased
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and then the bulk concentration in organic phase is deceased. The interfacial
area can easily be increased as much as 500 times larger than that in a standing
condition. The speciﬁc interfacial area in HSS condition can attain as high as
400 cm1. The saturated interfacial concentration of an ordinary compound is
the order of 1010 mol/cm2. Therefore, when the agitated interface of 50 ml
organic phase/50 ml aqueous phase is saturated by a compound, the total
amount of the interfacial compound corresponds to 50 ml solution of 104 M
concentration, which is ready to be detectable by a conventional spectrometry.
In the original HSS method, the concentration decrease in the organic phase
caused by an agitation was measured spectrophotometrically using a PTFE
phase separator and a spectrophotometer. Furthermore, the extraction rate can
also be measured by this method simultaneously [23]. A schematic drawing of
the apparatus is shown in Fig. 1 with a schematic representation of a typical
result. The measurements were carried out by employing 50 ml for each phase at
the stirring speed of 5000 rpm in high-speed stirring condition and 200 rpm in a
phase separation condition. The ﬂow rate is 10–20 ml/min. The concentration
change caused by the stirring speed change is attributable to the change of the
total amount of the species adsorbed at the interface. The concentration change
of the extracted complex or consumed ligand can be used for the kinetic analysis
of the extraction or interfacial complexation. The HSS method is an indirect
method; therefore direct spectroscopic observation is not possible. Nevertheless,
this method is very useful for the determination of adsorptivity in a dilute
concentration of weekly adsorbable molecules and the study of extraction
kinetics, because of its high sensitivity [24].

metal ion added
stop adsorption
Conc.
inorg.
phase

metal complex
stirring
extractant
time

Fig. 1. Schematic drawing of the high-speed stirring (HSS) apparatus. The increase
in the interfacial area by the stirring can increase the amount of the interfacial
adsorbate, which results in the decrease in the organic phase concentration. The
ﬁgure at the right is a schematic presentation of an observed result.
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Fig. 2. Schematic diagram of the centrifugal liquid membrane (CLM) apparatus.
The glass cylinder cell (i.d.: 19 mm) was rotated at a speed of 7000–10,000 rpm.
Introduction of 50–200 ml of the organic and the aqueous phase generated a twoliquid layer with a thickness of 50–100 mm for each phase. Reagents can be injected
from a small hole at the end side of the cell.

2.2. Centrifugal Liquid Membrane Method
Both requirements of a high speciﬁc interfacial area and a direct spectroscopic
observation of the interface were attained by the CLM method shown in Fig. 2
[12]. Two-phase system containing about 100 ml volumes of organic and aqueous
phases is introduced into a cylindrical glass cell with a diameter of 19 mm. The
cell is rotated at the speed of 7000–10,000 rpm. By this procedure, a stacked twoliquid membrane each with thickness of 50–100 mm is produced inside the cell
wall, which attains the speciﬁc interfacial area over 100 cm1. UV-Vis spectrometry was used in the original work for the measurement of the interfacial
species as well as those in the bulk phases. This method can be excellently applied
for the measurement of interfacial reaction rate as fast as the order of seconds.
The study of interfacial aggregation also has been developed by this technique, since this method is very advantageous for measuring the formation of
interfacial aggregates of dyes and metal complexes, which are formed only at
the interface and usually exhibit unique spectral changes.
CLM method can also be combined with various kinds of spectroscopic
methods. Fluorescence lifetime of an interfacially adsorbed zinc–tetraphenylporphyrin complex was observed by a nanosecond time-resolved laser
induced ﬂuorescence method [25]. Microscopic resonance Raman spectrometry
was also combined with the CLM. This combination was highly advantageous
to measure the concentration proﬁle at the interface and a bulk phase [14].
Furthermore, circular dichroic spectra of the liquid–liquid interface in the CLM
could be measured [19].

2.3. Two-Phase Stopped Flow Method
Analogous to the stopped ﬂow method used in studies of solution kinetics, rapid
stopped ﬂow mixing of organic and aqueous phases is an effective way to
produce dispersed condition within a few milliseconds. The speciﬁc interfacial
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area of the dispersion attained as high as 700 cm1 and the interfacial reaction
in the dispersed system can be measured by photodiode array spectrophotometer during the period of ca. 200 ms up to the time when the dispersion system
starts to separate. This method is applicable for rather fast interfacial reactions
such as diffusion rate limiting reactions as observed in the protonation reaction
of tetraphenylporphyrin (TPP) at dodecane–acid interface [9].

2.4. Interfacial Reflection Spectrometry
By the TIR condition at the liquid–liquid interface, one can observe interfacial
reaction in the evanescent layer with a thickness of ca. 100 nm calculated by
d¼

l
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4p ðn21 sin2 y1  n22 Þ

(1)

where d is the penetration depth, l the wavelength of the beam irradiated to the
interface from phase 1 to phase 2, n1 and n2 the refractive indexes of phase 1 and
phase 2 (n14n2) and y1 the incident angle, which is set larger than the critical
angle yc ( ¼ sin1(n2/n1)).
Fluorometry is the most sensitive method for detection of interfacial species
and its dynamics [26]. Time-resolved laser spectroﬂuorometry is a powerful tool
for the elucidation of rapid dynamic phenomena at the interface [27]. Timeresolved total reﬂection ﬂuorometry can be used for the evaluation of rotational
relaxation time of octadecylrhodamin B and thus the viscosity of the interface
[28]. Laser excitation can produce excited states of the adsorbed compound at
the interface. As an example, the decay of the triplet state of porphyrine was
observed at the interface [29].
In the case that an organic phase contains light absorbing compounds, an
external reﬂection (ER) absorption spectrometry is more useful than a TIR
spectrometry [30,31]. Another advantage of the ER method is its higher sensitivity than the TIR method, especially as using s-polarized light. Therefore, it
can be used as a universal absorption spectrometry of adsorbed species. Typical
optical cells used for the TIR spectrometry and ER absorption spectrometry are
shown in Fig. 3.

2.5. Micro-Two-Phase Sheath Flow Method
The measurement of fast chemical reactions at the liquid–liquid interface is very
difﬁcult, since the reaction which starts just after the contact of two phases has
to be measured. The dead time of the HSS method was several seconds and that
of the two-phase stopped ﬂow method was from few tenth millisecond to several
hundred milliseconds. The micro-two-phase sheath ﬂow method is the only
method that can measure such fast interfacial reactions, which ﬁnish within
100 ms. An inner organic microﬂow was generated in an outer aqueous phase
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Fig. 3. Total internal reﬂection cell used for the interfacial ﬂuorescence lifetime
measurement (left) and the external reﬂection absorption spectrometry (right).

Fig. 4. Schematic drawing of the laser ﬂuorescence microscopy method for the
measurement of fast interfacial reactions in micro-two-phase sheath ﬂow systems.

ﬂow from the tip of a capillary (i.d. 10 mm) with the same linear velocity (Fig. 4).
The ﬂuorescence spectrum at the interface was observed as a function of the
distance from the tip of the inner capillary, which was the starting point of the
reaction. The distance from the tip was converted to the reaction time. Thus, a
very fast interfacial or diffusion reaction (less than 1 ms) could be measured.
This technique enabled the detection of a fast interfacial reaction of the order of
10 ms. This technique is analogous to the continuous-ﬂow method developed for
a homogeneous fast reaction [32].
The schematic drawing of the microsheath ﬂow system combined with a
laser-induced ﬂuorescence measurement is shown in Fig. 5. The fast complexation rate of Zn(II) ion with 8-quinolinol (Hqn) or 5-octyloxymethyl-8-quinolinol
(Hocqn) at the 1-butanol–water interface was measured by the micro-two-phase
sheath ﬂow method [33]. The diffusion length of Hocqn in the 1-butanol phase
for 2 ms was calculated as 0.8 mm, which is smaller than the experimental
resolution depth of 2 mm in the microscopy used. Therefore, the observed rate
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Fig. 5. Schematic drawing of the microsheath ﬂow apparatus combined with twophoton excitation ﬂuorescence microscopy. DM: dichroic mirror; BF: barrier ﬁlter;
M: mirror changing light path; and L: lens for bearing images.

constant was analyzed by taking diffusion and reaction rates into account
between Zn(II) and Hocqn at the interfacial region by a digital simulation
method [34]. The rate of the lactone cleavage reaction of octadecylrhodamine
B (C18RB) was investigated with the micro-two-phase sheath ﬂow/two-photon
excitation microscopy. The formation of the ﬂuorescent forms of C18RB was
conﬁrmed from the two-photon excitation ﬂuorescence spectra at the toluene–
water and heptane–water interface during 80 ms after the contact of two phases.
The rate of the lactone cleavage was measured successfully and analyzed with the
digital simulation of the time-dependent Langmuir adsorption model. The lactone cleavage rate constants were determined as (1.670.3)  107 mol1 dm3 s1
at toluene–water interface and (8.675.0)  107 mol1 dm3 s1 at heptane–water
interface, respectively [35]. This method was applied for the measurement of
luminescence lifetime of samarium(III) complex with 2-thenoyltriﬂuoroacetone
and the synergic extraction rate at the interface [36].

2.6. Raman Spectroscopy of the Interface
Raman scattering spectrometry has some advantages over an infrared (IR)
spectrometry in the sensitivity, the space resolution, and the applicability to
aqueous solution. It can attain high sensitivity, when it is performed under the
resonance Raman condition, or under the surface enhanced condition, where
silver or gold nanoparticle is used as a source of plasmon. These techniques
have been applied successfully for the measurement of extremely small amount
of molecules adsorbed at the liquid–liquid interfacial region.
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Fig. 6. Schematic drawing of the apparatus for the centrifugal liquid membraneresonance Raman microprobe spectroscopy.

2.6.1. CLM/Raman microscope spectrometry
The combination of resonance Raman microscope spectrometry and the CLM
method allowed us to directly observe the Raman spectra of the liquid–liquid
interface and the bulk phases by shifting the focal point of an objective lens.
A schematic diagram of the measurement system is shown in Fig. 6. CLM/
Raman microscope spectrometry was applied in order to measure the rate of
complex formation between Pd(II) and 5-Br-PADAP (HL) at the heptane–
water interface and it was demonstrated that this method was highly useful for
the kinetic measurement of the interfacial reaction [37].
Fig. 7 shows 3D spectra depicting the formation of interfacial complex of
PdLCl. Raman intensities at 1599, 1408, and 1303 cm1 assigned to PdLCl
clearly increased at the interface with increasing reaction time. The initial rate
of complexation of Pd(II) with 5-Br-PADAP at the interface obtained from
the Raman intensity change was in good agreement with that obtained from the
absorbance change observed by CLM spectrophotometry. Furthermore, the
resonance Raman spectra of the interfacial PdLCl provided the information on
the nanoenvironment of the complex. The resonance Raman spectra of PdLCl
adsorbed at the heptane–water and toluene–water interfaces were not in agreement with those in toluene and chloroform with the lower dielectric constants,
but close to those in alcohol and aqueous alcohol-mixed solvents with the
higher dielectric constants.
These results suggested that the PdLCl complex at the interface partially
contacted water molecules. The solvent effect on the resonance Raman spectra
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Fig. 7. 3D CLM/Raman spectra depicting the formation of interfacial complex of
PdLCl.

of PdLCl reﬂected a change in the ratio of the azo and imine resonance structures. The bands at 1482, 1463, 1307, and 1284 cm1 were assigned to n(C ¼ C)
of pyridine ring in the azo form, imine n(CNNC), azo n(CNNC), and imine
n(CNNC), respectively. The azo–imine intensity ratios of I1482/I1463 at 1482 and
1463 cm1 and I1307/I1284 at 1307 and 1284 cm1 both increased with a decrease
in the dielectric constant of the solvent. The values of I1482/I1463 and I1307/I1284
in the resonance Raman spectra of PdLCl adsorbed at the toluene–water interface were 0.63 and 1.47, respectively, and those of PdLCl complex formed at
the heptane–water interface were 0.86 and 1.85, respectively [38].

2.6.2. SERS of nanoparticles at the interface
Nanosized silver colloids have been used as substrates of SERS, surface plasmon
resonance (SPR), scanning near-ﬁeld optical microscopy (SNOM), nanoelectrodes, photolithographic tools, and so on. In the SERS measurements, its high
signal intensity compared to the ordinary Raman scattering by a factor of over
105 enables the characterization of the trace amount of molecules adsorbed to
the silver surface. The resonance Raman condition, which can also attain a high
signal enhancement, adds signiﬁcant increase in the SERS measurement, provided that the plasmon peak wavelength is agreed with the excitation wavelength. Using this advantage, the Raman spectra of single molecule [39] or a
monolayer of the nonresonant molecules [40] have been measured by SERS
method. Another unique feature of SERS is to enhance the only molecules that
are adsorbed at or are in contact with the silver surface. This results in the high
spatial selectivity of SERS, which can overcome the optical resolution restricted
by the light wavelength.
Applications of SERS for the detection of molecules at the liquid–liquid
interface have not been carried out. The liquid–liquid interface has been studied
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as a model of biomembrane and as an important reaction ﬁeld in the solvent
extraction of metal ions. For this importance, a detailed understanding of the
molecular structure of the adsorbate and the solvent molecules is highly required. However, it is difﬁcult to obtain the vibrational spectra of the adsorbate
or solvent molecules at the liquid–liquid interface, because only small amounts
of the molecules exist at the interface. Therefore, SERS method will make it
possible to detect the interfacial molecules and to get valuable insight on the
interfacial species
SERS from oleate-stabilized silver colloids, with 5 nm in diameter, adsorbed at the toluene–water interface was measured in TIR condition as depicted in
Fig. 8 [41]. Based on the electromagnetic enhancement mechanism of SERS, it
was concluded that the oleate molecules would be adsorbed to the silver surface
through carboxylate group in the organic phase side and with ethylene group in
the aqueous phase side at the liquid–liquid interfacial region. The SERS shifts
of the adsorbed toluene were same with those in bulk toluene, but the relative
intensities were reduced. This result suggested that the interaction between toluene molecules and silver surface was weak, though the adsorbed toluene was
stimulated enough by the local electromagnetic ﬁeld. The liquid–liquid interface
is advantageous to make 2D assembly of metal nanoparticles, which is required
for SERS method. Thus, it will be applicable to detect extremely small amount
of molecules adsorbed at the liquid–liquid interface, though the molecules are
adsorbed ﬁnally at the metal surface.
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Fig. 8. Raman microscope for the measurement of SERS spectra of liquid–liquid
interface; organic phase 250 ml and aqueous phase 250 ml.
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2.7. Optical Chirality Measurement of the Interface
Optical chirality of molecules is a characteristic measure of stereo-chemical property of biological, pharmaceutical, and metal coordination compounds. Choral
structures of amino acids, proteins, DNAs, and various drugs in solutions have
been determined from the measurement of circular dichroism (CD). However, small amount of molecules at the liquid–liquid interfaces has never
been measured before CLM/CD method [19] and SHG/CD method have been
reported [20].

2.7.1. CLM/circular dichroism (CD) spectrometry
The CLM cell was combined with the CD spectropolarimeter to measure the
CD spectra of the liquid–liquid interface. The setup of the CLM cell in the cell
compartment of a CD polarimeter is almost same with the CLM/UV-Vis
spectrometry shown in Fig. 2. CLM cell whose height and outer diameter were
3.3 and 2.1 cm, respectively, was ﬁxed horizontally in the sample room of
CD spectropolarimeter. By this technique, the CD spectra of the aggregate of
TPP diacid was observed; 4 M H2SO4 0.500 cm3 and toluene 0.300 cm3 (blank)
were put into the cylindrical cell through a sample inlet hole (2 mm in diameter)
at the bottom of the cylindrical cell. Then the cylindrical cell was rotated at
about 7000 rpm by the high-speed motor ﬁxed on XZ-stage with a speed controller. After the blank was measured, TPP toluene solution (0.100 cm3) was
injected rapidly by a microsyringe from the hole at the bottom to initiate
the aggregation of TPP. TPP monomer in toluene shows the Soret band at
419 nm and Q band at 515 nm. Two red shifted bands at 473 and 720 nm
corresponding to the interfacial J-aggregate of diprotonated TPP ((H4TPP2+)n)
were observed. Diprotonated TPP (H4TPP2+), whose absorption maximum is
438.0 nm, was not clearly observed, because it was ready to aggregate at the
interface. The bisignate CD band centered at 473 nm was observed as shown in
Fig. 9, which is a characteristic spectrum of the exciton coupling, corresponding
to the J-band in the absorption spectrum. Bulk TPP monomer does not affect
CD spectra [19]. By this study, it was demonstrated for the ﬁrst time that the
convenient CD spectroscopy with CLM method was effective for the measurement of the interfacial chiral species. From the CD spectrum, the diacid TPP Jaggregate was thought to have a helical structure. This method can be applied
to any optical active species formed at the liquid–liquid interface. Applications
of the CLM/CD for biomolecules such as proteins and DNA will be interesting
subject.

