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5.1 Introduction
The extraordinary optical, mechanical, and electrical properties of the nanoparticles constitute an interesting subject that has given rise to a large number of works [1]. It is necessary
considering that in several applications nanoparticles must be supported on solid substrates.
In these situations, the morphology of the film can determine the final properties, even in
several applications, the organization of the nanoparticles following a certain pattern may be
required [25]. To generate well-ordered nanostructures, several lithographic techniques
have been used [68]; however, the specialized equipment required for these methods usually limits their use. An alternative approach for assembling polymeric nanocomposites is the
layer by layer deposition [9,10], although it can only be used for hydrophilic materials. This
excludes a great number of functional materials. The LangmuirBlodgett (LB) methodology
is an alternative method proposed to prepare films which can be used in technological applications [11]. The technique consists in transferring a Langmuir film from the air/water interface to different solid substrates [12]. The main advantage against other deposition methods
is that it is possible to control the density of particles, the separation between them, and the
arrangement, by means of the expansion or compression of the monolayer through the barriers placed on a Langmuir trough. In summary, the technique allows to prepare nanoparticle films of reproducible morphology and control interparticle distance for technological
applications.
This chapter describes and compares different ways of preparing nanoparticle films by
using the LB methodology. The chapter is organized into three sections. The basis of the LB
methodology is presented in the first section, whereas in the second one, we describe methodologies based on the LB method combined with self-assembled materials of polymers and
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surfactants to modulate the properties of quantum dots (QDs) films [1318]. In the last section we analyze some relevant results about graphene oxides (GOs) films [1923].

5.2 LangmuirBlodgett deposition: the technique
The LB methodology allows building films onto a solid support by transferring a monomolecular layer previously deposited at the airwater interface, referred as Langmuir monolayer. In a typical experiment, a water-insoluble surfactant is deposited on the airwater
interface by dropping a dilute solution of the amphiphilic material on the interface. The solvent, usually chloroform, is volatile and water immiscible, so, it evaporates quickly resulting
in a monomolecular layer of the amphiphilic material. The monolayer presents the hydrophilic groups submerged into the aqueous subphase and the hydrophobic tails oriented
toward the gas phase, Fig. 51. This specific orientation is due to the amphiphilic nature of
the materials.
The Langmuir monolayer is prepared on a Langmuir trough at the air/water interface. The
Langmuir trough allows changes on the surface area by moving barriers; see Fig. 51. Since
materials on the Langmuir monolayers are water insoluble, they remain floating at the interface and, if the surface area is modified by moving the two barriers, the surface concentration
changes. The formation of a monolayer is followed monitoring the surface pressure against the
surface area or concentration. The plot of surface-pressure values, π, against the surface area
or concentration is referred as Langmuir isotherm. The surface pressure is the force exerted
per unit length by the film and equal to the decrease in the surface tension of water by the
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FIGURE 5–1 Scheme of the LB and LS experimental setup. LB, LangmuirBlodgett; LS, LangmuirSchaefer.
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existence of the molecules adsorbed at the airwater interface, π 5 γ 0 2 γ. In this equation, γ 0
and γ represent the water and the film surface tension values, respectively [24].
Initially the surface concentration is very small, therefore, the molecules exert low forces
between them, and the monolayer can be considered as a two-dimensional gas. When the
surface concentration increases or the available area is reduced by the displacement of the
barriers, the molecules become closer and the surface tension decreases. During the compression, the material self-organizes and the monolayer suffers some phase transitions similar to those of the gas, liquid, and solid states [12,24]. To characterize the surface states of
the monolayer, the values of the compressional elastic modulus, ε, are widely used [25]. The
values of the compressional elastic modulus are calculated from the surface-pressure isotherms and the following equation:


δπ
ε5Γ
δΓ


(5.1)
T

In Eq. (5.1), Γ is the surface concentration, which is the inverse of the area occupied by a
surfactant molecule adsorbed at the air/water interface.
For transferring molecules of films from the liquid/vapor interface to the solid, it is
dipped in the aqueous subphase before the deposition of the spreading solution, then hydrophobic material is added and subsequently, the substrate is extracted with the film adhered
onto the solid wafer; see Fig. 51. Multilayers with different thicknesses and compositions
can be manufactured by repeating the process several times. During the transfer process, the
loss of molecules would cause a decrease in surface pressure; however, the surface pressure
is kept constant during deposition by decreasing the available area by compressing the
barriers.
The LangmuirSchaefer (LS) technique is a variant of the LB methodology and it consists
of horizontal transfer of monolayers [12,2628]. In the LS method, the solid wafer is parallel
to the air/water interface. The transfer process is carried out by contact between the solid
and the monolayer floating on the aqueous subphase; Fig. 51. The advantages of these
techniques for preparing thin films are the versatility and the control over density and
molecular spacing.

