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a b s t r a c t

Several industrially important aspects of functionalized surfaces are discussed including applications
to artificial membranes, patterning materials, thin film optical devices, and displays. Special attention is
focused on the design of nanostructured surfaces by update of Langmuir–Blodgett method. The potentiali-
ties of the method of horizontal precipitation of monolayer films for the formation of artificial membranes
ccepted 6 December 2009

eywords:
olid–fluid interfaces
angmuir–Blodgett films
oll-to-Roll technique

are demonstrated, and the formation of “raft” domains resulting in the self-organization of lipids in a
monolayer is reported. Also, many approaches to flexible polymeric support modification using specially
developed LB equipment are described, including examples dealing with the effective ways of capsula-
tion of drugs, formation of hybrid structures, and surface patterning, from the standpoint of medical or
plastic electronic applications.
rug encapsulation
lastic electronics

. Introduction

A huge spectrum of nanostructured surfaces of functional mate-
ials is currently developed in various application directions. The
hallenge consists primarily in using bottom-up methods of molec-
lar and nanoscale architectures for their industrial production.
ombination of molecular and supramolecular chemistry or more
omplex nanostructured building blocks (nanoparticles (NP), car-
on nantubes (CNT), etc.) with Langmuir–Blodgett (LB) method can
esult in new materials with new properties not otherwise accessi-
le. Efforts in this direction are just beginning despite long history
f LB method [1]. Indeed, there are numerous attempts to construct
ybrid and patternable materials applying LB methodology [2–5],
s in case of polymeric membranes [6,7], electronic and molecular
lectronic devices [8], organic light emitted diodes (OLED) [9], plas-
ic solar cells [10], etc. there are numerous attempts to construct
ybrid and patternable materials applying LB methodology [2–5],
s in the case of polymeric membranes [6,7], electronic and molec-
lar electronic devices [8], organic light emitted diodes (OLED) [9],
lastic solar cells [10], etc.

LB technology is quite flexible because it allows to vary
ultiparameter conditions of film fabrication, such as subphase
omposition, nature of molecules and counter ions, and pressure
f deposition. In particular, the formation of multicomponent films
s well as self-organization of molecules at water interface is made
ossible. That is why it is highly desirable to extend the unique
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properties of LB films to the outside world by improving exist-
ing fabrication methodologies. Automated LB methods could be
the breaking factor to the fabrication of defect-free films on a
large scale [11], this still being the most relevant problem limit-
ing the practical development of LB materials. Thus, the fabrication
of defect-free LB layers on square-meter scale is a major chal-
lenge.

Indeed, Langmuir-Shaefer (LS) method of deposition may be
used [12,13] for robust and hydrated monolayer deposition instead
of traditional vertical method (VM) [14] to solve the stress and
deformation problems with film transfer onto solid substrate. How-
ever, in general, this approach is not able to solve the question of
overcoming the critical limitation of the Langmuir–Blodgett assem-
bly, deriving from its low throughput in terms of “worked” devices
areas. This factor is indeed the one which appears incompatible
with industrial-scale production.

The aim of the present paper is to discuss several examples of
modified LB films to analyze the basic limitations of the current
methodologies, suggesting possible ways to overcome the difficul-
ties.

2. LB devices

Probably Langmuir–Schaefer method was the first attempt to
improve the transfer of the Langmuir monolayer to obtain high-

quality films [15]. The matter is that VM of monolayer transfer
(Fig. 1) is complicated by compound aggregation at the three-
phase “water-air-substrate” contact line, molecules overturning
in meniscus, and blocking of deposition if impurities are present
in subphase. LS method allows to detach a part of a monolayer

http://www.sciencedirect.com/science/journal/09215107
http://www.elsevier.com/locate/mseb
mailto:zhavnerko@yahoo.co.uk
dx.doi.org/10.1016/j.mseb.2009.12.005
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ig. 1. Schematic illustration of different modes of Langmuir film deposition: (a) La
oll-To-Roll deposition.

rom water interface by bringing a horizontally oriented substrate
n contact with the monolayer from the air side (Fig. 1b). In spe-
ific cases, uniform films can be obtained using LS technique, at
ariance of what is found with conventional Langmuir–Blodgett
ertical method deposition [15].