2.7.2. Second harmonic generation-circular dichroism
Most selective technique to measure the optical chirality at the interface will be
the SHG/CD spectroscopy, as demonstrated by a pioneering work of Hicks and
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Fig. 9. (a) Absorption and (b) CD spectra of the diacid TPP species in the toluene/
4 M sulfuric acid system measured with CLM method. Initial concentration of TPP
5
3
is 1.0  10 mol/dm in toluene.

co-workers [42,43]. SHG is advantageous to other spectroscopic techniques in
its inherent high interfacial selectivity due to the second order nonlinear susceptibility and in its high sensitivity afforded by the resonance effect in an
adsorbed dye molecule [44,45]. Therefore, SHG spectroscopy can provide speciﬁc information relating to the electronic state of dye molecules, which are
present only at the interface. SHG spectroscopy has been utilized to study
solvation [46] and aggregation [47] of dye molecules at the electrochemical
liquid–liquid interfaces. Recently, the nonlinear optical activity of originally
chiral molecules adsorbed at various interfaces has been observed by means of
SHG/CD [48,49]. However, the nonlinear optical activity of the liquid–liquid
interface adsorbed by an aggregate of achiral molecules was not investigated
before our work.
The apparatus used in our SHG experiments included a Ti:sapphire laser
(80 MHz, 100 fs, tuning range of 780–920 nm) and a photon counter as shown in
Fig. 10. An angle of the linearly polarized fundamental beam was adjusted by
an achromatic half waveplate and employing an achromatic quarter waveplate
generated a circularly polarized fundamental beam. All SHG spectra were acquired in TIR condition with the incident angle of 74.11, and the beam spot of
the fundamental beam at the interface was ca. 2.0 mm. For the SHG measurements, the heptane–water interface was formed in a rectangular optical quartz
cell with an area of 2.0  1.0 cm2. The ﬁrst measurement of the nonlinear
chirality of J-aggregate formed from the achiral H4TPPS2 and cetyltrimethylammonium (CTA+) surfactant was observed at the heptane–water interface by
the in situ SHG polarization spectroscopy (Fig. 11).
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Fig. 10. Schematic representation of SHG/CD measurement system.

2.8. Single Molecule Probing at the Interface
A single molecule probing is an ultimate method for measuring the behavior of
molecules and the properties of the nanoenvironment at the liquid–liquid interface. A number of studies on single molecule detection in solutions [50–52] and at
the solid–liquid interface [53–55] were reported, but there were no studies on
single molecule detection at the liquid–liquid interface. The ﬁrst observation of
the single molecule detection at the liquid interface has been accomplished by
means of the TIR ﬂuorescence microscopy [15,16]. Fig. 12 shows the optical
arrangement of the measurement method and the microcell. The apparatus consisted of an inverted microscope, an oil immersion objective (PlanApo 60  ,
NA 1.4, working distance 0.21 mm), a cw-Nd:YAG laser (532 nm), and an avalanche photodiode detector (APD), which provided a quantum efﬁciency of
about 65–67% at 570–600 nm. A pinhole, 50 mm in diameter, was attached just in
front of the photodiode, restricting the observation area to a diameter of 830 nm
(dobs). p-Polarized laser light was irradiated at an angle of incidence 731 from the
interface, which was larger than the critical angle. Fluorescence emitted by interfacial molecules was collected by the objective lens and focused on the pinhole
after passing through a band pass ﬁlter (path range, 587.5–612.5 nm). Timeresolved photon counting was carried out using a multichannel scalar. The overall detection efﬁciency of ﬂuorescence at the interface was calculated to be 3.3%.
A demonstration of the single molecule detection at the liquid–liquid
interface was reported for the ﬂuorescent probe of 1,10 -dioctadecyl-3,3,30 ,
30 -tetramethylindocarbocyanine (DiI), which is a monovalent cation with two
C18 alkyl chains. Thus, it has high adsorptivity at the dodecane–water interface.
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Fig. 11. (a) s-Polarization analyzed SHG spectrum of adsorbed TPPS at the heptane–water interface. lcp: left-circularly polarized fundamental beam. rcp: rightcircularly polarized fundamental beam. (b) SHG/CD spectrum of adsorbed TPPS
7
at the heptane–water interface. Aqueous phase was containing 5.35  10 M TPPS,
7
3.36  10 M CTAB, 0.001 M HCl (pH 3.0), and 0.009 M NaCl.

Aqueous phase (2.7 mm3) was placed in the thin lower compartment of the
microcell and the DiI dodecane solution (63 mm3) was added on top of the
aqueous layer. Fluorescence of the interfacial DiI was observed in the range of
571–575 nm. The inﬂuence of two kinds of surfactants, sodium dodecyl sulfate
(SDS) and dimyristoyl phosphatidylcholine (DMPC), on the lateral diffusion
dynamics of single molecules at the interface was investigated. DMPC was
dissolved in chloroform, and the solution was mixed with pure diethyl ether at a
ratio of 1:19 (chloroform:diethyl ether) by volume. Pure water was placed in the
lower container, and the DMPC solution was subsequently (5 mm3) spread
carefully on the water. After evaporation of chloroform and diethyl ether, the
DiI dodecane solution was added on the DMPC layer. Since DiI has a high
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Fig. 13. Single molecule detection of DiI at the dodecane–water interface by ﬂuorescence microscopy (left). Short photon burst in the SDS systems and (right) long
burst in the DMPC systems.

adsorptivity at the interface, no DiI molecules remained in the dodecane phase,
as an initial DiI concentration was lower than 1  107 M.
In the presence of few of DiI molecules (0.02 molecules on an average) in
the observation area, a clear intermittent photon bundle was observed (Fig. 13).
Since DiI molecules are adsorbed at the interface, the diffusion of DiI is thought
to be restricted in the lateral direction at the interface. Therefore, the maximum
duration of the photon bundles (tmax) corresponds to the period in which the
single DiI molecule is diffusing through the observation area. The tmax is
thought to be the time for a single molecule to move along the diameter of the
round observation area.
The lateral diffusion coefﬁcient (D1) of DiI was calculated using the equation:
Dl ¼

d 2obs
2tmax

(2)
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The radius (r) and the diffusion coefﬁcient (D) of a spherical molecule are
related to the viscosity (Z) of the medium surrounding the molecule by the Einstein–Stokes equation:
D¼

kT
6prZ̄i

(3)

where k is the Boltzmann constant, T the absolute temperature, and Z̄i the apparent viscosity. The DiI molecule was estimated from the molecular volume of
DiI to be a sphere with a radius of 0.70 nm. In the surfactant-free system, the
calculated viscosity of 1.4 mPa s was close to the value for dodecane (1.4 mPa s)
and was higher than that of water (0.89 mPa s). This result suggested that the two
long alkyl groups of DiI were deeply immersed in the dodecane phase.
The D1 and Z̄i values were only slightly affected by the coexistence of
SDS, though the interfacial concentration of SDS was as high as the saturated
interfacial concentration, 2.5  1010 mol/cm2 (Fig. 13). This suggested that
the translational motion of interfacial SDS molecules is similar to that of
dodecane molecules, because both are almost the same size having C12 chain.
On the other hand, DMPC had a remarkable effect. The maximum Z̄i value in
the DMPC system was 0.170 Pa s, which was 100 times larger than that at the
surfactant-free interface. DMPC molecule has two alkyl chains ﬁxed to the
polar group. This will be the cause of the stiffness of the monolayer of DMPC
molecules. These results demonstrated that single molecule probing method
could successfully measure the hydrodynamic properties of the interfacial
monolayer.

2.9. Magnetophoretic Velocimetry of Microdroplets
As for separation and characterization methods of microparticles in liquid, ﬁeld
ﬂow fractionation (FFF) [56] and split-ﬂow thin fractionation (SPLITT) [57],
which utilized external ﬁelds, have been developed. Recently, a high magnetic
ﬁeld of 10 T has become available in laboratory, and some new applications of
high magnetic ﬁeld and some new ﬁndings have been reported. Beaugnon and
Tournier demonstrated magnetic levitation of diamagnetic materials [58], Kitazawa et al. performed the levitation of paramagnetic aqueous solution [59],
and Kimura et al. succeeded in fabricating large-size polymer spheres by using
magnetic levitation [60]. These methods utilize a magnetic force that depends on
not only magnetic ﬂux density B but also on its gradient (dB/dx).
Magnetophoretic velocimetry is a new analytical technique to measure the
magnetic susceptibility and the amount of some composite in an individual
microparticle using magnetic force [61]. In this technique, the size and the migration velocity of a microparticle are directly measured with a microscope, and
then from their values the magnetic susceptibility is obtained. By using high
magnetic ﬁeld (10 T) generated with a superconducting magnet, this technique
allowed us to measure a volume magnetic susceptibility of 106 level for a single
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Fig. 14. Schematic drawing of the magnetophoretic velocimetry apparatus installed
in the bore of a superconducting magnet.

microparticle [62] which is sensitive enough to detect the interfacial amount of
paramagnetic ion on a single organic droplet in water.
A cryogen free superconducting magnet generated a high magnetic ﬁeld
of 10 T. The experimental setup is shown in Fig. 14. The gap of a pair of the
pole pieces (iron pieces) that accommodated the capillary cell was 400 mm
and the maximum value of B(dB/dx) was 4.7  104+ T2/m. Soon after the introduction of the sample solution such as an oil-in-water dispersion into
the reservoir, it was introduced spontaneously into the square capillary cell by
its capillary force. After the capillary rise of the solution into the capillary
stopped, the behavior of organic droplets in the aqueous solution near the
edge of the pole pieces was observed by an objective, a tube lens, and a CCD
camera.
The magnetophoretic velocity vm of a droplet with radius r in a medium is
represented by the equation:
 
2 ðwp  wm Þ 2 dB
vm;x ¼
(4)
rB
9 m0 Z
dx
where wp is the magnetic susceptibility of the droplet, Z the viscosity of the
medium, m0 the permeability of vacuum, and wm the magnetic susceptibility of
the medium.
Fig. 15 shows the magnetophoretic behavior of a single pure 2-ﬂuorotoluene droplet in water. This image was made by superimposing microphotographs captured at 1/5 s intervals. The direction of migration was set as
x-direction and the edge of the pole pieces as x ¼ 0. The droplet was attracted
toward the gap of the pole pieces, because the inside of the gap had higher
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Fig. 15. The magnetophoretic behavior of a single microdroplet of 2-ﬂuorotoluene
in water. This microphotograph was made by superimposing the images captured at
1/5 s intervals. The dashed line indicates the position of the edge of pole pieces
(x ¼ 0).

magnetic ﬂux density. The migration velocity was maximized near the edge of
the pole pieces, where the value of B(dB/dx) becomes largest. In the case of pure
2-ﬂuorotoluene in water, the velocity was in agreement with the calculated one
using (wpwm) ¼ 0.82  106. When the organic droplets contains lauric acid
and dispersed in a dilute Dy(III) aqueous solution, the observed wp of the single
droplet depended on the radius by the next equation,
wp ¼

3wM
Dy C int
þ wV
2FT
r

(5)

where Cint is the interfacial concentration of dysprosium(III) (mol/m2), the
superscripts M and V refer to a molar and volume magnetic susceptibility (m3/
mol), respectively, and the subscripts Dy and 2FT indicate dysprosium(III)
and 2-ﬂuorotoluene, respectively. For example, under the condition of
1.0  102 M lauric acid in 2-ﬂuorotoluene and dispersed in 5.0  104 M
Dy(III) aqueous solution, the interfacial concentration of Dy(III) as the 1:1
complex with laureate was determined as 2.6  1010 mol/cm2. This technique is
now the only method to be able to measure the interfacial magnetic susceptibility of a single droplet, wM
Dy C int in the above example, and to determine the
interfacial concentration from the magnetophoretic velocity measurement.
Magnetophoretic force is promising for making a new tool to manipulate a
droplet in liquid.
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3. INTERFACIAL COMPLEXATION AND AGGREGATION
Most attractive features of the liquid–liquid interfacial reaction are the catalytic
effect in the solvent extraction or interfacial complexation and the aggregation
of hydrophobic dyes and metal complexes.

3.1. Interfacial Catalysis in Metal Extraction Kinetics
The extraction kinetics of Ni(II) and Zn(II) with n-alkyl-substituted dithizone
(HL) in chloroform has been studied by HSS method [7]. The observed extraction rate constants was linearly proportional to both metal ion concentration in
the aqueous phase [M2+] and ligand concentration in the organic phase [HL]o,
and inversely to the hydrogen ion concentration [H+] in the aqueous phase.
Thus, the rate law for the extraction was determined as


d½M2þ 
½M2þ ½HLo
¼ k0
dt
½Hþ 

(6)

where k0 is the extraction rate constant. If the rate-determining step of the
extraction kinetic is the formation of 1:1 complex in bulk aqueous phase,
þ
M2þ þ L
i ! ML ;

k : formation rate constant

(7)

the extraction rate constant is represented by
k0 ¼

kK a
KD

(8)

where Ka is the dissociation constant and KD the distribution constant of n-alkylsubstituted dithizone. However, the observed extraction rate constant k0 did not
decrease with the increase of KD. Furthermore, the HSS method revealed that
the dissociated form of the n-alkyl-dithizone adsorbed at the interface generated
by the vigorous agitation [8]. From these experimental results, the contribution
of the interfacial reaction was concluded:
þ
M2þ þ L
i ! MLi ;

ki : interfacial formation rate constant

Then, the observed extraction rate constant k0 was rewritten as


Ka
0
0 Ai
k ¼ k þ ki K L
V KD

(9)

(10)

where Ai/V refers to the speciﬁc interfacial area, and KL0 the adsorption constant
of L from the aqueous phase to the interface. Under the conditions of
k5kiKL0 Ai/V, the interfacial reaction will govern the overall extraction rate. The
value of KL0 Ai could be determined by HSS method. Analysis of the extraction
rate gave log(ki/M1 s1) ¼ 8.08 for Zn2+ system and log (ki/M1 s1) ¼ 5.13
for Ni2+ system, respectively [7].
From this study, one can understand that the liquid–liquid interface has a
role of catalyst in the extraction rate through the adsorption of extractants like
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a solid catalyst. A primary criterion of the interfacial adsorption of the ligand is
whether the interfacial ligand concentration shows a Nernst isotherm or an
adsorption isotherm. This was proved in the extraction of Ni(II) with 2-hydroxy
oxime such as 5-nonylsalicylaldoxime (P50) [63], 2-hydroxy-5-nonylacetophenone oxime (SME529 or LIX83) [23], and 2-hydroxy-5-nonylbenzophenone
oxime (LIX65N) [64]. These extractants adsorbed at the interface in their neutral forms, obeying the Langmuir isotherm:
½HLi ¼

aK 0 ½HLo
a þ K 0 ½HLo

(11)

where [HL]i and [HL]o refer to the concentrations at the interface and organic
phase, respectively, a the saturated interfacial concentration, and K0 the interfacial adsorption constant deﬁned by K0 ¼ [HL]i/[HL]o under the condition of
[HL]o-0. The interfacial adsorptivity was conﬁrmed also by the interfacial
tension measurement. The initial rate constant for the extraction of Ni(II) ion,
r0, was represented by
r0 ¼ ki K 0a ni

½Ni2þ 
½Hþ 

(12)

where Ka0 is the dissociation constant at the interface and ni the interfacial
amount of the ligand in the present experimental conditions. As shown in
Fig. 16, the linear relationship between r0 and ni was experimentally conﬁrmed.
Then, it was concluded that the reaction between the dissociated form, L, and
Ni(II) ion at the interface governed the overall extraction rate. The complex formed at the interface was not adsorbed at the interface, but extracted
into the organic phase. We determined the adsorption constants of the three

Fig. 16. Linear correlation between the initial extraction rate and the interfacial
2+
3
2+
3
amount of P50:  [Ni ] ¼ 8.0  10 M, J [Ni ] ¼ 1.0  10 M.
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2-hydroxyoximes and the complexation rate constants with Ni(II) and Cu(II)
ions at the interface by means of the HSS method. The adsorption constants
(K0 ) of the neutral forms were all in the order of 103 cm and the complexation
rate constants of the dissociated form with Ni(II) ion at the interface were in the
order of 105 M1 s1 for the three extractants, though the distribution constants
(log KD) were signiﬁcantly different. The complex formation rate constants were
not seriously affected by the interface of heptane–water in comparison with
those in bulk aqueous solution. However, in the chloroform system, the magnitude of ki was decreased about two orders. This can be thought as a speciﬁc
solvent effect in the interface. The ligand might be solvated by chloroform
molecules even when it was adsorbed at the interface. The whole scheme of the
extraction mechanism including the interfacial reaction is shown in Scheme I. In
conclusion, the catalytic effect of the interface is primarily governed by the
value of Ai/V, which can be increased by agitation or stirring.
The adsorptivity and the orientation of the 2-hydroxyoxime molecule were
well simulated by the MD simulations [65]. In Fig. 17, the polar groups of –OH
ML2o

HLo

Org.

KD

L-i + H+

HLi

ki

M2+ + L-i

ML+i

M2+ + LML2

ML+

ML2

Interface

KL ’
L- + H+

HL
Ka

k1

Aq.

Scheme I. Interfacial mechanism of solvent extraction of metal ion (M2+).