5.3 LangmuirBlodgett films of semiconductor
nanoparticles
In recent years, semiconductor nanoparticles have aroused great interest, because of their
exceptional mechanical, electrical, and optical properties. Due to these properties, they are
proposed as candidate for manufacturing transistors, optoelectronic devices, sensors, etc. In
many of these applications, nanoparticles must be deposited onto a solid substrate [1], and
the distribution and morphology of these films are crucial for the applications of the final
product [25]. Nanoparticles often form aggregates by attractive interactions [29,30] sacrificing the properties of the devices. For this reason, attempts have been made to include
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polymers or surfactants in the preparation of these films to avoid or minimize 3D aggregation. Different strategies have been used with this purpose. The most widely used is to modify the wetting properties of the solid substrates covering them with monolayers of soft
matter [3135]. This strategy improves the solid wettability and was used to transfer CdSe
QDs to solids covered with silane films [3335] and for the deposition of gold nanoparticles
onto acrylic block copolymers films [32]. Another alternative is to transfer mixtures of nanoparticles with surfactants or polymers from the interface onto solid substrates using the LB
methodology, cospreading methodology [3638]. This approach pretends the control of the
molecular architecture of nanoparticles in films. However, to improve the quality of films
deposited in solids, more efforts should be made. With this objective in mind we have
focused our attention on films of CdSe QDs. They are semiconductor nanoparticles in which
optical and electronic properties depend on the nanoparticle dimensions and can be used
for manufacturing solar cells or LEDs due to the possibility of controlling their bandgap.
From the point of view of optical properties, the main advantages of these systems come
from having a broad absorption spectrum, and a narrow emission spectrum whose maximum position and the photoluminescence dynamic can be tuned by modifying the particle
size. However, when nanoparticles are used to build optoelectronic device, a great control of
QDs assembly is necessary to prevent the loss of the quantum efficiency of the film due to
3D aggregation. In addition, the thickness, distribution, and uniformity of QDs are decisive
parameters that determine the emission properties of films [1,34,3942].
In the case of CdSe QD, the quantum efficiency increases when the hydrophobicity of
nanoparticles increases. Unfortunately when hydrophobic nanoparticles were transferred
onto solids such as mica, glass, or silicon, low coverage was achieved and in addition, nanoparticles aggregate on the solid surface [42,43]. This undesirable behavior decreases the quality of nanoparticle films.
In an attempt to alleviate these problems we have developed different strategies [1318]
based on the LB methodology combined with the surface self-assembly of polymers [44,45]
and surfactants [46]. The amphiphilic molecules selected were the Gemini surfactant ethylbis(dimethyl octadecyl ammonium bromide), 18-2-18, and the copolymers poly(octadeceneco-maleic anhydride) (PMAO) and poly(styrene-co-maleic anhydride) partial 2 butoxy ethyl
ester cumene terminated (PS-MA-BEE). These amphiphilic molecules can join to hydrophilic
wafers, such as silicon, glass, and mica, through their hydrophilic groups [45,46] and to
nanoparticle stabilizer across its hydrophobic part, favoring the adhesion of QDs at the solid
substrate. We have chosen PS-MA-BEE for its good adhesion on solids and rigidity [47,48].
The polymer PMAO and the Gemini surfactant were selected because they interact with
hydrophobic nanoparticles, providing good stability and preventing 3D aggregation [49,50].
Moreover, the Gemini surfactant has been used for biotechnological applications combined
with DNA [51,52].
First, we analyze results obtained for mixed films of nanoparticles and surfactants or polymers, cospreading methodology. The methodology consists of preparing stable Langmuir
monolayers of mixtures of QDs with polymers or surfactant molecules. To characterize the
superficial states of mixed monolayers we obtain the surface pressure, equilibrium elasticity,
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and surface potential isotherms. After characterization, the different surface states are transferred from the interface onto the solid substrates using the LB method. The substrates
selected were glass, mica, and silicon because they are the most widely used for build
optoelectronic devices. The composition of the monolayer was expressed in terms of polymer or surfactant mole fraction at the interface.
We have studied the morphology of LB films using different microscopy techniques,
AFM, FESEM, TEM, and ellipsometry. Our results proved that the presence of these polymer
or surfactant molecules in nanoparticle films avoided the 3D aggregation of QDs [1315].
This behavior was due to the existence of attractive forces between the hydrocarbon tails of
polymers and surfactants and the hydrophobic part of the QDs stabilizer, trioctyl phosphine
oxide (TOPO). These attractive interactions seem to be stronger than those between QDs
preventing the nanoparticle aggregation.
We also proved that the matrix composition has a great influence on the film morphology. To illustrate this behavior the two distinct film features are shown in Fig. 52. The first
one, Fig. 52A, corresponds to hexagonal networks, observed for all PMAO/QDs films [13]
and for the densest films of QDs and PS-MA-BEE (30 mN/m) of high polymer mole fraction
[14], XP $ 0.95. The height of rims around holes determined by AFM measurements is 4 nm,
compatible with the diameter value of CdSe QDs dissolved in chloroform (3.4 nm). This fact
shows that the QDs are located mainly at the edges of the network and are not aggregated.
The second kind of film features was observed in all Gemini/QDs films [13] and in films
of PS-MA-BEE/QDs in which the polymer mole fraction values below 0.95 [14] and deposited
at low surface pressure (14 mN/m). An illustrative example of the morphology of these
domains is shown in Fig. 52B. The height of different domains was measured by AFM and
the value was found to be 3 nm. This value is similar to the diameter of QDs dissolved in
chloroform, indicating that QDs are not aggregated
Differences between the domain morphologies were attributed to distinct dewetting
mechanisms [13,14], referred as nucleation and growth or coalescence of holes [53] and