An alternative way of overcoming the drawbacks of VM depo-
ition consists in the transfer of the monolayer to solid support
y just decreasing the level of water surface below the one of the

ubstrate, initially located under water (Fig. 1c). Such approach,
ndicated as horizontal precipitation (HP) method, has also been
ecently realized in commercial LT-103 and LT-201 troughs [16]
Figs. 1 and 2).

ig. 2. LT-201 equipment for mono- and multilayer film formation by Langmuir–Blodge
quipped with two surface tension sensors, rotating barrier and dispenser. Dipper unit a
B and LbL films in the same process.
ir–Blodgett vertical method, (b) Langmuir–Shaefer, (c) Horizontal Precipitation; (d)

There are several examples of advantages of HP method. In par-
ticular, using that method matching of the crystallographic lattice
parameters of the film and substrate was found [17] on an exam-
ple of behenic acid monolayer on mica. That finding demonstrated
quasi-epitaxial deposition of floating fatty acid monolayer onto
crystalline mica surface during the process of horizontal precipi-
tation of a monolayer. In that case it was possible to visualize, by
AFM, the phase transitions that occurred in a monolayer during its

compression [17]. The method of horizontal precipitation can also
be quite prominent for the preparation of multicomponent mem-
brane structures to avoid the formation of multilayer lipid domains
in the overall mesomorphic organization, which often occurs when

tt, Roll-to-Roll and Layer-by-Layer (LbL) deposition. Langmuir–Blodgett trough is
llows to move a substrate between LB trough and LbL deposition unit to form both
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ig. 3. The film morphology and corresponding friction properties for the DPPC:Sp
rom water interface by HP method of deposition at 20 mN/m of surface pressure. A
ue to scanning at 90◦ relatively to the fast scan direction, which gives an opportunit
o “raft” domains that formed in Langmuir monolayer in a result of association of th

ilayer is formed by vesicle fusion or by original Langmuir–Blodgett
ertical dipping technique. An opportunity of aggregated structure
ormation is also excluded using the method of horizontal precipi-
ation. As an example, Fig. 3 reports the formation of “raft” domains
n monolayer film formed through self-organization of cholesterol
CHL), sphingomyelin (SM), and dipalmitoylphosphatidylcholine
DPPC) [18]. The domains that are essentially different in friction
ave been found by lateral force microscopy (Fig. 3). They are prac-
ically indiscernible in topography image. Someone can correlate
he dark color of the domains in friction image with close-packed

olecules in determined regions, we believe in “raft domains”.
n the contrary, extremely homogeneous film was formed for
PPC:SM:CHL mixture at significant (∼30%) content of cholesterol

18].
Another approach was realized in LT-201 device [16], which

s oriented on monolayer film transfer by automatic Roll-to-Roll
RTR) processing. In this case, a trough separated in two parts by
otating barrier has been developed, as shown in Fig. 2. Feedback
ontrol between dispenser and tensiometer (Wilhelmy method)
llows to maintain automatically surface pressure rather low. Then,
he transfer of surface-active molecules by rotating barrier to a
ompartment for deposition and film formation on a flexible tape
akes place. The tape is withdrawn through a monolayer under a
mall angle relative to water interface (see Fig. 1d). Such kind of
eposition is similar to RTR process to the film manufacture in dif-
erent areas such as newspapers and labels [19]. Similar RTR-LB
rocessing can offer a significant advantage compared with the
onventional LB process, as it can be mixed with advanced tech-
ologies and the integration of nanoscale materials into devices
an take place that have practical significance such as membranes,
ensors, flexible displays and solar cells. The fields of LB applications
hat can arise from RTR-LB technique are characterized below.

. LB films for membrane surfaces and capsulation

echnologies

Supported lipid mono- and bilayers can be used as platforms for
embrane-associated ligands and receptors. Protein incorporation

n membrane structures is aimed at understanding the functions
mielin:Cholesterol = 1:1:0.1 composition. The film was transferred on mica surface
age was taken in a contact mode at a speed 5 Hz. Lateral force mode was realized

cognize the domains with different rigidity. Black sports on right image correspond
lecules.

of natural membranes or sensor fabrication based on molecular
recognition processess. For example, LB technique can improve
antibody orientation on surfaces for immunosensor designs [20].
Modelling the functions of lipid membranes will allow understand-
ing the mechanisms of lipid interactions with peptides, enzymes,
proteins, nanocarriers, etc. [21] that can be used to develop both
artificial membrane systems and efficient drug delivery systems
[22].