Fig. 17. Solvation energy of LIX65N around the heptane–water interface calculated by the molecular dynamics simulation.
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and ¼ N–OH of the interfacially adsorbed P50 molecule is accommodated in
the aqueous phase side of the interface so as to react with Ni(II) ion at the
interfacial region [66]. The diffusive behavior of LIX65N around the interface
was also simulated for 1 ns. Fig. 17 clearly shows that LIX65N is more stable at
the interface than in heptane phase. This is thought to be the reason why the
reaction rate constants of Ni(II) at the heptane–water interface have almost
same magnitude with those in aqueous phase.
Pyridylazo ligands have been widely used in the extraction photometry of
various metal ions. For example, 1-(2-pyridylazo)-2-naphthol (Hpan) is one of
the most well-known reagents, but it shows slow extraction rate for some metal
ions such as Ni(II) and Pd(II). 2-(5-Bromo-2-pyridylazo)-5-diethylaminophenol
(5-Br-PADAP) is a relatively new reagent, which is more sensitive than Hpan
for Cu(II), Ni(II), Co(II), and Zn(II), giving the metal complexes of molar
absorptivities in the order of 105 M1 cm1.
5-Br-PADAP showed a signiﬁcant adsorption at the interface of heptane–
water under HSS conditions (5000 rpm). On the other hand, the adsorptivity at
the toluene–water interface was very low. Hpan did not adsorb at the toluene–
water interface at all. The adsorption constants of 5-Br-PADAP (HL) at the
heptane–water and toluene–water interfaces were obtained as log K0 Ai
(cm3) ¼ 1.64 and log K0 Ai (cm3) ¼ 0.367 [21]. The solvent effect on the
adsorptivity of the ligand affected directly the interfacial reaction rate. In the
heptane system, the Ni(II) complex was not extracted into the heptane phase.
On the other hand, in toluene system, the complex was extracted very slowly.
Recently, the extraction rates of Ni(II) and Zn(II) with 5-Br-PADAP were
studied by means of CLM [67]. Based on the reaction mechanism shown in
Scheme I, the initial formation rate was represented by


 
Va
k1 k2 ½HLi
Ai
0
r ¼ k½HL
þ
½M2þ 
(13)
Vo
k2 þ k1 ½Hþ  V o
where Va and Vo refer to the aqueous and organic phase volumes and the
deﬁnitions of k1, k2, and k1 are shown in the next equation, respectively.
k1

k2

n
þ
þ
M2þ þ HLi # MLþ
i þ H ! MLi ! ML2i

k2

(14)

The complex formation proceeded almost completely at the interface. The
rate constant of k ¼ 5.3  102 M1 s1 was determined by a stopped-ﬂow
spectrometry in the region where the formation rate was independent of pH.
The conditional interfacial rate constants represented by ki ¼ k1k2 [HL]i/
(k2+k1[H+]) were larger in the heptane–water interface than the toluene–
water interface, regardless of metal ions. The molecular dynamics simulation of
the adsorptivities of 5-Br-PADAP in heptane–water and toluene–water interfaces suggested that 5-Br-PADAP could be absorbed at the interfacial region
more closely to the aqueous phase, but 5-Br-PADAP in the toluene–water
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Fig. 18. (Left) Change in ﬂuorescence spectra measured by streakscope at the
different reaction times. The increasing count at 560 nm proved the formation of
Zn(II)–ocqn complex at the interface of two-phase microsheath ﬂow system.
(Right) The result of the digital simulation of the Zn(II)–Hocqn complexation. The
initial concentration of Hocqn was 1.1  104 M.

interface was still surrounded by toluene which might lower the probability to
react with aqueous Ni(II) ions [21].
The fast reaction rate between Zn(II) ion with Hocqn at the 1-butanol–
water interface was measured by two-phase sheath ﬂow method [33]. The formation of a ﬂuorescence complex at the interface was measured in the period
less than 5 ms after the two-phase contact as shown in Fig. 18. By the help of
digital simulation, the initial process of the interfacial reaction between Zn(II)
and Hqn was analyzed (Fig. 18). This approach is promising for the measurement of rapid interfacial reactions such as protein folding and luminescence
lifetime as well [36].
In the ion association extraction systems, hydrophobic and interfacially adsorbable complex ions are included very often. Cationic complexes of Fe(II),
Cu(II), and Zn(II) with 1,10-phenanthroline (phen) and its hydrophobic derivatives exhibited remarkable interfacial adsorptivity, although the legends themselves can hardly adsorb at the interface, unless they were protonated [68–70].
The extraction rate proﬁles of Fe(II) with phen and its dimethyl (DMP) and
diphenyl (DPP) derivatives into chloroform were investigated by HSS method. In
the presence of 0.1 M NaClO4, both of the formation rates of phen complex and
its interfacial adsorption were remarkably dependent on the counter anions of
Cl and ClO
4 . The initial extraction rate of Fe(II) was described by the equation


d½FeL3 X2 
Ai
(15)
¼ k1 ½Fe2þ ½L þ k01 ½Fe2þ ½Li
dt
Vo
t¼0
where X is an anion, and k1 and k10 stand for the 1:1 formation rate constant of
FeL+
2 in the aqueous phase and at the interface, respectively. The apparent
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extraction rate constant, kobs, was written as


1
k1
0 Ai
þ
k
K
kobs ¼
i L
1 þ K 0C Ai =V o K D
Vo

(16)

where KL0 and KC0 refer to the adsorption constants of L and FeL3X2 from the
organic phase to the interface, respectively. Experimental results showed that the
rate-determining step was the 1:1 complex formation in both aqueous phase and
interface. The adsorption of ligand accelerated the extraction (a positive catalytic
effect), but the adsorption of the Fe(II) complex suppressed the extraction rate
(a negative catalytic effect). The effects of anion and solvent on the extraction
rate can be explained through the change of the adsorption constant of Fe(II)
complex ion, KC0 [71].
A typical kinetic synergism has been observed for the catalytic effect of
N,N-dimethyl-4-(2-pyridylazo)aniline (PADA) on the extraction of Ni(pan)2
[72]. The extraction rate of Ni(pan)2 into toluene is very slow even under an
HSS condition. Whereas, the addition of PADA at the diluted concentration as
105 M can accelerate the extraction rate about 10 times. The observed extracted species was only Ni(pan)2 and no net consumption of PADA was observed after the extraction, while a signiﬁcant interfacial adsorption of PADA
was observed during the extraction under the HSS condition as shown in
Fig. 19. These results were analyzed by the mechanism of the interfacial ligandsubstitution reaction:
þ
þ
NiðpadaÞ2þ
i þ Hpano ! NiðpanÞðpadaÞi þ H ;

k0 : formation rate constant
(17)

þ
NiðpanÞðpadaÞþ
i þ Hpano ! NiðpanÞ2;o þ padao þ H

(18)

Fig. 19. Concentration changes of Hpan, PADA, and Ni(pan)2 in the catalytic extraction of Ni(II) into the toluene phase. Initial concentrations are [Ni2+] ¼
5
5
5
1.0  10 M, [Hpan] ¼ 4.0  10 M, and [PADA] ¼ 1.7  10 M at pH ¼ 5.6.
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The value of k0 was obtained as 90 M1 s1[72]. The key process of
the catalytic extraction of Ni(II)–Hpan–PADA system is the fast aqueous phase
formation of Ni(pada)2+, which adsorbed at the interface and increased the
reaction probability with Hpan in the organic phase to produce Ni(pan)2,o.
Usually, acidic condition decreases the extraction rate of metal ions
with acidic ligand, because of the suppression of the dissociation of extractant.
However, in the extraction of Pd(II) with 5-Br-PADAP, the lowering of
pH accelerated the extraction rate [73]. The protonation of 5-Br-PADAP increased its adsorptivity but did not decrease the reactivity with Pd(II), for
the nitrogen atom of imine form was protonated. The rate constant is larger for
the reaction with the protonated 5-Br-PADAP than with the neutral one, because Pd(II) is coordinated by chloride ion to be charged negatively as PdCl
3
and PdCl2
.
4
In summary, the catalytic role of the liquid–liquid interface is realized through
the adsorption of the extractant or interfacial complex at the interface. Therefore,
the enlargement of the speciﬁc interfacial area is necessary for the increase of the
contribution of the interfacial reaction in the overall extraction rate.

3.2. Interfacial Aggregation at the Liquid–Liquid Interface
Another unique and speciﬁc feature of the interfacial reaction is the formation
of aggregate of dye molecules, metal complexes, and other solvophobic molecules. As reported in many interfacial adsorption systems, the saturated interfacial concentration of usual molecules is of the order of 1010 mol/cm2,
which can be attained even under an extremely low bulk phase concentration.
This means that the liquid–liquid interface is ready to be saturated to form a
two-dimensionally condensed state for the adsorbate. In solvent extraction
process of metal ions, we used to ﬁnd formation of some precipitate at the
interface, which is called crud. The study of the interfacial aggregate is therefore
important to know the real interfacial reaction as met in the industrial solvent
extraction where rather concentrated solutes have to be treated.
A typical example of interfacial aggregation is that of the protonated TPP
at the toluene or dodecane–aqueous acid solution interface. The maximum
absorption wavelength of TPP is shifted from 419 to 473 nm due to the interfacial J-aggregation. The aggregation rate of H2TPP2+ at the dodecane–sulfuric
acid solution was measured by a two-phase stopped ﬂow method [9] and a CLM
method [12]. In the former method, it was found that the stagnant layer
of 1.4 mm still existed in the dodecane phase side of the droplet interface even
under the highly dispersed system and the diffusion in the layer is the ratedetermining step. In the CLM method, the liquid membrane phase of
50–100 mm thickness behaved as a stagnant layer where the TPP molecule had
to migrate according to its self-diffusion rate before the rapid protonation of
TPP and the aggregation of the diprotonated species.
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Recently, the formation of the dinuclear Eu(II) complex at the toluene–
water interface was found out by a time-resolved total reﬂection ﬂuorometry.
When bathophenanthroline sulfate (bps) was added to the extraction system of
Eu(III) with 2-thenoyltriﬂuoroacetone (Htta), a double component luminescence decay proﬁle was observed and it showed the presence of dinuclear complex at the interface [27]. The observed life times t ¼ 22 and 203 ms were
attributed to the dinuclear complex Eu2(tta)2(bps)2 and the mononuclear complex Eu(tta)2bps. The shorter lifetime of the dinuclear complex than t ¼ 98 ms
for an aqua-Eu(III) ion suggested a charge transfer deactivation in the dinuclear
complex.
The aggregate of Pd(II)–tetrapyridylporphine (tpyp) complex was formed
at the toluene–water interface, when a tpyp toluene solution was contacted with
a PdCl2 aqueous solution under an acidic condition. Pd(II) was bound to the
nitrogen atoms of pyridyl group, not to the central pyrrole nitrogens. Depending on the concentration ratio of Pd(II)/tpyp, it formed two kinds of aggregates:
an aggregate (AS1) observed in a lower tpyp concentration has a 3:1 composition in Pd/tpyp ratio with a shorter life time of 0.15 ns, and another one (AS2)
observed higher tpyp concentration has a 1:1 composition with a longer life time
of 1.1 ns. The 1:1 aggregate (lmax ¼ 668 nm) showed a red shift of 12 nm from
the 3:1 aggregate (lmax ¼ 656 nm), and suggested a p-stacking interaction in the
1:1 aggregate [74].
The palladium(II) ion forms a 1:1 complex with 5-Br-PADAP, leaving one
site for the coordination of another ligand. The Pd(II)–5-Br-PADAP (PdL)
complex cation has speciﬁc properties such as an extremely high molar absorptivity (e564 ¼ 4.33  104 M1 cm1 in toluene), a high adsorptivity to the
liquid–liquid interface, and a soft Lewis acid easy to be bound to a soft Lewis
base. Therefore, PdL+ is expected to have a function as an interfacial molecular
recognition reagent of Lewis bases.
The molecular recognition ability of Pd(II)–5-Br-PADAP for the isomers of
diazine derivatives (abbreviated as Dzs or N) has been evaluated. PdLCl reacted
with a neutral diazine with one or two nitrogen atoms, forming a PdLN+
complex at the toluene–water interface. The interfacial formation constant (bi)
of the PdLN+ complex was determined as follows [38]:

PdLCli þ N ¼ PdLNþ
i þ Cl

bi ¼

½PdLNþ i ½Cl 
½PdLCli ½N

(19)
(20)

A linear relationship was obtained between the logarithmic interfacial formation constant (log bi) for PdL+-diazine derivative complexes and the logarithmic ratio of the distribution constant (KD) to the acid-dissociation constant
(Ka) for the two groups. PdL+-pyridazine derivative complexes showed much
higher stability at the interface than pyrimidine and pyrazine derivative complexes. This result suggests that pyridazine derivative complexes become more
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Fig. 20. Absorption spectra of PdLCl and the interfacial aggregates of ternary
5
PdL–Dz complexes measured by the CLM method. [PdLCl]init ¼ 5.6  10 M,
4
3
5
[pyridazine] ¼ 2.0  10 M, [pyrimidine] ¼ 8.0  10 M, [pyrazine] ¼ 8.0  10 M,


[ClO4 ] ¼ 0.1 M, [Cl ] ¼ 0 M, pH 2.0. The left structure shows a probable unit of
the membrane-like aggregate formed in pyrazine complexes.

liable to be adsorbed at the interface than pyrimidine and pyrazine derivative
complexes, since the bonding of the pyridazine derivative to PdL+ increases its
hydrophobicity by decreasing its dipole moment, which was evaluated by molecular orbital calculations.
At low concentrations of chloride ions, PdL–Dz complexes formed aggregates at the interface [75]. Fig. 20 shows the absorption spectra of PdLCl
and the PdL–Dz complex aggregates. The formation of each interfacial aggregate of PdL–Dz was accompanied with a drastic absorbance decrease at 564 nm
of PdLCl and the change in the spectral shape. Difference in the compositions
of the interfacial aggregates of PdL–Dz was observed among the Dz isomers:
the PdL–pyridazine aggregate formed blue domains at the interface and
the composition ratio was pyridazine:PdL ¼ 1:1, whereas the PdL–pyrazine
aggregate was a thin membrane with the composition of pyrazine:PdL ¼ 1:2
and the PdL–pyrimidine aggregate showed blue domains with the unknown
composition.
The aggregation kinetics of nickel(II)–5-Br-PADAP complex at the heptane–water interface has been studied by using CLM spectrophotometry [76].
The interfacial aggregation between ligands in NiL2 complexes was observed as
the growth of a remarkably intense and narrow absorption band (J-band) at
588 nm, showing a bathochromic shift from the absorption maximum of the
monomer complex (569 nm), accompanied by a decrease of the absorbance of
the free ligand at 452 nm as shown in Fig. 21. The formation of the aggregate was
initiated at the time when the interfacial concentration of the monomer complex
10
2
attained the critical aggregation concentration (cac) of 2.4  10 mol/cm . The

304

Hitoshi Watarai
(a) Spectral change
0.15

Absorbance

HL
0 s 452 nm

588 nm
(NiL2)n
500 s

0.05
500 s

0
300

400

0s

500
600
700
Wavelength / nm

(b) Absorbance

Aggregation

Complexation
Absorbance

0.1

800

0.1
588 nm
0.05

0

cac
0

200

400
Time /

452 nm
600

800

Fig. 21. Critical aggregation concentration in the interfacial aggregation of Ni(II)–
5-Br-PADAP.

initial formation rate of the interfacial aggregate was proportional to concentrations of both free Ni(II) and free ligand after the attainment of cac. The
observed rate constant for the aggregation, 4.1  101 M1 s1, was smaller than
the formation rate constant of NiL2 complex at the interface. A long period
observation of the proﬁle of absorbance change showed an oscillation of the
interfacial aggregate concentration until all of the ligand was consumed, suggesting a subsequent ﬂocculation of the aggregate in the rotating cell.
Very recently, the SHG/CD method has been applied, for the ﬁrst time,
to the measurement of the CD spectra of the interfacial complex [20]. Interfacial
aggregation of tetra-p-sulfonatophenylporphyrin (TPPS) induced by the coexistence of a cationic surfactant was studied using the SHG/CD method.
Cetyltrimethylammonium bromide (CTAB) was used as a cationic surfactant.
The SHG signal increased with the increase in the concentration of CTAB.
Under acidic conditions (pH 3.0), the absorption spectrum of the aqueous solution of TPPS showed a maximum at 435 nm, which was assigned to the
diprotonated TPPS (H4TPPS2). On the other hand, the p-polarized interfacial
SHG spectrum obtained from the irradiation of the p-polarized fundamental
beam at pH 3.0 gave two maxima at 400 and 415 nm. The maxima in the SHG
spectrum were assigned to the mixture of the H-aggregate of TPPS (405 nm) and
the aqueous unprotonated TPPS (413 nm). It was, therefore, suggested that
these two unprotonated species coexisted at the heptane–water interface. The
present results also suggested that the formation of the H-aggregate was favored
at the interface in contrast with the results in aqueous solutions. The chirality of
the interfacial aggregate of TPPS has been investigated using SHG/CD spectroscopy for the ﬁrst time. This study enabled the chirality measurements of the
interfacial complex and the interfacial aggregates, which were very difﬁcult to
be measured using ordinary CD spectroscopy, due to the very low interfacial
concentrations. In the near future, the chiral selectivity related to the molecular
recognition ability of the interfacial aggregates will be investigated in detail.
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4. CONCLUDING REMARKS
Modern measurement methods of the liquid–liquid interfacial reaction were
reviewed as well as speciﬁc features of the interfacial reactions, notably the
complexation of metal ions and the aggregation of complexes. The prospect of
interfacial analytical methods is summarized as follows:

1) Single molecular diffusion method enabled us to measure the nanoviscosity
of the liquid–liquid interface. The single molecular probing technique will
be extended to the measurement of single molecule reaction at the interface,
which is useful to elucidate the polarity, acidity, and reactivity of ions
adsorbed at the interface. The mechanism of cell membrane reaction also
will be investigated by the single molecule probing method.
2) Various kinds of new spectroscopic methods will be applied to observe
micro- and nanometer sized area in the liquid–liquid interface, and some
inhomogeneity or localization of the interfacial compound will be observed.
Especially, the optical chirality of the interfacial molecule and molecular
aggregate will be very important and fundamental subject. The time-resolved chiral spectrometry, chiral microscope, and imaging technique of
interfacial chirality will be developed in very near future. Nonlinear chiral
spectrometry is developed and will become more popular, because its high
spatial resolution ability.
3) Kinetic measurement of the interfacial reaction is still very important in
relation to the biological reactions taking place at the cell membrane and
the surface of biological organism. The catalytic mechanism of enzyme at
the liquid–liquid interface is not well understood yet. The interaction between the enzyme and the substrate at the oil–water interface has to be
investigated urgently.
4) Again, I would like to emphasize the interesting phenomena of the generation of optical chirality at the interface by the aggregation of achiral
molecules. The ﬂexible but shear forced liquid–liquid interface may generate
nanochiral environment at the interface, which facilitates the chiral aggregation. Chiral generation or chiral selection is an essential subject not only
in chemistry, but also in biology. Detailed investigation should be carried
out by using new chiral measurement methods introduced in this chapter.
5) Finally, an exotic technique such as magnetophoresis has to be developed.
A droplet or particle was moved by the magnetophoretic force, which was
only femtonewton. Such tiny force is enough to migrate a microparticle in
liquid, and the velocity gives the value of magnetic susceptibility of the
single particle and further that of the interface. The magnetophoretic
mobility method is predicting a further possibility of other innovative
measurement methods of the interface by using external force, which utilizes
electromagnetic force, dielectric force, and laser scattering force [77].
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1. INTRODUCTION
The purpose of this chapter is to demonstrate the usefulness of vibrational
spectroscopy [1–8] and atomic force microscopy (AFM) [9,10] in the studies of
monolayers on air/solid interfaces. In this chapter, considerable attention is
paid to the combined use of vibrational spectroscopy and AFM. These two
techniques, widely used in the studies of monolayers on air/solid interfaces, have
complementary advantages; vibrational spectroscopy is suitable to investigate
structure and orientation of monolayers [2,3,6–9], while AFM is useful to
observe the surface morphology and the thickness of the monolayers [9].
The utility of vibrational spectroscopy lies in the fact that the vibrational
spectrum of a molecule is a sensitive indicator of chemical properties [1–5]. The
vibrational spectrum reﬂects the disposition of atomic nuclei and chemical
bonds within a molecule and the interactions between the molecule and its
immediate environments. Thus, vibrational spectroscopy, infrared [1–3] and
Raman spectroscopies [4,5], in the present case, allows one to investigate

Corresponding author. E-mail: ozaki@kwansei.ac.jp

310

Yukihiro Ozaki et al.

structure, orientation, and interactions in monolayers on air/solid interfaces at
the functional group level [2,3,6–8].
Vibrational spectroscopy has following advantages for investigations of
monolayers [2,3,6–8]:
1. One can measure a spectrum non-destructively at room temperature under a
normal pressure.
2. It is possible to measure a spectrum of even a one-layer ﬁlm.
3. Since an infrared spectrum or a Raman spectrum can be obtained for
monolayers, a solution, a solid, and a crystal, one can compare the structure
of a sample in the monolayers with that in other states.
4. Operations for spectra measurements are relatively easy.
5. In the case of infrared spectroscopy, various types of infrared measurement
methods (transmission method, attenuated total reﬂection (ATR) method,
reﬂection–absorption (RA) method, surface-enhanced method, etc.) may be
applied.
6. As for Raman spectroscopy one may expect resonance Raman effect and/or
surface-enhanced Raman scattering (SERS). By using these effects, the
Raman spectrum of a monolayer ﬁlm may be enhanced by 103–106.
Resonance Raman spectroscopy is useful for exploring the electronic structure of monolayers with a chromophore and SERS technique is applied to
study structure, orientation, and interactions of monolayers on a silver or
gold surface.
Information obtained from infrared and Raman spectra of monolayers are
summarized as follows:
1. Orientation of molecules: it is possible to quantitatively estimate tilt angles
of a hydrocarbon chain and a chromophore.
2. Conformations of hydrocarbon chains.
3. Conformations and electronic structures of chromophores.
4. Interactions between a substrate and the ﬁrst layer and those between layers.
5. Subcell packing of hydrocarbon chains.
AFM can image both conductors and non-conductors with atomic resolution
[9,10]. AFM is being used to solve materials and processing problems in a wide
range of sciences and technologies including material, chemical, and biological
sciences and technologies [9,10]. The materials investigated include thin and thick
ﬁlms, coatings, ceramics, composites, glasses, synthetic and biological membranes, metals, polymers, and semiconductors. AFM is being applied to studies
of phenomena such as abrasion, adhesion, cleaning, corrosion, etching, friction,
lubrication, plating, and polishing. By using AFM one can not only image a
surface in atomic resolution but also measure the force at nano-Newton scale.
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The following part of this review article consists of four sections. Section 2
is concerned with infrared and AFM studies of Langmuir–Blodgett (LB) ﬁlms.
This section contains introductory parts for infrared and AFM studies of
monolayers. This section also emphasizes the importance of combined use of
infrared spectroscopy and AFM. LB ﬁlms of 2-alkyl-7,7,8,8-tetracyanoquinodimethane (alkyl-TCNQ) are taken up as examples. Section 3 outlines SERS
studies of monolayers. This section describes the usefulness and uniqueness of
SERS in the investigations of LB and self-assembled monolayer (SAM) ﬁlms.
Following this section, we present other AFM studies on monolayers in Section
4. In Section 5 infrared and visible spectroscopy studies on J- and H-aggregates
in LB ﬁlms of mecrocyanine dye are reported.

2. INFRARED AND ATOMIC FORCE MICROSCOPY STUDIES
OF LB FILMS
2.1. An Infrared Study of LB Films of Cadmium Stearate
Fig. 1 shows infrared RA and transmission spectra of seven-layer LB ﬁlms of
cadmium stearate on silver and ZnSe plates, respectively [11]. When one measures an infrared spectrum of a molecule with a long hydrocarbon chain such as
cadmium stearate, one typically observes a number of infrared bands due to the

Fig. 1. Infrared RA and transmission spectra of seven-layer LB ﬁlms of cadmium
stearate on silver and ZnSe plates, respectively. (Reproduced with permission from
Ref. [11]. Copyright (1990) American Chemical Society.)
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hydrocarbon chain. One can expect bands due to CH3 asymmetric stretching,
CH3 symmetric stretching, CH2 antisymmetric stretching, CH2 symmetric
stretching, CH2 scissoring, CH2 wagging vibrations, and so on. The infrared
spectra in Fig. 1 show bands at 2955, 2918, 2875, 2847, 1471, and 1462 cm1
assigned to CH3 asymmetric stretching, CH2 antisymmetric stretching, CH3
symmetric stretching, CH2 symmetric stretching, and CH2 scissoring vibrations
(the CH2 scissoring vibrations appear as a doublet) [11]. The CH2 wagging
vibration yields a band progression in the 1350–1200 cm1 region. CH2
antisymmetric and symmetric stretching bands are known to appear in the
vicinity of 2918 and 2848 cm1, respectively, when the hydrocarbon chain
assumes trans-zigzag structure, but they shift to a higher wavenumber side if the
hydrocarbon chain contains some gauche forms [12,13]. Hence, the result shown
in Fig. 1 suggests that the hydrocarbon chain of cadmium stearate has
trans-zigzag conformations in the LB ﬁlms. The subcell packing of hydrocarbon
chains can be investigated from bands due to CH2 scissoring mode [14,15]. The
CH2 scissoring vibrations emerge as a doublet at 1471 and 1462 cm1 when the
hydrocarbon chains take orthorhombic subcell packing, but as a single band at
1467 cm1 when the chains assume hexagonal subcell packing. Since bands due
to a CH2 scissoring vibration appear as a doublet in the transmission spectrum in
Fig. 1, it is very likely that the hydrocarbon chains of cadmium stearate assume
orthorhombic subcell packing in the LB ﬁlm [11].
If one wishes to study the molecular orientation in an LB ﬁlm, one must
compare an infrared transmission spectrum with an infrared RA spectrum. We
can readily notice the remarkable differences in the intensities of infrared bands
between the two spectra in Fig. 1. It is these differences in the intensities that
allow us to discuss the molecular orientation in an LB ﬁlm. Now, let us consider
which bands will appear strongly in the transmission spectrum on an assumption that the molecular axis of cadmium stearate is nearly perpendicular to a
substrate (see Fig. 2) [11]. In the case of a transmission mode, since an electric
vector of infrared light is parallel to the substrate, strong bands are those due to
vibrations whose transition moments are perpendicular to the molecular axis,
such as CH2 antisymmetric and symmetric stretching vibrations, COO antisymmetric stretching vibration (1543 cm1) and CH2 scissoring vibrations,
whereas bands due to vibrations whose transition moments are parallel to the
molecular axis, such as COO symmetric stretching vibration (1433 cm1) and
CH2 wagging vibrations, should be rarely observed. The transmission spectrum
in Fig. 1 strongly supports the hypothesis described above. According to the
surface selection rule in infrared RA spectroscopy [16,17], molecular vibrations
whose transition moments are perpendicular to a substrate surface appear
strongly in an RA spectrum. As we have assumed above, if the molecular axis of
the hydrocarbon chain is perpendicular to the substrate, COO symmetric
stretching and CH2 wagging vibrations (when a hydrocarbon chain has
trans-zigzag conformation, as all CH2 groups vibrate in the same plane and
couple with each other, a series of bands (band progression) appears that
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Fig. 2. Calculated tilt angles in an LB ﬁlm of cadmium stearate. (Reproduced with
permission from Ref. [11]. Copyright (1990) American Chemical Society.)

expresses phase differences of the vibrations) should appear as strong bands in
the RA spectrum. Fig. 1 clearly shows that the above hypothesis is correct.
It is also possible to quantitatively discuss the molecular orientation based
on comparison of the intensity of each band between the transmission spectrum
and the RA spectrum. From the comparison of the two spectra shown in Fig. 1,
Umemura et al. [11] calculated the molecular orientation in the LB ﬁlm of
cadmium stearate as shown in Fig. 2.

2.2. Infrared and AFM Studies of LB Films of 2-Alkyl-7,7,8,8tetracyanoquinodimethane
LB ﬁlms having a tetracyanoquinodimethane (TCNQ) chromophore have recently received keen interest because some of them have shown fairly high conductivity [18,19]. To understand the interesting properties that the conducting LB
ﬁlms with a TCNQ chromophore show, it is very important to investigate the
relationship between the function and structure of the ﬁlms. As the ﬁrst step of
the studies of the relationship, Ozaki et al. [20–36] have been investigating the
structural characterization of LB ﬁlms of alkyl-TCNQ (Fig. 3). Molecular
aggregation, orientation, structure, morphology, and thermal behavior have

314

Yukihiro Ozaki et al.

Fig. 3. Structure of 2-alkyl-7,7,8,8-tetracyanoquinodimethane.

Fig. 4. (a) Infrared RA and (b) transmission spectra of one-layer LB ﬁlms of
pentadecyl-TCNQ prepared on a gold-evaporated glass slide and CaF2 plate, respectively. The spectra were measured at 6 and 5 min after the ﬁlm deposition,
respectively. An intense absorption band due to CO2 near 2350 cm1 was cut artiﬁcially. (Reproduced with permission from Ref. [34]. Copyright (2000) American
Chemical Society.)

been explored for LB ﬁlms of 2-dodecyl-7,7,8,8-tetracyanoquinodimethane
(dodecyl-TCNQ; Fig. 3), 2-pentadecyl-7,7,8,8-tetracyanoquinodimethane (pentadecyl-TCNQ; Fig. 3), and 2-octadecyl-7,7,8,8-tetracyanoquinodimethane (octadecyl-TCNQ; Fig. 3) using visible and infrared spectroscopies and AFM.
Fig. 4(a) and (b) compare infrared RA and transmission spectra of onelayer LB ﬁlms of pentadecyl-TCNQ prepared on a gold-evaporated glass slide
and CaF2 plate, respectively [34]. Assignments for infrared bands of alkylTCNQ have been well established, and those for key bands in the infrared
spectra of the LB ﬁlms are as follows [20]: 2918 cm1, CH2 antisymmetric
stretching; 2850 cm1, CH2 symmetric stretching; 2222 cm1, CN stretching;
1547 and 1529 cm1, C¼C stretching; 1471 and 1462 cm1, a doublet due to the
CH2 scissoring. Bands due to the CH2 antisymmetric and symmetric stretching
modes of alkyl-TCNQ are identiﬁed at 2918 and 2849 cm1, respectively. These
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frequencies suggest that the hydrocarbon chain of alkyl-TCNQ has trans-zigzag
conformation in the LB ﬁlms [20].
It is noted in Fig. 4 that the intensities of the bands at 2222, 1547, and
1529 cm1 due to in-plane TCNQ modes are much stronger in the RA spectrum
than in the transmission spectrum. Therefore, it seems that the TCNQ plane is
nearly perpendicular to the substrate surface. Transition moments of the two
C¼C stretching bands at 1547 and 1531 cm1 are perpendicular to the molecular axis of the TCNQ chromophore [20]). It should be noted that both have
comparable intensities in the transmission and RA spectra (Fig. 4). Therefore, it
may be concluded that the molecular axis of the TCNQ chromophore is neither
parallel nor perpendicular to the surface, being in an intermediate direction.
The intensities of CH2 antisymmetric and symmetric stretching bands are also
comparable between the two spectra, suggesting that the alkyl chain is tilted
considerably with respect to the surface normal.
For the LB ﬁlms of dodecyl-, pentadecyl-, and octadecyl-TCNQ, not
only molecular orientation and structure but also molecular aggregation,
morphology, and thermal behavior have been explored by infrared and visible
spectroscopies and AFM.
The following conclusions could be reached about the molecular orientation, structure, morphology, and thermal behavior of the LB ﬁlms of alkylTCNQ [20–25,32–35]: a one-layer LB ﬁlm of octadecyl-TCNQ shows gradual
thermally induced structural changes, while its multi-layer ﬁlms show abrupt
structural changes [21,24]. The order–disorder transition in a multi-layer LB
ﬁlm of octadecyl-TCNQ with the longer even-numbered hydrocarbon chain
occurs at a higher temperature than that in the corresponding LB ﬁlm of
dodecyl-TCNQ with the shorter even-numbered hydrocarbon chain [21,24].
A multi-layer LB ﬁlm of pentadecyl-TCNQ with the odd-numbered hydrocarbon chain shows a transition temperature similar to the corresponding ﬁlm
of dodecyl-TCNQ. The AFM studies veriﬁed that LB ﬁlms of octadecyl-TCNQ
consist of numerous plate-like microcrystal domains, which have the layered
assembly formed by bimolecular layers with a thickness of 3.7 nm [25].
A periodic arrangement of octadecyl-TCNQ molecules with a period of 0.85 nm
can be observed inside the domains. The domains in the ﬁrst layer (4.3 nm) are
thicker than those above the ﬁrst layer (3.7 nm) [25].

2.3. Infrared and AFM Studies of Time-Dependent Changes in
Molecular Orientation, Structure, and Morphology in One-Layer LB
Films of Alkyl-TCNQ
Infrared spectroscopy and AFM were also used to explore time-dependent
changes in molecular orientation, structure, and morphology in one-layer LB
ﬁlms of dodecyl-, pentadecyl-, and octadecyl-TCNQ [34]. Fig. 5(a)–(d)
show time-dependent changes in the 3000–2800, 2250–2190, 1580–1500, and
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Fig. 5. Enlargement of time-dependent changes in the infrared RA spectrum of a
one-layer LB ﬁlm of pentadecyl-TCNQ on a gold-evaporated glass slides. (a) 3000–
2800 cm1 region; (b) 2250–2190 cm1 region; (c) 1580–1500 cm1; (d) 1500–
1440 cm1 region. The spectra were obtained from 6 to 131 min after the ﬁlm
deposition. (Reproduced with permission from Ref. [34]. Copyright (2000) American Chemical Society.)

1500–1440 cm1 regions of the infrared RA spectrum of a one-layer LB ﬁlm of
pentadecyl-TCNQ, respectively [34]. The spectra were measured between 6 and
131 min after the ﬁlm deposition on a gold-evaporated glass slide. Of note in
Fig. 5(a) is that the intensities of the bands due to the CH2 antisymmetric and
symmetric stretching modes increase with time. This suggests that the alkyl
chain is nearly perpendicular to the substrate surface in the LB ﬁlm just after the
ﬁlm deposition, but that it becomes tilted gradually with time [34].
Fig. 5(d) reveals that the relative intensity of the two bands at 1471 and
1462 cm1, assigned to CH2 scissoring modes of non-interdigitated and interdigitated parts of the alkyl chain, respectively, changes as a function of time.
The observation in Fig. 5(d) suggests that the proportion of the interdigitated

Monolayers on Air/Solid Interfaces

317

Fig. 6. Possible model for time-dependent (a) orientational and (b) morphological
changes in a one-layer LB ﬁlm of pentadecyl-TCNQ. (Reproduced with permission
from Ref. [34]. Copyright (2000) American Chemical Society.)

part increases with time probably because of the evaporation of water molecules. It can be seen from Fig. 5(b) and (c) that the intensities of the CN and
C¼C stretching bands increase during the time course and that the relative
intensity of the two bands at 1547 and 1529 cm1 varies. These observations
lead to the conclusion that the TCNQ plane becomes more perpendicular with
respect to the substrate surface and the molecular axis of the TCNQ chromophore becomes more tilted with respect to the surface normal with time. Based
upon the results in Fig. 5, Morita et al. [34] proposed a possible model for timedependent orientational changes in a one-layer LB ﬁlm of pentadecyl-TCNQ.
Fig. 6 depicts the model [34].
A one-layer LB ﬁlm of dodecyl-TCNQ also undergoes similar timedependent infrared spectral changes, although the changes are much smaller
than those for the ﬁlms of pentadecyl-TCNQ [34]. The corresponding LB ﬁlm of
octadecyl-TCNQ does not show appreciable time-dependent changes. The
differences in the aging effects among the one-layer LB ﬁlms of the three kinds
of alkyl-TCNQ may be caused by the differences in the strength of the hydrophobic interaction between the interdigitated alkyl chains and in the degree of
three-dimensional microcrystal growth in the one-layer LB ﬁlms.
Morita et al. [34] also used AFM to monitor the aging of the one-layer LB
ﬁlms of alkyl-TCNQ. Fig. 7 depicts AFM images of a (a) fresh (15 min after the
ﬁlm deposition) and (b) aged (120 min after the deposition) one-layer LB ﬁlms
of pentadecyl-TCNQ on mica. It can clearly be seen from comparison between
the images in Fig. 8(a) and (b) that ﬂat and uniformed domains in the LB ﬁlm
change into smaller and more condensed domains whose sizes are 1 mm in a
few hours. Fig. 9(a) shows an AFM image of a one-layer LB ﬁlm of dodecylTCNQ on mica measured 2 days after the ﬁlm deposition. It is noted that the
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Fig. 7. AFM images of (a) fresh (15 min after the deposition) and (b) aged (120 min)
one-layer LB ﬁlms of pentadecyl-TCNQ on mica. (Reproduced with permission
from Ref. [34]. Copyright (2000) American Chemical Society.)

morphology of the aged ﬁlm of dodecyl-TCNQ is very similar to that of the
aged LB ﬁlm of pentadecyl-TCNQ (Fig. 7(b)). The domains of the aged onelayer LB ﬁlms of dodecyl- and pentadecyl-TCNQ are located separate from one
another with a certain distance, indicating that the condensation of the ﬁlms
occurs after the ﬁlm deposition.
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Fig. 8. (a) AFM images of an aged (2 days after the deposition) one-layer LB ﬁlm
of dodecyl-TCNQ on mica. (b) AFM image of an aged (2 days after the deposition)
one-layer LB ﬁlm of octadecyl-TCNQ on mica. (Reproduced with permission from
Ref. [34]. Copyright (2000) American Chemical Society.)