Nucleation, growth, and
coalescence of holes

A
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B

250 nm

FIGURE 5–2 Schemes of nucleation, growth, and coalescence of holes and spinodal dewetting mechanisms.
(A) AFM image of a PMAO/QDs film of polymer mole fraction 0.5 and (B) TEM image of a Gemini/QDs film of
surfactant mole fraction 0.5. The Langmuir monolayers were transferred at the surface pressure of 30 mN/m.
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spinodal mechanism [54], respectively. In the first mechanism, the gravitational force predominates. According to it, a nucleation process of nanoparticles around the holes produced
by defects of films starts delimiting a mosaic [53]. In contrast, if the amplitude of the capillary
waves exceeds the film thickness, the film breaks forming nanostructures. This mechanism is
commonly referred as spinodal dewetting. For clarity the two mechanisms are represented
in Fig. 52. From our results, we conclude that the morphology of mixed films of PMAO and
QDs is driven by the mechanism of nucleation and growth or coalescence of holes, giving
structures with the nanoparticles located around holes, whereas in Gemini/QDs films, the
spinodal dewetting mechanism prevailed [13]. To interpret this behavior, we consider that
the polymer PMAO presents a molecular weight 50 times higher than the molecular weight
of the Gemini surfactant. Accordingly the gravity effect prevails against capillarity. In PS-MABEE/QDs-mixed films, two distinct film structures were observed. To interpret this behavior
we consider the balance between gravitational and capillary forces involved in the surface
arrangement. Thus in mixed films of PS-MA-BEE/QDs with the smallest elasticity values, due
to the quick damp of capillary waves the gravitatory effects prevail and the film breaks in
domains separated by holes. Conversely when films present high elasticity, the capillary
waves drive the dewetting mechanism because they do not damp so quickly. All the results
proved the ability of the LB methodology to modulate the morphology of nanoparticle films
by modifying the surface properties of films and the film composition. According to this, this
methodology can be presented for patterning at the nanoscale without templates.
To achieve the different states of Langmuir monolayers we compress in a continuous way
the polymer/QDs or surfactant/QDs mixtures, initially spreaded on the clean aqueous surface. To define equilibrium properties of each state, the surface pressure value is used.
However, some previous work reported that in polymer [44,45] or nanoparticle films [55], the
surface state achieved by compression is a metastable state due to several dynamic processes
at interface [24,27,44,45,56]. These metastable states constituted by defects are formed and
are transferred onto solids by the LB method, decreasing the quality of films. This fact can
be easily detected by comparing the surface-pressure isotherms obtained by compression
and by successive additions of the spreading solution. In the later, after the successive addition of volumes of the spreading solution, the surface pressure is monitored and the equilibrium value is achieved when the surface pressure, π, is kept in a constant value during at
least 10 min. In the former, monolayers are symmetrically compressed by moving two barriers after deposition of a given volume of the spreading solution on the air/water interface.
When the two isotherms agree, compression methodology drives the equilibrium states
[44,45], However, if they do not agree, monolayers prepared by compression are far to the
equilibrium and the behavior persists even for slow compression rates [57].
To take out monolayers from metastable states, a methodology consisting in applying
compression 2 expansion cycles was reported [58]. This methodology has demonstrated
good results, providing ordered and homogeneous monolayers [58]. In addition, with this
methodology, it is also possible to tune the morphology of films by changing the shear
amplitude [59]. We have studied the effect of shearing on the structure of PS-MA-BEE/QDs
films, demonstrating that the shear stress takes out nanoparticles from metastable states and
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promotes new equilibrium states after 45 compression 2 expansion cycles [18]. We also studied the dynamic processes on the monolayer after cycling, demonstrating that it involves
three different processes. These processes were ascribed to the damping of surface fluctuations, movements of components inside rafts, and raft rearrangement.
By the LB methodology we also transferred Langmuir films prepared after 50 compressionexpansion cycles using two strain amplitudes, 5% and 25% and at the end of the last
compression. Fig. 53 shows illustrative AFM images of the different films. Images in
Fig. 53 show films constituted by circular domains. In addition, the domain dimensions
decrease around 80% when the strain amplitude goes from 5% to 25%. Finally the film
becomes more ordered after compression 2 expansion cycles [18].
The second strategy, referred as bilayer methodology, consists of modifying the solid wettability by covering the solid substrates with LB films of the polymers PS-MA-BEE and PMAO
and the Gemini surfactant 18-2-18 [3135]. Later, the QDs are transferred onto the coated
substrates using the LB method [16]. The first layer is constituted by dense films (30 mN/m)
of polymers or the Gemini surfactant. The results of AFM and ellipsometry of the first layers
demonstrated that the height profile values agree very well with the length of the hydrocarbon chain fully extended of polymers and the Gemini surfactant [16,45]. This fact means that
the molecules at the first layer are nearly vertical to the solid surface and they expose their
hydrophobic chains to the chains of the nanoparticle stabilizer (TOPO). The QD monolayer
was then transferred onto the first layer at the surface pressure of 9 mN/m. Fig. 54 shows
the AFM, SEM, and TEM images of films prepared by using the bilayer methodology.
SEM and AFM images in Fig. 54 show that domains of bilayers of Gemini/QDs
(Fig. 54A) and PMAO/QDs (Fig. 54C) are bigger than those of QDs films deposited on
PS-MA-BEE (Fig. 54B). Besides, TEM images show that the most ordered and packed QDs
films are those adsorbed on the Gemini surfactant film, see insets of figures. One interesting
result was that the height profile is independent on the coating molecules. In addition, the
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FIGURE 5–3 AFM images of PS-MA-BEE/QDs films after 50 compressionexpansion cycles at 5% (A) and 25% (B) of
strains. The initial surface pressure of monolayers was 2.5 mN/m and the polymer mole fraction was 0.98. AFM,
Atomic force microscopy; QDs, quantum dots; PS-MA-BEE, poly(styrene-co-maleic anhydride) partial 2 butoxy ethyl
ester cumene terminated.
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FIGURE 5–4 SEM image of a Gemini/QDs bilayer (A). AFM image of a PS-MA-BEE/QDs bilayer (B) and topographic
AFM image of a PMAO/QDs film (C). Insets are TEM images of each film. The surface pressure of the first layer of
polymers or surfactant molecules was 30 mN/m. The QDs Langmuir monolayer was transferred at 9 mN/m. AFM,
Atomic force microscopy; QDs, quantum dots; PMAO, poly(octadecene-co-maleic anhydride); PS-MA-BEE, poly
(styrene-co-maleic anhydride) partial 2 butoxy ethyl ester cumene terminated.