One of the serious problems for the application of LB-based
materials is the low mechanical stability of multilayer films
due to lateral mobility of molecules, especially in the pres-
ence of water. So, there is a problem of film stabilization
onto solid substrate. The possibility of a combination of LB
films with polyelectrolyte ones on dimethyldioctadecylammonium
bromide/poly(vinyl sulfate)/poly(allylaminehydrochloride) by the
alteration of Langmuir–Blodgett and Layer-by-Layer (LbL) meth-
ods [23] was proved. The ionic cross-linking (i.e., “gluing”) of a
Langmuir–Blodgett bilayer derived from a cationic calix-[6]-arene
has been found to be useful for the formation of stable hydropho-
bic complexes due to the strong electrostatic interaction between
the surfactant headgroups and polymer backbone [24]. It was
also demonstrated that two monolayers of calix[6]arene that were
glued to poly(styrene sulfonate) (PSS) exhibited a He/N2 gas per-
meation selectivity [7,25]. Such finding gives an opportunity to
improve the membranes properties and have led to the design
of synthetic composite membranes, combining structural features
and functional advantages of both the microporous and the homo-
geneous membranes.

LB films for gas separations at the industrial level may be on the
horizon using RTR-LB technology. RTR-LB processing in combina-
tion with automatized LbL treatment in solution (see schematics in
Fig. 1d) may bring an additional possibility of extra layer deposition
through self-organization or chemical cross-linking reactions.

For RTR-LB processing it also seems new applications in the
field of electronic paper production and liquid crystal capsula-

tion. For example, E-ink Corporation uses a microencapsulated
electrophoretic material that consists of millions of microcapsules
containing charged pigment particles [26]. A pixel-encapsulated
flexible LCD with a multifunctional elastomer substrate fabri-
cated by a replica molding [27] was also reported. Technical
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ig. 4. (a) AFM images of LB monolayer of encapsulated dye in block copolymer sh
he result of tetraethoxysilane hydrolysis in basic media. (b) LB film of the same co
ircles and block copolymer shell around dye. the images were taken in tapping mo

pproaches include polymer-dispersed liquid crystals (PDLCs),
ixel-encapsulated liquid crystals, photoenforced stratification,
nd encapsulating liquid crystals into polymer capsules. It is attrac-
ive to use LB technology for the production of thin film capsulated

aterials. It can be done with block copolymer compositions. As
n example of possibilities for preparing capsulated LB films, both
part of LB layer with capsulated dye and LB film of inner part of

apsules are shown in Fig. 4.
Thus, RTR-LB deposition can be also used both for the separation

nd deposition of capsulated drugs.

. Formation of hybrid structures and surface patterning

Advancement has been made in the chemical synthesis of nano-
aterials and building blocks of a wide range of materials can

e now made with good control over their size, shape, and crys-
allinity. Compression of Langmuir monolayer is a very versatile
pproach to fabricate both closely packed nanoparticle superstruc-
ures and well-defined patterns with low density of particles. The
angmuir–Blodgett technique provides a suitable way to control
he thickness of metalorganic film due to the variations in surface
ressure of deposition. Additionally, the inorganic lattice and the
H of the subphase play an important role in organizing LB films
28], for example, in the case of octadecylphosphonic acid with var-
ous divalent, trivalent, and tetravalent metal ions [29,30]. Indeed,
he use of LB films as precursors to metal-oxide films has been
mployed in the production of Zn and Ti oxide films and other
lms [31,32]. Typically, the metal ions are incorporated into the
ater subphase, prior to LB deposition, to allow binding of the

ons to the polar heads of the constituent monolayer molecules or
etallocomplexes, which are incorporated within the monolayer

recursor. The metal-oxide films can be subsequently generated
hrough plasma or UV treatment. Such metal-oxide films can be
sed as coatings to prevent corrosion, to promote thermal sta-
ility or, as ZrO2 films, replace dielectric for SiO2 or oxynitrides

n complementary metal-oxide semiconductor (CMOS) technology
2].

It was shown [33] that absorption and luminescence bands of
he monolayers on hydrophilic glass retain the general proper-
ies of isolated crystallites. LB technique has also proved to be
deal for forming highly dense assemblies of nanocrystals and
anowires over unprecedented surface areas [34]. Collective prop-
rties of the NP try to explore in the potential applications, such
s ultrahigh-density magnetic storage media and magnetooptical

evices [35,36].