An AFM image of a one-layer LB ﬁlm of octadecyl-TCNQ on mica measured 2 days after the ﬁlm deposition is shown in Fig. 9(b). In contrast to the
morphology of aged one-layer LB ﬁlms of dodecyl- and pentadecyl-TCNQ, the
image of the aged one-layer LB ﬁlm of octadecyl-TCNQ shows more ﬂat and
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Fig. 9. Model for time-dependent morphological and structural changes in the onelayer LB ﬁlm of pentadecyl-TCNQ. (Reproduced with permission from Ref. [34].
Copyright (2000) American Chemical Society.)
Table 1
Time-dependent change in the thickness of a one-layer LB ﬁlm of pentadecyl-TCNQ on mica
after the ﬁlm deposition (from Ref. [34])
Time (min)
Thickness (nm)

15
4.6

60
7.7

80
8.3

120
7.9

180
8.2

uniformed morphology. This morphology is close to that of the fresh one-layer
LB ﬁlm of pentadecyl-TCNQ, suggesting that the morphology of the ﬁlm of
octadecyl-TCNQ varies little with aging. It is obvious that the one-layer LB ﬁlm
of octadecyl-TCNQ with the longer alkyl chain is more stable than those of
dodecyl- and pentadecyl-TCNQ with the shorter alkyl chains, when the ﬁlms
are transferred onto the solid substrates from the air/water interface.
Table 1 shows the time-dependent variation in the thickness of a one-layer
LB ﬁlm of pentadecyl-TCNQ [34]. The thickness of the fresh LB ﬁlm of pentadecyl-TCNQ is estimated to be 4.6 nm, while that of the aged ﬁlm is 8.0 nm,
which is almost double of the original thickness. The value 4.6 nm, the observed
height of the fresh one-layer LB ﬁlm of pentadecyl-TCNQ, is larger than the
layer distance in upper layers (3.4 nm). As described above, it is very likely that
in the fresh one-layer LB ﬁlm of pentadecyl-TCNQ, the molecules direct more
perpendicular to the substrate surface compared with those in the aged ﬁlm. It is
noted that the thickness of the aged one-layer LB ﬁlm of pentadecyl-TCNQ is
stabilized at 8.0 nm. This variation in the height value means that the onelayer LB ﬁlm of pentadecyl-TCNQ changes its morphology from the unstable
one-layer structure to the stable two-layer structure. The relative intensity of
two bands at 2926 and 2918 cm1 changes largely with time. This observation
suggests that the alkyl chain has more all-trans nature in the stable two-layer
structure. It is likely that water molecules attaching to the alkyl chain evaporate
with time, leading to the stable crystalline state where the alkyl chain tends to
the all-trans conformation.
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Fig. 8 illustrates two models for the aging effects on the structure and
morphology of a one-layer LB ﬁlm of pentadecyl-TCNQ proposed by Morita
et al. [34]. The top model shows that the thickness of the bottom layer of the
aged one-layer LB ﬁlm is very close to that of the fresh ﬁlm and that the top
layer has a thinner thickness with tilted hydrocarbon chains. The bottom model
depicts that both the bottom and the top layers have similar thickness with tilted
hydrocarbon chains.

2.4. Structural Characterization of Mixed-Stack Charge Transfer
Films of Octadecyl-TCNQ and 5,10-Dimethyl-5,10-dihydrophenazine
Prepared by the LB Technique and Donor Doping: Molecular
Orientation and Structure and Morphology Investigated by Infrared
Spectroscopy, X-ray Diffraction, and AFM
Molecular orientation and structure and morphology in mixed-stack charge
transfer (CT) ﬁlms of octadecyl-TCNQ doped by 5,10 dimethyl-5,
10-dihydrophenazine ((Me)2P) (Fig. 10) were investigated by using ultraviolet–
visible–near-infrared and infrared spectroscopies, X-ray diffraction, and AFM
[28–30]. Organic donor–acceptor CT complexes have been matters of keen interest because the segregated-stack CT complexes show metal electrical conductivity and even superconductivity [18,19]. Interest in the mixed-stack CT
complexes, forming another class of donor (D)–acceptor (A) CT complexes,
was awakened by a neutral-to-ionic phase transition induced by pressure or
temperature. The mixed-stack CT complexes have been studied extensively because they show a variety of physical properties, such as nonlinear electrical and
optional properties, and an anomalous dielectric response. The mixed-stack CT
complexes, with the CT transition moments along the one-dimensional columns
of D and A molecules, are further divided into quasi-neutral (N) and quasi-ionic
(I) states by the magnitude of a partial electron transfer (r) from the D to A
molecules. When r is less than or greater than the value of the neutral–ionic (N-I)
boundary, a CT complex is in the quasi-neutral or quasi-ionic state, respectively.
In this section, the X-ray and infrared studies of the CT ﬁlms are described brieﬂy
and their AFM study is introduced in some detail.
The X-ray diffraction pattern of an 11-layer ﬁlm of the mixed-stack CT
complex of octadecyl-TCNQ doped with (Me)2P revealed that the ﬁlm has a
well-ordered layered structure in which the D and A are highly oriented [28].
A d value of 3.3 nm indicates that each layer in the CT ﬁlm contains biomolecular layers of alternately stacked D and A. A comparison of the IR transmission and RA spectra of the one-layer mixed-stack CT ﬁlms suggested that
both chromophoric planes of D and A and their long molecular axes are preferentially perpendicular to the substrate surface, while the hydrocarbon chains
are parallel to it [28]. In the case of the multi-layer CT ﬁlms, the D and A planes
were found to be slightly tilted with respect to the surface normal and the
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Fig. 10. Schematic models for the molecular orientation and stacking pattern of D
and A molecules: (a) the LB ﬁlms of octadecyl-TCNQ; (b and c) the mixed-stack
CT ﬁlms of octadecyl-TCNQ doped by TMB and (Me)2P, respectively. (Reproduced with permission from Ref. [28]. Copyright (1997) American Chemical Society.)
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hydrocarbon chains are no longer lying on the surface but tilted a little from it.
The dependence of the molecular orientation on the number of layers may be
attributed to the direct interaction between the ﬁrst layer and the substrate in
the one-layer CT ﬁlms and to the longitudinal interactions between the sheets of
two-dimensional microcrystals in the multi-layer CT ﬁlms. Fig. 10 illustrates
schematic models for the molecular orientation and stacking pattern of D and A
molecules in the mixed-stack CT ﬁlms of octadecyl-TCNQ doped by (Me)2P
[28]. The degree of CT (P) was determined to be 0.5 by a shift of a B1u CN
stretching band of the TCNQ chromophore, suggesting that the complex is
close to the N-I boundary [28].
Fig. 11(a) shows the AFM image of an 11-layer mixed-stack CT ﬁlm of
octadecyl-TCNQ and (Me)2P scanned at room temperature with a scan area of
2  2 mm2 [29]. It can be seen from the image that the CT ﬁlm consists of platelet
microcrystal domains of a few micrometers in size in which a multi-layered
structure with many steps is observed. An analysis of the cross-sectional proﬁle
revealed that the layered platelet microcrystal domains have a step of 3.3 nm
thickness [29]. This is in good agreement with the d value measured by the X-ray
diffraction method [28]. Therefore, it seemed that the X-ray diffraction peaks
originate from the multi-layered structure inside the domains. Each layer in the
domains apparently consists of biomolecular layers of octadecyl-TCNQ and
(Me)2P because the layer thickness of 3.3 nm is larger than the molecular length
(3.0 nm) of octadecyl-TCNQ. The biomolecular layer structure also supports
that the CT ﬁlm is in a mixed-stack pattern.
Fig. 11(b) depicts a highly resolved AFM image (13  13 nm2) scanned on
the surface of the platelet microcrystal domain in the 11-layer mixed-stack CT
ﬁlm (Fig. 11(a)) [29]. A highly ordered periodic molecular arrangement on D
and A can be observed in the image. The parallel ridges are considered to be due
to the stacks of D and A in the mixed-stack CT ﬁlm. The interstack period
across the parallel ridges was calculated to be 0.96 nm, while the intrastack
period along the CT stacks was found to be 0.83 nm. The angle between the
inter- and intrastack axes was measured to be 591. These three parameters of
molecular arrangement are described as (0.96 nm  0.83 nm, angle 591) hereafter. Fig. 11(c) illustrates a schematic model for the molecular arrangement of
D and A in the CT ﬁlm [29]. The above AFM images provide morphological
evidence for the result obtained by the X-ray measurement, i.e., the mixed-stack
CT ﬁlms have the well-ordered layered structure in which the highly crystalline
structure exists. This is a good example for demonstrating the utility of the
combined infrared spectroscopy and AFM.

3. SERS STUDIES ON MONOLAYER FILMS
As a sensitive analytical tool, SERS spectroscopy can greatly increase both
sensitivity and speciﬁcity of Raman spectroscopy. Hitherto, it has been considered that two mechanisms should be responsible for the SERS enhancement.
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Fig. 11. (a) A high-resolution AFM image scanned on the surface of the platelet
microcrystal domain in Fig. 1(a). (b) Molecular arrangement of acceptor (octadecyl-TCNQ) and donor ((Me)2P) inside the platelet microcrystal domains of the
CT ﬁlms. (Reproduced with permission from Ref. [29]. Copyright (1997) American
Chemical Society.)
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The ﬁrst one is electromagnetic in origin and is associated with the large electric
ﬁeld that emerges when the roughened surface of a metal is illuminated with
electromagnetic radiation. The other is chemical in nature and is associated with
a resonance effect involving the charge transfer of metal [37–40]. SERS can
provide unique information about the structure and orientation of molecules
adsorbed on a metal surface and the interaction between different components
in LB and SAM ﬁlms [41–44]. SERS has several advantages to study monolayer
ﬁlms. For example, the structure and orientation of molecules adsorbed on a
substrate can be investigated by ‘‘in situ’’ observation, and ultrahigh sensitivity
of SERS makes it possible to detect the adsorbates adsorbed from a solution
with a concentration of as low as 1012 M on a metal substrate [45,46].

3.1. SERS Studies on Metallophthalocyanine Self-Assembled Films on
Different Organic-Monolayer-Modified Films
Li et al. [47] fabricated SAMs of ruthenium phthalocyanine (RuPc) on a silver
substrate precoated with an SAM of 4-mercaptopyridine (PySH) or 1,4-bis[2(4-pyridyl)ethenyl]-benzene (BPENB). SERS spectroscopy was used to explore
the structure and orientation of the self-assembled ﬁlms, and they successfully
observed Raman bands due to vibrational modes of the pigment molecules in
the composite ﬁlms in the SERS spectra.
Fig. 12 depicts SERS spectra of (a) an SAM ﬁlm of PySH and (b) an
alternating bilayer self-assembly ﬁlm of PySH and RuPc, and (c) a Raman
spectrum of RuPc in bulk [47]. The SERS spectrum of RuPc–PySH composite
ﬁlm is very similar to that of PySH adsorbed on the silver substrate except for
the appearance of three new bands at 1336, 674, and 596 cm1 (one can observe
the corresponding bands in the Raman spectrum of RuPc in bulk (Fig. 12(e))).
The band at 1336 cm1 is due to the C–N stretching mode and the two bands at
674 and 596 cm1 are assigned to the out-of-plane C–H bending modes of the
RuPc moiety, implying that RuPc is successfully assembled on the PySH-modiﬁed silver surface. The appearance of new bands in the SERS spectra also
shows that SERS is powerful in detecting molecular vibrations in a long range.
Furthermore, according to the SERS selection rules [48–51], only when a molecule is orientated parallel to a metal surface, the intensity of out-of-plane
vibrations will be enhanced. Thus, the appearance of the out-of-plane vibrations
suggests the parallel orientation of RuPc molecules in the composite ﬁlm.
It is also noted that the SERS bands arising from the SAM of PySH on the
silver ﬁlm before and after the binding of RuPc do show obvious changes in the
frequency and relative intensity (Fig. 12(a) and (b)). A band due to the C¼C
stretching vibration of PySH shifts from 1606 to 1609 cm1, the relative intensity of the band at 1606 cm1 to that at 1574 cm1, which is sensitive to an
environmental change in the N atom of PySH, increases [50,51], and a band at
1530 cm1 due to the C¼C/C¼N stretching vibration shifts to 1509 cm1 in the
composite ﬁlm, implying that the RuPc molecules are adsorbed on the PySH
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Fig. 12. SERS spectra of (a) an SAM ﬁlm of PySH and (b) an alternating bilayer
self-assembly ﬁlm of PySH and RuPc, and (c) a Raman spectrum of RuPc in bulk.
The laser power at the sample position was 1.0 mW for (a) and (b), and the data
acquisition time was 90 s. The laser power at the sample position was 4.0 mW for (c)
and the data acquisition time was 150 s. (Reproduced with permission from Ref.
[47]. Copyright (2004) Elsevier.)

ﬁlm through the Ru–N interaction [47]. Signiﬁcant shifts are also observed in
the 1100–1000 cm1 region, where three bands are shifted from 1094, 1059, and
1006 cm1 to 1096, 1061, and 1010 cm1, respectively. Yamada and Yamamoto
[52] observed substantial spectral changes in the same region of Raman spectra
of pyridine adsorbed on a metal oxide surface and assigned these changes to
different binding types of pyridine on the metal oxide surface. Therefore, the
shifts observed for the three bands in the 1000–1100 cm1 region imply the
binding of the metal ion of RuPc to the N atom of the pyridyl group, that is,
RuPc is successfully assembled on the PySH ﬁlm.
Fig. 13 shows (a) a Raman spectrum of BPENB in bulk and SERS spectra
of (b) an SAM of BPENB on a silver substrate and (c) an alternating bilayer
self-assembly ﬁlm of BPENB and RuPc [47]. As is known, when molecules are
chemisorbed on a metal surface, there is an overlap between a molecular orbital
and a metal orbital, the molecular structure being changed, and in consequence,
the positions and relative intensities of SERS bands are dramatically changed.
On the other hand, an SERS spectrum of physisorbed molecules is practically
the same as that of corresponding free molecules, small changes being observed
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Fig. 13. A Raman spectrum of (a) BPENB in bulk, and SERS spectra of (b) an
SAM ﬁlm of BPENB and (c) an alternating bilayer self-assembly ﬁlm of BPENB
and RuPc. The laser power at the sample position was 1.0 mW for (b) and (c), and
the data acquisition time was 10 s. (Reproduced with permission from Ref. [47].
Copyright (2004) Elsevier.)

only for bandwidths. From comparison between the spectra in
Fig. 13(a) and (b), it is clear that the BPENB molecules are chemically bonded
to the metal surface. This can also be conﬁrmed by the band at 1008 cm1,
which is characteristic of the ring breathing mode of chemisorbed pyridine
molecules. Considering the structure of BPENB, Li et al. [47] concluded that
BPENB is chemisorbed on the silver surface through the Ag–N interaction.
Thus, they proposed a nearly perpendicular orientation of BPENB molecules on
the silver ﬁlm due to the molecular rigidity [47]. For RuPc bound to the SAM of
BPENB, the SERS spectrum shows bands from both RuPc and BPENB moieties (Fig. 13(c)). To facilitate further structural analysis, the possible band
assignments for RuPc and BPENB are given in Tables 2 and 3, respectively [47].
The SAM of RuPc formed on the top of BPENB-modiﬁed silver surface exhibits six new bands at 1480, 1437, 1347, 1130, 674, and 598 cm1, which are
ascribed to vibrational modes of the RuPc moiety (Fig. 13(c), Table 2). The
results conﬁrm the ability of SERS in detecting molecular vibrations in a long
range again. Additionally, it is interesting to point out that the SERS bands
arising from the SAM of BPENB on the silver substrate before and after the
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Table 2
Wavenumbers and assignments for the SERS bands of RuPc in bulk (from Ref. [47])
Wavenumbers
(cm1)
1625
1600
1591
1573
1480
1436
1419
1368
1347
1334
1307

Assignments

Wavenumbers
(cm1)

Assignments

C¼N stretching
Benzene ring stretching
Benzene ring stretching
C¼C stretching
Isoindole ring
stretching
C–H deformation
C–H deformation
C–H deformation
C–N stretching
C–N stretching
C–H deformation

1221
1180
1162
1134
1105

C–H deformation
C–H deformation
C–H deformation
Pyrrole ring breathing
C–H deformation

1038
941
746
674
595

C–H deformation
Macrocycle deformation
Macrocycle deformation
Out-of-plane C–H bending
Out-of-plane C–H bending

Table 3
Wavenumbers and assignments for the SERS bands of BPENB ﬁlm (from Ref. [47])
Wavenumbers
(cm1)

Assignments

Wavenumbers
(cm1)

Assignments

1630

Phe and vinyl stretching

1195

1595

1180
1008
964
883

1420

Phe and vinyl C–H
stretching
Py–C–H deformation
Py–C–H deformation
Py–C–H and vinyl–C–H
deformation
C–H deformation

Phe and vinyl–C–H
deformation
Py–C–H stretching

1332
1308
1220

C–H deformation
C–H deformation
Phe–C–H deformation

656
522
404

1560
1544
1498

844

Ring breathing
Ring breathing
Py-out-of-plane C–H
deformation
Phe-out-of-plane C–H
deformation
In-plane ring deformation
C–H deformation
Out-of-plane ring bending

Phe, phenyl ring; Py, pyridine ring.
 Includes benzene C–H, vinyl C–H, and pyridine C–H near the N atom.

binding of RuPc also show signiﬁcant changes in the frequencies and relative
intensities. This indicates that SERS is powerful in detecting the interaction of
different molecules. From the above results, Li et al. [47] concluded that RuPc is
assembled on the BPENB ﬁlm successfully.
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The method used by Li et al. [47] for grafting RuPc on a silver substrate
modiﬁed by an organic monolayer is based on the formation of an axial
coordination bond between the pyridyl group of PySH or BPENB and RuPc.
They reported two parallel studies on PySH- or BPENB-modiﬁed silver substrates [47,53]. In both cases, the results indicate that RuPc can be assembled
on the top of PySH- or BPENB-modiﬁed silver ﬁlms. There is no doubt
that the orientation of RuPc is largely dependent on that of PySH or BPENB
on the silver surface, namely, on the direction of the lone pair electrons of
the pyridine N atom that coordinates to the central metal, Ru of the
phthalocyanine core. Osawa and co-workers [54] reported based on scanning
tunneling microscopy (STM) measurements that the pyridine plane of 4-mercaptopyridine SAM on Au (111) lies nearly parallel to the gold surface.
Another Japanese group [55], however, based also on their STM observation
of 4-mercaptopyridine SAM on Au (111), proposed that the pyridine ring is
oriented almost vertical to the Au(111) surface, and that the molecular axis
passing through the N and S atoms is tilted appreciably with respect to the
surface normal. The latter conclusion is in good agreement with other previous
literature results for the SAMs of 4-pyridinethiolate and related compounds
on gold or silver surfaces [56–59]. Considering the geometry of metallophthalocyanine and the M–N bond length of about 1.9–2.2 Å for the central
metal (M) and the N atom of the axial ligand [60–62], the ligation of the Ru
atom of phthalocyanine core with the N atom of the pyridine moiety indicates
that the pyridine plane is not oriented parallel to the surface. The N atom of
pyridine should be in a position that allows the access of RuPc to it. In the
RuPc–PySH composite ﬁlm, both the pyridine plane and the axis through the
N and S atoms are tilted, at least to some extent, with respect to the silver
surface.
Comparing the SERS spectra of the two kinds of composite ﬁlms, it can
be seen that the six new bands due to the vibrational modes of RuPc appear
in the SERS spectrum of the RuPc–BPENB composite ﬁlm (Fig. 13(c)) while
only three new bands appear for the RuPc–PySH composite ﬁlm (Fig. 12(b)).
These observations may be ascribed to the differences in the conjugation
system, structure, and orientation between the two kinds of SAMs and to
the different interaction between PySH/BPENB and RuPc. According to the
SERS selection rules [48–51], SERS enhancement always emerges from the
vibrations that have depolarizable components perpendicular to a metal
surface, and the magnitude of the enhancement will be proportional to the
projection of the dipole moment perpendicular to the surface. The spectral
changes observed in the two kinds of composite ﬁlms led Li et al. [47] to
conclude that the orientations of PySH and BPENB on the silver substrates
are different, and that BPENB should be oriented nearly perpendicular to
the silver surface while PySH is tilted with respect to the silver surface, as
shown in Fig. 14.
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Fig. 14. Possible sketches for the RuPc–PySH (left) and RuPc–BPENB (right)
composite ﬁlms. (Reproduced with permission from Ref. [47]. Copyright (2004)
Elsevier.)

3.2. SERS Studies on Metalloporphyrin Self-Assembled Films on
Organic-Monolayer-Modified Substrates
Li et al. [63] investigated effects of a central metal on the formation of metalloporphyrin SAMs linked by an axial ligand on PySH-modiﬁed silver substrates.
A porphyrin monolayer can be formed by chemical linkage between the central
metal of a metalloporphyrin hydroxyl (MOH) compound and a modiﬁed silver
substrate. PySH is very much favorable to realize the graft of MOH because it
not only modiﬁes the silver substrate but also delivers a pyridyl group anchoring
on the surface. Thus, the key point is to form a coordination bond between the
nitrogen atom of the pyridyl group and the central metal of a porphyrin compound. Li et al. [63] studied two metalloporphyrin SAMs on the PySH-modiﬁed
silver substrates and focused their attention on the effects of the central metal on
the structure and orientation of metalloporphyrin composite ﬁlms.
Fig. 15 shows SERS spectra of (a) an SAM ﬁlm of PySH and (b) an
alternating bilayer self-assembly ﬁlm of PySH and TbOH, and (c) a Raman
spectrum of TbOH in bulk [63]. The SERS spectrum of the SAM ﬁlm of PySH
presents a band at 243 cm1, which is characteristic of the Ag–S stretching
mode, indicating that PySH is bounded on the silver substrate through the
sulfur atom of pyridine group. The assignments for PySH adsorbed on a silver
substrate can be referred to Refs. [64,65] and the possible assignments for
TbOH (and LuOH) in bulk are listed in Table 4. A band at 1612 cm1 arising
from the ring stretching mode of PySH disappears in the SERS spectrum of the
bilayer self-assembly ﬁlm of PySH and TbOH (Fig. 15(b)). It is known that this
band is sensitive to the environmental changes in the N atom of PySH. Therefore, its disappearance implies that the porphyrin molecules are anchored on the
N atoms of the pyridyl groups. Two pair of bands are observed at 1597 and
1583 cm1 and 1030 and 1012 cm1 in the same spectrum (Fig. 15(b)), suggesting that there are at least two kinds of different phenyl rings in the composite
ﬁlm or that not all the phenyl rings are in the same plane. In the present case,
the bands at 1597 and 1030 cm1 can be attributed to the ring stretching and
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Fig. 15. SERS spectra of (a) an SAM ﬁlm of PySH and (b) an alternating bilayer
self-assembly ﬁlm of PySH and TbOH, and (c) a Raman spectrum of TbOH in
bulk. The laser power incident upon the samples was 4.0 mW and the data acquisition time was 250 s for (a) and (b). The laser power at the sample was 2.0 mW and
the data acquisition time was 120 s for (c). (Reproduced with permission from Ref.
[63]. Copyright (2004) Society for Applied Spectroscopy.)

breathing vibrations of four phenyl rings of TbOH, which are rotated by about
801 to the plane of the porphyrin macrocycle, and the bands at 1583 and
1012 cm1 to the corresponding vibrations of the pyridyl ring of PySH. Moreover, it is noted that the SERS bands arising from the SAM of PySH on the
silver substrate before and after the binding of TbOH show clear changes in the
frequencies and relative intensities (Fig. 15(a) and (b)). Especially, the band at
711 cm1 shows a signiﬁcant upward shift to 718 cm1. All these changes indicate that TbOH is successfully assembled on the PySH-modiﬁed silver surface.
It is known that the pyridyl ring of PySH is tilted with respect to the surface
when it is adsorbed on a metal surface. There is no enough evidence that
indicates that the pyridyl ring orientation changes upon the formation of the
TbOH–PySH composite ﬁlm.
Fig. 16 shows SERS spectra of (a) an SAM ﬁlm of PySH and (b) an
alternating bilayer self-assembly ﬁlm of PySH and LuOH, and (c) a Raman
spectrum of LuOH in bulk [63]. The assignments for LuOH in bulk are
also listed in Table 4 [63]. The spectrum in Fig. 16(b) shows SERS bands
arising from both LuOH and PySH moieties, suggesting the formation of the
LuOH–PySH composite ﬁlm. The SAM of LuOH formed on the top of the
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Table 4
Wavenumbers and assignments for the Raman bands of (a) TbOH in bulk and (b) LuOH in
bulk (from Ref. [63])
Wavenumbers (cm1)
TbOH
1583
1540
1446
1407
1344
1299
1264
1232
1195
1177
1071
1022
1012
987
882
846
791
709
413
392
359

Assignments
LuOH
1577
1543
1450
1409
1348
1297
1261
1233
1195
1171
1068
1025
1012
990
880
846
791
710
414
395
367

n(cb–cb)
n(ca–cm)
n(ca–cb)/d(cb–H)
n(ca–N)/n(cb–cb)
n(ca–N)/n(cb–cb)
n(ca–N)/n(cb–cb)
n(ca–N)/n(cb–cb)
n(cm–Ph)
d(cb–H)
d(cb–H)
d(cb–H)
Phenyl
n(ca–N)/n(ca–cb)
n(ca–N)/n(ca–cb)
d(Pyr. def.)
d(Pyr. def.)
d(Pyr. def.)
g(cb–H)
n(N–M)
n(N–M)
d(Pyr. def.)

PySH-modiﬁed silver ﬁlm shows two new bands at 1544 and 1349 cm1 in
comparison with the spectrum of the SAM ﬁlm of PySH (Fig. 16(a)); these
bands are obviously due to vibrational modes of the LuOH moiety (Fig. 16(c)).
Furthermore, the frequencies and relative intensities of SERS bands arising
from the PySH-modiﬁed silver ﬁlm show signiﬁcant changes after the binding
of LuOH. The relative intensity of two bands at 1611 and 1581 cm1 changes
very much upon the formation of the composite ﬁlm, implying that LuOH is
adsorbed on the N atom of the PySH molecules. Bands at 1611, 1581, 1099,
and 1062 cm1 shift to 1613, 1584, 1102, and 1065 cm1, respectively, indicating the strong interaction between PySH and LuOH molecules in the composite
ﬁlm. Of note is that a band at 1221 cm1 due to the in-plane C–H bending
mode of the PySH molecules disappears in the SERS spectrum of the composite ﬁlm. This indicates that the orientation of the PySH molecules changes.
According to the SERS selection rules [48–51], the disappearance of the band
at 1221 cm1 due to the in-plane C–H bending mode of PySH suggests that the
PySH plane becomes more parallel to the silver substrate upon the formation
of the composite ﬁlm.
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Fig. 16. SERS spectra of (a) an SAM ﬁlm of PySH and (b) an alternating bilayer
self-assembly ﬁlm of PySH and LuOH, and (c) a Raman spectrum of LuOH in
bulk. The laser power incident upon the samples was 4.0 mW and the data acquisition time was 150 s for (a) and (b). The laser power at the sample position was
0.4 mW and the data acquisition time was 40 s for (c). (Reproduced with permission
from Ref. [63]. Copyright (2004) Society for Applied Spectroscopy.)

3.3. An SERS Study on the Orientation of an Atactic Poly(methyl
methacrylate) Thin Film on a Silver Substrate
Zhang et al. [66] investigated the orientation of an atactic poly(methyl methacrylate) (a-PMMA) thin ﬁlm on a silver substrate by SERS. Fig. 17(a) and
(b) show a SERS spectrum of a-PMMA dip-coated onto the top of a silver
substrate and a Raman spectrum of the solid powder of a-PMMA, respectively.
Remarkable spectral changes can be observed between the two spectra. A band
at 1602 cm1, which is very weak in the normal Raman spectrum, is the
strongest band in the SERS spectrum. Similarly, a band near 1003 cm1 is
of medium strength in the Raman spectrum of a-PMMA but becomes very
strong in the SERS spectrum. The 1003 cm1 band was assigned to the O–CH3
rocking vibration interacting with the stretching vibration of the C–O–C
group. Dybal and Krimm [67] have conﬁrmed this assignment by the normalcoordinate calculations, and the potential energy distribution (PED) has indicated the large contribution from the C–O–C stretching vibration. However,
it is difﬁcult to assign the band near 1602 cm1. The appearance of the
strong band near 1600 cm1 is most likely due to chemical adsorption; in
other words, there is some interaction between the a-PMMA thin ﬁlm and the
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Table 5
Assignments of bands in SERS spectra of a-PMMA (from Ref. [66])
Wavenumber
(cm1)
1732
1602
1452
1380
1003
837

Relative intensitya

Tentative assignment of
the bands discussedb

Polarization to
interfacec

Vm
Vs
W
M
Vs
M

n(C¼O)
?
d(CH2)
ds(a-CH3)
ns(C–O–C)
r(CH2)

J
?
J
?
?
?

a

s, strong; m, medium; w, weak; and v, very.
ns, symmetric stretching; d, bending; ds, symmetric bending; and r, rocking.
c
The symbol J indicates that the polarizability change associated with the band is parallel to the interface
between polymer and metal; ? indicates that the polarizability change is perpendicular to the interface.
b

silver substrate, although the mechanism of the chemical adsorption is still
unclear [66].
The tentative assignment of the SERS spectrum of the a-PMMA ﬁlm is
shown in Table 5 [66]. It can be seen from the SERS spectrum (Fig. 17(a)) of
the a-PMMA ﬁlm that the bands near 1380 and 837 cm1 show great enhancement compared with those in the Raman spectrum. Thus, the polarizability
changes associated with these bands are perpendicular to the interface between
the polymer and the metal. The bands near 1380 and 837 cm1 are assigned
to the R–CH3 symmetric bending and CH2 rocking vibrations, respectively
(Table 5), and both involve considerable motion perpendicular to the long
axis of the molecules. Assuming that a-PMMA is adsorbed with the molecular
axes mostly parallel to the surface, the corresponding bands should appear
with considerable intensity, and that is what has been observed. The band
near 1452 cm1 is assigned to the CH2 symmetric bending vibration that
involves a motion mostly parallel to the long axis of the molecules. In the SERS
spectrum in Fig. 17(a), Zhang et al. [66] found that the intensity of the band
near 1452 cm1 decreases largely. Thus, it is very likely that a-PMMA is
adsorbed with the molecular axes mostly parallel to the substrate. Moreover,
from the relative intensity of perpendicular bands and parallel bands, it is obvious that the molecular chain of a-PMMA is aligned more parallel to the
substrate at the interface than in the bulk. A relatively strong band near
1732 cm1 in the Raman spectrum is very weak in the SERS spectrum. This
band has been assigned to the C¼O stretching mode. However, the band near
1003 cm1, which has been assigned to the C–O–C stretching vibration, is
enhanced in the SERS spectrum. Both of the two bands are concerned with
the ester group of a-PMMA. It is believed that in this case, the differences
are related to a geometry structure caused by the presence of the metal surface
[66]. When an a-PMMA ﬁlm is dip-coated on a silver mirror substrate,
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Fig. 17. (a) An SERS spectrum from a-PMMA dip-coated onto the top side of the
substrate. (b) A Raman spectrum of the bulk a-PMMA. (Reproduced with permission from Ref. [66]. Copyright (2002) American Chemical Society.)

molecules in the ﬁrst monolayer have a conformation with one ester group
in contact with the surface. According to the SERS selection rules [48–51], C¼O
stretching modes are likely to be parallel to the metal surface and the corresponding SERS band should be weak; meanwhile, the C–O–C stretching modes
are likely to be perpendicular to the metal, and the corresponding SERS bands
should be strong.
The effect of annealing temperature on the conﬁguration of a-PMMA
adsorbed onto the silver surface was also investigated. Fig. 18(a) shows the
SERS spectrum of a-PMMA dip-coated onto the top of a silver substrate before
annealing and Fig. 18(b) and (c) depict those after annealing at 120 and 150 1C
for 1 h, respectively [66]. Compared with the SERS spectrum before annealing,
the intensity of the band near 1003 cm1 decreases largely with the increase in
the annealing temperature. In the earlier discussion of RA infrared spectra of
a-PMMA, Zhang et al. [66] suggested that there is a conformational transition
of ester groups in the a-PMMA thin ﬁlm. Upon annealing above the glass
transition temperature, the structure of the ester group changes from gauche
conformer into trans conformer (Fig. 19). In such case, the direction of C–O–C
stretching mode changes from normal into parallel to the surface of substrate.
This is in accordance with the decrease in the intensity of the strong band near
1003 cm1 in the SERS spectra after annealing.
It is also interesting to note that there is a change in the relative intensity
of two bands at 837 and 812 cm1 when increasing the annealing temperature.
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Fig. 18. SERS spectra from a-PMMA dip-coated on the top of the substrate (a)
without annealing, (b) after annealing at temperature 120 1C for 1 h, and (c) after
annealing at 150 1C for 1 h. (Reproduced with permission from Ref. [66]. Copyright
(2002) American Chemical Society.)

Fig. 19. Possible structures of adsorbed ester group of a-PMMA on a silver particle: (a) gauche conformer and (b) trans conformer. (Reproduced with permission
from Ref. [66]. Copyright (2002) American Chemical Society.)