The cooperative behavior of metal particles and supports under
ensity control on the Pt nanoparticles NP layer can be used in
atalyst production [37]. Metallic or semiconducting SWNTs in
lose-packed state should also be applicable for interconnection
t was covered with additional polysiloxane one. Polysiloxane shell was formed in
tion without polysiloxane shell. It is possible to see both dye in the center part of a
th standard tips (RTESP) using nanoscope-3A microscope.

or high-speed transistor applications at large scale [38]. Special
progress can be done through the integration of QD/polymer hybrid
structures in devices by LB technique, for example, in QD-LED
structures [39]. The approach and its functional use by inserting
patterned and unpatterned QD monolayers into active QD-LED
structures have been recently demonstrated [5]. RTR-LB deposition
may give additional possibilities for fine control of the thickness and
homogeneity of the monolayer, the domain structure and packing
density for multilayer deposition.

Nafion (E.I. DuPont de Nemours Inc.) seems also to be a very
perspective material for roller-coatings due to its cation-exchange
properties and high thermal stability [40]. LS films of Nafion with
incorporated TiO2 nanoparticles have been recently produced [12],
this seems perspective for photocatalytic applications and mem-
brane technologies.

Patterned surfaces, for example lines in the sub-50 nm range, the
thickness of which is controlled at the single particle level [41], can
be prepared by LB technique in combination with electron-beam
lithography (EBL). As an alternative, monolayer self-organization
in the LB transfer process itself can be used to form patterns onto
solid substrate [42]. Different monolayer systems, e.g. fatty acid
esters, DPPC, or NP can be used for patterning by LB method, see
[43]. However, large-scale patterning of nanostructures is difficult
to achieve by convenient LB method due to the limitation of geo-
metrical parameters of standard LB trough. On the contrary, RTR-LB
processing seems to be an alternative way to produce large-scale
LB patterns on flexible supports.

5. Electronic and optical applications

So-called E-tongue, an example of electronic applications of LB
films, represents multi-sensor system for liquid analysis to simu-
late the human tongue’s taste ability. Such system consists of an
arrow of non-specific sensors with wide sensitivity toward dif-
ferent components of analyte sensor elements comprise LB films
from conductive polymers, fatty acids, phthalocyanines, and based
on impedance measurements largely employed in the analysis of
ions, medicine and pollutants at the parts-per-billion level [44]. At
present, “electronic tongue” system has the capability of measur-
ing up to eight different sensor sets, each comprising an arrow of
eight sensor units [45]. The advantage of E-tongue based on LB films
over other ones, for example, the carbon paste electrodes, is high
resolving electrochemical response and very good repeatability

[46]. RTR-LB mode of deposition has potential in surface pattern-
ing with lipids by Fuchs method [42] and subsequent treatment of
an arrow in solution for film stabilization on interdigital electrodes,
resulting in an increasing of sensitivity and selectivity of “electronic
tongue” system.
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Fig. 5. Cartoon of cross-sectional structure of flexible displays (left) and sc

Plastic electronics aimed on high-throughput and inexpensive
roduction, mechanical flexibility, and light-weight devices. Con-
uctive polymers are attractive for the development of organic light
mitting diodes, and organic field effect transistors (OFETs), pho-
ovoltaic devices, rechargeable batteries, lasers, etc. [9,10,47,48].
olymers such as polyphenylene and poly(p-phenylene vinylene)
ave been investigated as emitting materials of OLEDs, while poly-
hiophene derivatives have been investigated as active materials for
TFTs or solar cells [49]. One of the main problems with polymer
EDs is that charge carriers (holes in particular) may go through the
evice without recombining and creating a photon. For solar cells
he charges generated in the donor–acceptor interface have to be
eparated from each other to prevent the charge recombination and
o deliver to the electric circuit [9,50].