There have been hot debates about the assignment of the Raman band at
812 cm1 of a-PMMA. However, the band at 837 cm1, as discussed above, is
assigned to the CH2 rocking vibration that involves a motion perpendicular to
the long axis of the a-PMMA molecule. Its decrease in the intensity indicates that
the molecular chains of a-PMMA deviate from the surface after annealing. When
annealing at a higher temperature (above the Tg), the molecular chains begin to
relax, which is also in accordance with the change in the SERS spectrum.
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4. AFM STUDIES ON MONOLAYER FILMS
4.1. AFM Studies on Metalloporphyrin LB Films
For a mixed LB ﬁlm, AFM is a powerful tool to investigate the miscibility
and phase separation of component molecules. Li et al. [68] studied the structural characterization of rare earth metalloporphyrin (TbOH/GdOH)
Langmuir/LB monolayers and their mixtures with stearic acid (SA) on solid
surfaces by use of surface pressure–molecular area (p–A) isotherm measurement, AFM, and spectroscopy techniques. They studied molecular aggregation
and stacking in the TbOH and GdOH LB ﬁlms, and the inﬂuences of added SA
on the monolayer organization and interactions between the metalloporphyrin
macrocycles.
Fig. 20(a) and (b) show AFM images of one-layer LB ﬁlms deposited
from TbOH and TbOH/SA monolayers, respectively [68]. The TbOH LB
ﬁlm exhibits a heterogeneous surface with some aggregates on the mica, while
the TbOH/SA LB ﬁlm shows obvious phase separation between Phase 1 and
Phase 2. The height of Phase 1 in the TbOH/SA LB ﬁlm is about two times
higher than that of Phase 2 in the AFM image in Fig. 20(b) and almost
comparable with that of the TbOH LB ﬁlm (Fig. 20(a)). As is well known,
the porphyrin–porphyrin overlap occurs during compression. Thus, it is
very likely that the TbOH LB ﬁlm consists of overlapped porphyrins. For
the TbOH/SA LB ﬁlm, the introduction of SA seems to break the stacking
p–p interaction between TbOH molecules, and thus some monolayers
with preferable mutual miscibility are formed. Consequently, Li et al. [68]
concluded that Phase 1 consists of the stacking porphyrins while Phase 2
is composed of porphyrin monolayers. Fig. 20(c) and (d) show AFM images
of one-layer LB ﬁlms deposited from GdOH and GdOH/SA monolayers,
respectively. The two LB ﬁlms on the mica surfaces contain some porphyrin
aggregates, indicating that the mutual miscibility of GdOH and SA is
preferable.
The AFM images of the TbOH and GdOH LB ﬁlms show some porphyrin
aggregates. However, the image of the TbOH/SA LB ﬁlm shows an obvious
phase separation while the GdOH/SA LB ﬁlm exhibits similar morphology to
the GdOH LB ﬁlm. Though the alkyl chains of SA almost have no inﬂuence on
the porphyrin ring orientation, they have great inﬂuence on the packing of the
molecules. In contrast to the TbOH/SA LB ﬁlm due to much stronger p–p
interactions between GdOH molecules, the introduction of SA cannot break
them, and thus the monolayers cannot be formed in the GdOH/SA LB ﬁlm.
Accordingly, Li et al. [68] did not observe the phase separation in the GdOH/SA
LB ﬁlm. This result is consistent with the BAM observations of TbOH, GdOH,
TbOH/SA, and GdOH/SA Langmuir ﬁlms and further demonstrates the important effects of a porphyrin central metal on the organization and formation
of the mixed ﬁlms.
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Fig. 20. AFM images of one-layer LB ﬁlms deposited from (a) TbOH, (b) TbOH/SA, (c) GdOH, and (d) GdOH/SA monolayers.
(Reproduced with permission from Ref. [68]. Copyright (2005) Elsevier.)
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4.2. An In Situ AFM Study on Morphological Changes in an LB Film
of Cadmium 10,12-Pentacosadiynoate during Polymerization
Tachibana et al. [69] explored the morphological changes in an LB ﬁlm of
cadmium 10,12-pentacosadiynoate during polymerization by in situ AFM.
Fig. 21 shows in situ AFM images of the one-layer DA(12-8) LB ﬁlm during the
polymerization by the irradiation of UV light [69]. Before the irradiation of UV
light, several three-dimensional structures with a height of 5 nm above the
planar surface are evident (Fig. 21(a)). The morphology of the DA(12-8) LB
ﬁlm remains unchanged in the initial regime where the ﬁlm is in the blue phase
(Fig. 21(b)). In the second regime, a number of three-dimensional domains
begin to appear from the planar surface (Fig. 21(c)). Ex situ AFM gave similar
results. With increasing the irradiation time, the number of three-dimensional
domains increases slightly and each domain grows (Fig. 21(d) and (e)). In the

Fig. 21. AFM images (5  5 mm2) of a one-layer LB ﬁlm of DA(12-8) with different
irradiation times of UV light: (a) before irradiation, (b) irradiation time of 5 min, (c)
15 min, (d) 30 min, (e) 50 min, and (f) 90 min. (Reproduced with permission from
Ref. [69]. Copyright (2000) American Chemical Society.)
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ﬁnal regime, the number of three-dimensional domains does not change signiﬁcantly and each domain increases its size slightly (Fig. 21(f)).
They assumed the following processes [69]: when the polymerization
proceeds, the propagation of the polymer backbone will impose a signiﬁcant
stress on the structure of the LB ﬁlms. When this stress exceeds a certain
threshold, a structural change associated with a color change will occur to
release a part of the stress accumulated in the ﬁlm. This color change shows a
decrease in the effective conjugation length of the polydiacetylene backbone,
which could be caused by the disruption of the conjugation due to the displacement of some of the atoms in the polymer backbone. The color change
caused by the stress in the ﬁlm will lead to the modiﬁcation of the structure of
the LB ﬁlm. This should be responsible both for the order–disorder transition of
the alkyl chains and for the morphological change of the ﬁlm. In the ﬁnal
regime, the morphology of the ﬁlm changes only slightly until a saturated state
is reached. This is a good example of an in situ AFM study on morphological
changes in an LB ﬁlm.

5. INFRARED AND VISIBLE ABSORPTION SPECTROSCOPY
STUDIES ON J- AND H-AGGREGATES IN LB FILMS OF
MEROCYANINE DYE
A great deal of attention has recently been paid to potential applications of thin
ﬁlms containing synthetic dyes to various devices including photovoltaic cells,
optical waveguides, and ultrafast optical switches, aiming at the realization of
the devices with novel functions that cannot be performed by using thin ﬁlms
composed of inorganic materials [70–73]. When the thin ﬁlms are fabricated
using dyes, a variety of dye aggregates are often formed through various noncovalent interactions such as permanent dipole, hydrophobic, coordination, p–p
stacking and hydrogen-bonding interactions [73,74]. Among them, it is well
known that there are two limiting types of dye aggregates categorized by the
orientation of transition dipole moments and the spectral characteristics [73].
One is J-aggregates that exhibit a red-shifted sharp absorption from a monomer
electronic transition and an intense emission with a small or zero Stokes shift.
The other is H-aggregates showing a blue-shifted sharp absorption and no or a
weak emission with an appreciable Stokes shift.
The J- and H-aggregates have been found to possess the usefulness
according to their respective aggregates for the device applications [70–73,75,76].
Therefore, studies on the control of the dye aggregate formation and the formation mechanism of their aggregates in thin ﬁlms are of great importance for
practical use as well as for basic research of assembled dye molecules to understand their phenomena.
In this section, infrared and visible spectroscopy studies on the structure
and the formation mechanism of the J- and H-aggregates in LB ﬁlms of
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merocyanine dye (MS, 3-carboxy-methyl-5-[2-(3-octadecyl-benzothiazolin-2ylidene)-ethylidene]rhodanine, see Fig. 22(a)) are described. For the LB ﬁlms
of MS, the J- and H-aggregates can be easily controlled [77–84].
When a mixed LB ﬁlm composed of an MS–arachidic acid (C20) binary
system is prepared using an aqueous subphase containing Cd2+ ions, a redshifted sharp absorption peak is observed at 590 nm, which is red-shifted from
that of the MS monomer peak at around 540 nm. The red-shifted sharp absorption band at 590 nm is called J-band, and is ascribed to the speciﬁc alignments of MS, i.e., J-aggregates. There have been so far many reports as to the
LB ﬁlms of the MS J-aggregates not only for functions such as photoconduction
[85], photoelectric conversion [86], and nonlinear optics [87] but also for structures including in-plane orientation [88] and formation mechanism [89–95]. On
the other hand, there was only one example as to a blue-shifted band of the MS
LB ﬁlms. Nakahara and Möbius observed a blue-shifted sharp absorption band
at around 500 nm for the monolayers of an MS–methyl arachidate–n-hexadecane ternary system formed on an air/water interface [89]. However, no discussion was given for the assignment and the origin of the blue-shifted band.
Hirano et al. [77–84] found that a blue-shifted H-band is induced at 505 nm
when a mixed LB ﬁlm is fabricated by adding a small amount of n-alkane
species (ALn) including n-octadecane (AL18) to the MS–C20 binary system.
Furthermore, they explored a structural factor governing the aggregation states
by characterizing the MS structures in the J- and H-aggregates in the mixed LB
ﬁlms of the binary and ternary systems towards the elucidation of the formation
mechanism of the blue-shifted H-aggregates. The structural characterization of
MS in both aggregates studied by means of infrared and visible absorption
spectroscopy is outlined below.

5.1. Formation and Assignments of Red- and Blue-Shifted Bands in LB
Films of MS
Fig. 22(b) shows polarized visible absorption spectra of mixed LB ﬁlms of
MS–C20 binary and MS–C20–AL18 ternary systems prepared by using an aqueous subphase containing Cd2+ ions, where the ratio in the mixed system is
[MS]:[C20]:[AL18] ¼ 1:2:x (x ¼ 0 and 1) [77–84]. The thick and thin lines in
Fig. 22(b) refer to the spectra, AJ and A?, measured by linearly polarized light
with the electric vector parallel and perpendicular to the dipping direction of the
substrate, respectively. For x ¼ 0, a sharp absorption peak is observed at
590 nm, which is red-shifted from the MS monomer peak at around 540 nm. The
dichroic ratio R of the 590 nm band is R41, where R is deﬁned as AJ/A?. For
x ¼ 1.0, on the other hand, a sharp blue-shifted band with Ro1 appears at
505 nm. Fig. 22(c) refers to the cases of the corresponding binary and ternary
systems fabricated under the subphase without the Cd2+ ions [84]. Unlike the
results in Fig. 22(b), remarkably red- and blue-shifted bands are not observed
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with their R being unity. Therefore, it could be recognized that the Cd2+ ions
mixed into the subphase are of signiﬁcance for the formation of the bands in
Fig. 22(b).
The formation of the red- and blue-shifted bands and their dichroic
behaviors in Fig. 22(b) could be interpreted referring to the excitation energy
C18H37
S

S

N
CH CH

N

S
O

C18H37
+

Nδ

O

HO

S

S
CH CH

δ-

N

S
O

δ-

HO

O

(a)

0.100

x=0

Absorbance

Absorbance

0.100

x=1.0

x=1.0

400

x=0

500
600
700
Wavelength (nm)
(b)

400

500
600
700
Wavelength (nm)
(c)

Fig. 22. (a) Chemical structure of MS and a schematic representation of the intramolecular charge transfer in MS. Polarized visible absorption spectra of the
mixed LB ﬁlms of the MS–C20 binary and MS–C20–AL18 ternary systems with the
molar mixing ratios of [MS]:[C20]:[AL18] ¼ 1:2:x (x ¼ 0 and 1) fabricated under a
subphase (b) with and (c) without Cd2+ ions. The thick and thin lines represent AJ
and A? measured by linearly polarized light with the electric vector parallel and
perpendicular to the dipping direction of substrates, respectively. (Reproduced with
permission from Ref. [84]. Copyright (2006) Elsevier.)
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shift due to the dye aggregation and the ﬂow orientation effect of the aggregates
during the LB vertical dipping process. As shown in Fig. 23(a), the J-aggregate
has head-to-tail alignment of transition dipole moments characterized by a
red-shift from the monomer. On the other hand, the H-aggregate is characterized by side-by-side alignment of transition dipole moments, showing a blueshifted absorption. In addition, it is well known that a sharp and narrow
absorption is observed due to motional narrowing, when the size of both
aggregates is larger [73].
The dichroic behaviors of both red- and blue-shifted bands could be interpreted by the ﬂow orientation effect proposed by Minari et al. [88] who
formulated the transfer process of dye aggregates by introducing a complex
velocity potential as representing the ﬂow of a monolayer at an air/water interface. In Fig. 23(b), during the vertical-dipping process using a conventional
LB trough, the long axes of the dye aggregates, elongated in shape at the air/
water interface, tend to align parallel to the dipping direction of a substrate. The
orientation of dye aggregates is governed by the velocity gradient and the rotatory Brownian motion at the air/water interface during the deposition process. Consequently, the tendency to align parallel to the dipping direction of the
substrate is more prominent for longer aggregates.
The results in Fig. 22(b) are in good agreement with the above prediction
that the red-shifted J-bands and the blue-shifted H-bands, being sharp in shape,
should show R41 and Ro1, respectively, if both aggregates are elongated.
Therefore, the 590 and 505-nm bands are assigned to the J- and H-bands,
respectively. Thus, Hirano et al. [77–84] found that the formation of the J- and
H-aggregates can be easily controlled by the simple method of whether a small
amount of AL18 is added to the MS–C20 binary system or not.

5.2. Out-of-Plane and In-Plane Orientations of MS Transition Dipole
Moments in J- and H-Aggregates
Let us consider the out-of-plane and in-plane orientations of the MS transition
dipole moments in the J- and H-aggregates investigated by polarized visible
absorption spectroscopy. Here, a simple geometrical model [96] was applied,
where only refraction due to an LB ﬁlm is taken into account. As shown in
Fig. 24(a), b0 and b are incident and refractive angles, respectively. a denotes
an angle between the x-axis and the electric vector of light, and a ¼ 01 and
901 correspond to s- and p-polarizations, respectively. Based on the intensity
A(a, b0 ) of an absorption peak due to the transition dipole moment of
m, following two parameters concerning the molecular orientation can be
given as

1


Að0 ; 0 Þ
Að90 ; b0 Þ
2
2
2
1þ
(1)
hsin y sin fi ¼
 cot b þ 1
Að90 ; 0 Þ
Að0 ; b0 Þsin2 b
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Fig. 23. (a) The correlation between the alignment of the transition dipole moments
of dyes in the J- and H-aggregates and the excitation energy shift; a denotes a slip
angle between the long axis of the aggregates elongated in shape and the vector of
the transition dipole moments. (b) A schematic representation of the ﬂow orientation effect of the one-dimensionally developed aggregates at an air/water interface
during LB vertical dipping process.
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Fig. 24. (a) A simple geometrical model [96] for determining the orientation of the
MS transition dipole moment m by means of visible absorption spectroscopy with
linearly polarized light; only refraction due to an LB ﬁlm is taken into account.
Polarized visible absorption spectra of mixed LB ﬁlms of (b) MS–C20 binary and (c)
MS–C20–AL18 ternary systems with the molar mixing ratios of
[MS]:[C20]:[AL18] ¼ 1:2:x (x ¼ 0 and 1). (i), (ii), (iii), and (iv) correspond to
A(901, 01), A(901, 451), A(01, 01), and A(01, 451), respectively. (Reproduced with
permission from Ref. [83]. Copyright (2006) Taylor & Francis.)

and


Að0 ; 0 Þ
hsin yi ¼ hsin y sin fi
þ1
Að90 ; 0 Þ
2

2

2

(2)

where cos b ¼ A(01, 01)/A(01, b0 ). y and f represent polar angles deﬁning the
direction of m shown in Fig. 24(a) (right side). The angular brackets /S denote
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the average over y and f. Eq. (2) is the parameter representing the out-of-plane
orientation of m. The parameter showing the in-plane orientation of the projection of m using Eqs. (1) and (2) can be written as
p¼

hsin2 y sin2 fi
hsin2 yi

(3)

In the application of the above model, the two-layer LB ﬁlms of MS deposited on both sides of a substrate were used, and it was assumed that m is parallel
to the MS chromophore. Fig. 24(b) and (c) show polarized visible absorption
spectra of the MS–C20 binary and MS–C20–AL18 ternary systems; (i), (ii), (iii),
and (iv) correspond to A(901, 01), A(901, 451), A(01, 01), and A(01, 451), respectively [83]. The thick and thin lines in Fig. 24(b) and (c) refer to the p- and
s-polarizations, respectively. Referring to the results in Fig. 24(b), b is estimated
to be 39.21 when b0 is set to be 451, and /sin2 y sin2 fS, /sin2 yS, and p-values
are 0.571, 0.976, and 0.585, respectively. In Fig. 24(c), b, /sin2 y sin2 fS,
/sin2 yS, and p-values are 39.61, 0.417, 0.972, and 0.429, respectively. Therefore, the /sin2 yS values suggested that m lies in the ﬁlm plane for both cases.
Furthermore, the estimated p-values suggested that m in the J-aggregates is
preferentially oriented towards the y-axis rather than the x-axis, and that m in
the H-aggregates is towards the x-axis rather than the y-axis. It was also noted
that no peak but those at 590 and 505 nm are observed, when b0 ¼ 451, indicating no other aggregation states occur in the out-of-plane. Thus, it was most
likely that the change in the MS aggregation states induced by AL18 occurs in
the in-plane of the ﬁlms.