The problem of non-recombining charge carriers can be
ddressed using multilayer films. Schematics of multilayer film
onstruction is shown in Fig. 5a. Proper film morphology and film
onsequences must be achieved to optimize the performance of
he device. In general, different approaches for multilayer struc-
ure fabrication by RTR method can be realized using LT-201 device.

ultilayers can be prepared at water interface as one-step-process
sing plastic foil as a substrate on rotating barrier and two different
onolayers in different compartments. Synchronous movement of
rotating barrier with compressing barriers can produce multilayer
tructure (Fig. 5b).
Unique properties of block copolymers can also be used for the
ormation of monolayer film or multilayer ones with encapsulated

aterial (QDs, dyes, electronactive components). For example,
lock copolymers can produce extremely thin two-dimensional

ig. 6. Morphology of Langmuir film from (a) encapsulated dye in block copolymer “envel
n silicon substrate. �-Diketonate Europium complex (dye) was spread at a water inter
as compressed to 7 mN/m of surface pressure before deposition by HP method. In the

hloroform solution was used for nanostructured film formation and deposition at 10 mN
tics of multilayer film, which can be formed by RTR-LB processing (right).

“envelopes” in a form of LB film for capsulation of necessary com-
pounds (Fig. 6a).

There has been much research dedicated to find a way to
obtain high-quality films at low temperatures by developing new
deposition technologies and improving the deposition processes,
including sputter deposition [51] or electrobeam deposition [52].
Due to the ease of film preparation by RTR-LB technique there can
be a lot of combinations of the typical block copolymer architec-
tures and the unique electronic functions of conjugated polymers
[10], which may result in the development of new organic photo-
voltaic materials with high solar energy conversion efficiency.

A multilayer thin film encapsulation is possible, where mul-
tilayer thin films are directly deposited on the OLED structures,
providing a thinner device structure compared to the polymer
film encapsulation. Besides polyaniline (PANI), conducting poly-
mer poly(3,4-ethylenedioxythiophene) (PEDOT), mainly due to its
excellent electrical conductivity and optoelectronic properties, has
been introduced into OLEDs as hole injection layer in a composition
with polyelectrolyte (polystyrene sulfonate, PSS) counterions. Due
to the small ˛ angle in RTR processing (Fig. 2), it may be possible to
avoid the use of PSS for deposition of film from functional material
with poor amphifilic properties and to prepare well layer-ordered
film on the analogy with poly(vinylcarbazole) layer presented in
Fig. 6b.

RTR-LB deposition seemed to be a perspective for the separation

of charge carriers. The use of polymer multilayers is also important
for polymer solar cells. Here the object is to separate the charges of
an exciton formed by light absorption, into two different polymers.
Electrons are then transported to one electrode, holes to the other,

ope”, (b) monolayer of poly(vinylcarbazole) transferred by HP method of deposition
face from chloroform solution with block copolymer additive and the monolayer
case of (b) image 2000 kDa polyvinylcarbazole with a concentration of 1 mg/ml in
/m of surface pressure.
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hus creating a current. PEDOT can be used as transparent anode, as
t exhibits very high conductivity of about 300 S/cm and is almost
ransparent in thin, oxidized films and shows a very high stability
n the oxidized state [53].

LS method was already used for the evaluation of the possibility
f fabrication of a solid-state switching device based on so-called
atenane molecules [8]. The challenge of improvement by HP and
TR processing of both catenane and rotaxane monolayer film qual-

ty for the production of future molecular electronic devices also
xists.

. Summary

The problems of the high technological industries cannot be
eparated from solid-state engineering. More work is needed to
mprove the quality of the deposited films. Langmuir–Blodgett
echnology produces perfect defect-free coverings and gives pos-
ibilities of the combination of molecular and supramolecular
hemistry or more complex nanostructured building blocks that
esult in new materials with new properties.

Roll-to-Roll LB processing seemed to be as an alternative way
o produce large-scale LB films on flexible supports that allow to
vercome the critical limitation of the Langmuir–Blodgett vertical
ipping technique, deriving from its low throughput in terms of
worked” device areas.

RTR-LB processing can offer a significant advantage com-
ared with the conventional LB process, as it can be mixed with
dvanced technologies and the integration of nanoscale materials
nto devices can take place that have practical significance such as
abrication of membranes, sensors, flexible displays, and solar cells.
ontrol of film morphology may be of higher importance for plastic
lectronics, since the electron/hole mobility is significantly higher
or ordered than for amorphous films. Control over layer-by-layer
eposition and molecular orientation has led researchers to use the
B films to combine properties in a single assembly, to form hybrid
aterials.
A way to put into practical applications and reduce production

osts using mono- and multilayer films for membrane technologies,
olymer-based and molecular electronics would be Roll-to-Roll
rocessing.
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