5.3. Intramolecular Charge Transfer of MS in J- and H-Aggregates
To be examined next were the electronic structures of MS in both aggregates to
explore structural changes of MS. Fig. 25 shows polarized infrared absorption
spectra of 10-layer LB ﬁlms of the MS–C20 binary and MS–C20–AL18 ternary
systems, respectively [84]. Here, the thick and thin lines refer to the spectra, AJ
and A?, measured by using linearly polarized light with the electric vector
parallel and perpendicular to the dipping direction of a substrate, respectively.
The dichroic behaviors of the infrared spectra in Fig. 25 were comparable to
those of the visible spectra in Fig. 22(b). According to the result of ab initio
calculation based on the density functional theory (DFT) for the MS chromophore [93,94], peaks at around 1500 and 1190 cm1 are assigned to the
stretching mode of the central conjugated system (referred to as n(C¼C),
NC¼CC¼CC¼O 2 Nd+¼CC¼CC¼COd, Fig. 22(a)) and the C¼S
stretching mode of the rhodanine ring (or simply n(C¼S), C¼S 2 CSd,
Fig. 22(a)), respectively. Therefore, these peaks could be utilized as the makers
to examine the MS electronic states in both aggregates.
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Fig. 25. Polarized infrared absorption spectra of the mixed LB ﬁlms of the MS–C20
binary and MS–C20–AL18 ternary systems with the molar mixing ratios of
[MS]:[C20]:[AL18] ¼ 1:2:x (x ¼ 0 and 1). The thick and thin lines refer to spectra AJ
and A? measured by linearly polarized light with the electric vector parallel and
perpendicular to the dipping direction of substrates, respectively. (Reproduced with
permission from Ref. [84]. Copyright (2006) Elsevier.)

For x ¼ 0, sharp absorption peaks are observed at 1488 and 1183 cm1 in
the spectra of the J-aggregates. These peaks are markedly red-shifted from those
of the non-aggregation state (see Table 6), reﬂecting softening of the bond
alternation in the MS central conjugated system [92–94]. For x ¼ 1.0, on the
other hand, the corresponding peaks of the H-aggregates appear at 1507
and 1191 cm1. Their peak positions were fairly close to those of the nonaggregation state (see Table 6). For both J- and H-aggregates, it should be
noted that the peaks due to the carboxylic and carbonyl groups of MS, and
those assigned to the carboxylic group of C20 were not observed in the
1800–1600 cm1 region, indicating the complete chelation between MS and C20
molecules, and Cd2+ ions.
These results could be interpreted as follows: For the J-aggregates (x ¼ 0),
the red-shifts of the peak positions are ascribed to the increase in the intramolecular charge transfer of MS caused by (1) the chelation between the MS
chromophore and the Cd2+ ion, and (2) the formation of the J-aggregates
[92–94]. Furthermore, Ikegami et al. interpreted that the intramolecular charge
transfer enhanced by the latter case decreases the total energy in the aggregation, once the J-aggregates are produced [92,94].
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Table 6
Wavenumbers of infrared bands of the MS chromophore in the J- and H-aggregates, and the
non-aggregation states
Wavenumbers of MS LB ﬁlms containing Cd2+ (cm1)
H-aggregate
1558
1507
1379
1316
1263
1239
1191
1148
1133
a

Non-aggregatea
(1512)
1381
1317

1190
1130

J-aggregate
1558
1488
1380
1313
1262
1239
1183
1146
1130

From Ref. [84].

The result for the H-aggregates (x ¼ 1.0) indicated that the degree of the MS
intramolecular charge transfer is fairly close to that in the non-aggregation state.
Consequently, it was expected that the dominant interaction in the H-aggregates
is not the MS permanent dipole interaction but an other interaction. In this
respect, the intermolecular hydrogen bonding between the carboxylic group of
MS and carbonyl groups of the neighboring MS is one of the candidates for the
H-aggregation, but it is very unlikely due to the chelation between MS and C20
molecules, and Cd2+ ions. The other possibility is a p–p interaction, which
should be more favorable for the aggregation with a side-by-side alignment
rather than a head-to-tail alignment. Therefore, the p–p interaction between the
MS chromophores seems to dominate in the MS H-aggregation. In this way, it
was found that the degree of the MS intramolecular charge transfer is quit
different between the J- and H-aggregates, and that the H-aggregates are formed
without the stabilization based on the drastic increase of the intramolecular
charge transfer seen in the J-aggregates.

5.4. Conformation and Orientation of Hydrocarbon Chains of MS in
J- and H-Aggregates
Furthermore, the conformation and orientation of the hydrocarbon chains of
MS in the MS–C20 binary and MS–C20–AL18 ternary systems were investigated
by using infrared absorption spectroscopy. In this respect, deuterated arachidic
acid (C20-d) and deuterated n-octadecane (AL18-d) were utilized to separate
infrared bands due to the hydrocarbon chains of MS from those arising from
C20 and AL18. Fig. 26 shows polarized infrared spectra AJ of 10-layer LB ﬁlms
of pure cadmium arachidate (CdC20), MS–C20-d binary and MS–C20-d–AL18-d
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Fig. 26. Polarized infrared absorption spectra AJ of the LB ﬁlms of CdC20, the 1:2
mixture of the MS-deuterated arachidic acid (C20-d) and (c) the 1:2:1 mixture of the
MS-C20-d-deuterated n-octadecane (AL18-d). (Reproduced with permission from
Ref. [84]. Copyright (2006) Elsevier.)

ternary systems [81]. For the CdC20 LB ﬁlms, absorption peaks at 2954, 2917,
and 2849 cm1 are assigned to the CH3 asymmetric, the CH2 antisymmetric,
and symmetric stretching modes of the hydrocarbon chain, respectively. The
peak positions of the CH2 stretching bands are characteristic of the all-trans
conformation of the hydrocarbon chain, as in the case of cadmium stearate
(CdC18) LB ﬁlms [97].
The corresponding peaks due to the CH2 antisymmetric and symmetric
stretching modes are observed at 2920 and 2851 cm1, respectively, in the infrared spectrum of the MS–C20 binary system (J-aggregates; x ¼ 0), while those in
the MS–C20–AL18 ternary system (H-aggregates; x ¼ 1.0) appear at 2920 and
2850 cm1. These results suggested the presence of a few gauche conformers in
the MS hydrocarbon chains of both mixed LB ﬁlms.
The intensity ratio and the ratio of the full widths of the half height
(FWHH) of the CH2 antisymmetric and symmetric stretching bands for x ¼ 0
and 1.0 are 1:1.08 and 1:1.19 (intensity ratio) and 1:0.813 and 1:0.813 (FWHH
ratio), respectively. In addition, the intensity of the CH3 asymmetric stretching
band for x ¼ 0 is appreciably lower than that for x ¼ 1.0. These results
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suggested that the long axis of the MS hydrocarbon chain in the J-aggregates is
more parallel to the ﬁlm surface than that in the H-aggregates.
Moreover, Hirano et al. applied a model proposed by Chollet [98] to the
quantitative estimation of the orientation of the long axis of the hydrocarbon
chain. In the model, not only the refraction and reﬂection at air/LB ﬁlm and LB
ﬁlm/substrate interfaces but also the optical rotation of electromagnetic wave
due to the LB ﬁlms is taken into account to obtain quantitative information
about the molecular orientation.
As shown in Fig. 27(a) (left side), the direction of the incident beam of
linearly polarized light is along the z-axis with its electric vector in the x–y
plane, where i ¼ +zoz0 ¼ +xox0 is an inclination angle. The polar angle of the
vector m corresponding to the sum of the transition moments of the CH2 antisymmetric (or symmetric) stretching mode is deﬁned by y, where m is assumed
to be distributed uniformly against the z0 -axis (right side). In such a case, the
dichroic ratio R ( ¼ AJ/A?) can be expressed as
R¼

Ak
A?

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð1=2Þhsin2 yifn3 cos i þ n1 1  ðn1 =n3 Þ2 sin2 ig
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
fn1 cos i þ n3 1  ðn1 =n3 Þ2 sin2 igfð1=2Þ cos ihsin2 yi 1  ðn1 =n3 Þ2 sin2 i þ ðn3 n31 =n42 Þsin2 ihcos2 yig

(4)

where n1, n2, and n3 refer to the refractive indices of air, an LB ﬁlm, and a
substrate, respectively. In the present study, we used the appropriate values of
n1 ¼ 1.0, n2 ¼ 1.5, and n3 ¼ 1.4. The angular brackets /S denote the average of
the zenith angle. It should be noted that unlike the deﬁnition in the model of the
visible region in Fig. 24(a), AJ and A? correspond to s- and p-polarizations,
respectively. Moreover, we used the following approximation [97] based on the
orthogonal relation being represented as
hcos2 yi þ hcos2 y0 i þ hcos2 gi ¼ 1

(5)

where y and y0 represent the tilt angles of m estimated from the CH2 antisymmetric and symmetric stretching bands, respectively, and g refers to the tilt angle
of the long axis of the MS hydrocarbon chain from the ﬁlm normal.
Let us investigate the orientation of the alkyl chains in the CdC20 LB ﬁlm
shown in Fig. 26 as reference. Fig. 27(b) shows the dichroic ratio R ( ¼ AJ/A?)
of the CH2 antisymmetric stretching band for the CdC20 LB ﬁlm plotted against
the inclination angle i [81]. The solid curves refer to the inclination-angle-dependence calculated using Eq. (4): (i) y ¼ 10.01, (ii) y ¼ 30.01, (iii) y ¼ 50.01, (iv)
y ¼ 70.01, and (v) y ¼ 83.01. It is noted that the R-value is 1.05 at i ¼ 01, which
is consistent with the assumption that m is uniformly distributed around the
z-axis. As shown in Fig. 27(b), the best least-squares ﬁt is y ¼ 83.01. In addition,
y0 ¼ 81.01 is obtained from the CH2 symmetric stretching band by the same
procedure. Therefore, the /cos2 gS value is estimated to be 0.961 (g ¼ 11.51)
using Eq. (5).
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Fig. 27. (a) A model proposed by P. Chollet et al. [98] for determining the orientation of a hydrocarbon chain by means of infrared absorption spectroscopy with
linearly polarized light; not only the refraction and reﬂection at air/LB ﬁlm and LB
ﬁlm-substrate interfaces but also the optical rotation of electromagnetic wave due
to an LB ﬁlm is taken into account. (b) The dichroic ratio R ( ¼ AJ/A?) of the CH2
antisymmetric stretching band of the LB ﬁlms of CdC20 plotted against the inclination angle i. The solid curves refer to the inclination-angle-dependence of R
calculated using Eq. (5): (i) y ¼ 10.01, (ii) y ¼ 30.01, (iii) y ¼ 50.01, (iv) y ¼ 70.01,
and (v) y ¼ 83.01. (Reproduced with permission from Ref. [84]. Copyright (2006)
Elsevier.)

The /cos2 gS values of the MS hydrocarbon chains in the MS–C20-d binary
and MS–C20-d–AL18-d ternary systems were similarly estimated, although a
few gauche conformers are contained in both systems. It is also noted that the
R-value remains approximately unity at i ¼ 01 for both mixed systems. The
/cos2 gS value is 0.522 (g ¼ 43.81) for the binary system, whereas the value of
0.613 (g ¼ 38.51) is obtained for the ternary system [81]. The results of the

352

Yukihiro Ozaki et al.

orientation obtained, and the estimates from the intensity and FWHH ratios
indicated that the long axis of the MS hydrocarbon chain in the J-aggregates is
more parallel to the ﬁlm surface than that in the H-aggregates. Thus, the
orientation of the MS hydrocarbon chains is signiﬁcantly different between the
two aggregates. So far, in the J-aggregation of an analogous MS, Ikegami [95]
pointed out, on the basis of the ab initio calculation of the optimization for the
geometrical structure, that the slippage of the alignment between the adjacent
dye chromophores in the J-aggregation can be regulated by the hydrocarbon
chain. Considering the results of the orientation of the MS hydrocarbon chains
for the J- and H-aggregates, and the role of the hydrocarbon chain pointed out
by Ikegami, the regulation of the slippage of the chromophore by the MS
hydrocarbon chain in the H-aggregates was expected to be restricted compared
to that in the J-aggregates.

5.5. Whereabout, Conformation, and Orientation of AL18 Added as a
Third Component in Mixed LB Films
As seen in Fig. 22(b), the aggregation states of the J- and H-aggregates in the
MS LB ﬁlms was easily tuned by adding a small amount of AL18. Here, there
arises a question as follows: where do AL18 molecules which act as ‘‘trigger
molecules’’ [97,99] exist in the monolayers or the LB ﬁlms of the MS–C20–AL18
ternary system? Accordingly, Hirano et al. [78,80,82] investigated the whereabout, conformation, and orientation of AL18 added as a third component in
the MS–C20–AL18 ternary system using the surface–pressure isotherms and infrared spectroscopy.
Fig. 28(a) shows the surface pressure (p)–area (A) isotherms of the MS–C20
binary and MS–C20–AL18 ternary systems [77]. The abscissa refers to the average value of the area per molecule for the binary and ternary systems at the
air/water interface. From the p–A isotherm of the binary system, the occupied
area of MS is estimated to be 56 Å2/molecule, assuming that the occupied
area of C20 is 20 Å2/molecule at 25 mN/m. The result suggested the side-on
structure that the long axis of the MS chromophore is nearly parallel to the
air/water interface. In addition, MS has the empty space of 36 Å2/molecule on
its chromophore, if the area of the hydrocarbon chain substituted to the
Fig. 28. (a) Surface pressure (p)–area (A) isotherms of mixed monolayers of the
MS–C20 binary and MS–C20–AL18 ternary systems with the molar mixing ratios of
[MS]:[C20]:[AL18] ¼ 1:2:x (x ¼ 0 and 1.0) on a subphase with Cd2+ ions. (Reproduced with permission from Ref. [78]. Copyright (1999) The Japan Society of Applied Physics.) (b) Polarized infrared spectra AJ of LB ﬁlms of CdC20-d, MS–C20
binary and MS–C20–AL18-d ternary systems with the molar mixing ratios of
[MS]:[C20]:[AL18-d] ¼ 1:2:x (x ¼ 0 and 1). (Reproduced with permission from Ref.
[82]. Copyright (2004) American Institute of Physics.)
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MS chromophore is simply 20 Å2/molecule. Using these values (56 and
20 Å2/molecule), the occupied area of AL18 could be estimated for the ternary
system.
The estimated area per molecule of AL18 in the MS–C20–AL18 ternary
system is 5.8576.51 Å2/molecule. This result could be interpreted based on the
following assumptions. Each MS molecule has the empty space, which can
roughly accommodate two straight-chain hydrocarbons. The occupied area by
AL18 should be zero if the empty space on the MS chromophore is fully ﬁlled
with AL18. On the other hand, the AL18 area should be 20 Å2/molecule if the
long axis of AL18 exists perpendicular to the air/water interface at the outside of
the MS empty space. Comparing the experimental results with the assumptions,
it was suggested that the added AL18 molecules tend to ﬁll the MS empty space
in the monolayer of the ternary system.
Fig. 28(b) depicts polarized infrared absorption spectra of 10-layer LB
ﬁlms of pure CdC20-d, and the MS–C20 binary and MS–C20–AL18-d ternary
systems [80,82]. In the case of CdC20-d LB ﬁlm, peaks at 2193 and 2089 cm1
are assigned to the CD2 antisymmetric and symmetric stretching modes of
the hydrocarbon chain, respectively, and their peak positions are characteristic of the all-trans conformation of the hydrocarbon chain. The LB
ﬁlm of the MS–C20 binary system does not show the peak, as a matter of
course. The ﬁlm of the MS–C20–AL18 ternary system yields the peaks at
2194 and 2089 cm1, suggesting the presence of AL18-d with the all-trans
conformation.
Using the Chollet’s model shown in Fig. 27(a), the estimation of
the orientations of the /cos2 gS values were 0.952 (g ¼ 12.61) and 0.978
(g ¼ 8.511) for the LB ﬁlms of the CdC20-d and the MS–C20–AL18 ternary
system, respectively [82]. Thus, it was well comprehended that the long axis
of AL18 with the all-trans conformation in the MS empty space is perpendicular to the ﬁlm surface. Consequently, the differences in the orientation of the
MS hydrocarbon chains between the binary and the ternary systems
(Section 5.4) may be caused by the close packing between the MS hydrocarbon chains and the AL18 molecules in the MS empty space, and this
packing might bring about the stabilization of the formation energy in the
H-aggregation.
As already seen, it was found by Hirano et al. [77–84] that the aggregation
states of MS can be easily controlled in the mixed LB ﬁlms of the MS–C20
binary and MS–C20–AL18 ternary systems. And, they characterized the MS
structures in the J- and the H-aggregates to explore the structural factors governing both aggregation states towards the elucidation of the formation mechanism of the H-aggregates induced by AL18. Fig. 29(a) and (b) depict a
schematic representation of the MS structure in the J- and the H-aggregates,
and their in-plane structural models where the carboxylic group of MS and
the carbonyl group of the neighboring MS are connected one after another by
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Fig. 29. (a) A schematic representation of the MS structure in the J- and H-aggregates formed in LB ﬁlms of the MS–C20 binary and MS–C20–AL18 ternary
systems with the molar mixing ratios of [MS]:[C20]:[AL18] ¼ 1:2:x (x ¼ 0 and 1). (b)
An in-plane structural model for the J- and H-aggregates of MS, where the carboxylic group of MS and the carbonyl group of the neighboring MS are connected
one after another by Cd2+ ions.

Cd2+ ions, respectively. Therefore, it was suggested that the degree of the orientation of the hydrocarbon chain substituted to MS are of importance for
determining the formation of the J- and the H-aggregates observed in the mixed
LB ﬁlms of MS.
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