value found for the average height profile was 3 6 1 nm, compatible with the diameter of
CdSe nanoparticles. This fact indicates that the bilayer methodology avoids the nanoparticle
aggregation and is opposite to the behavior observed when nanoparticles are deposited on
bare solid [13,14].
We obtain information about the solid coverage and rheological properties of films using
the quartz crystal microbalance with dissipation [17]. Our results proved that the highest solid
coverage corresponds to QD bilayers deposited onto the Gemini surfactant film. This result
agrees with qualitative information visualized from AFM and TEM images of these films,
Fig. 54. Besides, we can conclude that the rheological and kinetics properties of films are
driven by nanoparticles of QDs. All results indicate that the surfactant increases the solid coverage. To interpret this behavior, we analyze the ability of QDs to wet the coating molecules
using the spreading parameter, S. This parameter represents the balance between the adhesive
forces QDs-coating and the QD-QD cohesive forces. S was calculated by Eq. (5.2) [16]:
S 5 γ layer 1=air 2 ðγ QDs=layer 1 1 γ QDs=air Þ

(5.2)

In Eq. (5.2) γ layer 1/air, γ QDs/layer 1, and γ QDs/air represent the surface tension values corresponding to the following interfaces: layer 1air, QDslayer 1, and QDsair, respectively.
The layer 1 notation corresponds to the first layer of polymer and surfactant molecules coating the substrate [16].
The values of the spreading parameter are found to be negative for the polymer PS-MABEE, positive and very small for PMAO, and positive for the Gemini surfactant film [16]. This
means that the QD nanoparticles wet very well the surfactant film favoring the adhesion of
nanoparticles. Conversely a negative value of the parameter S as that calculated for bilayers
of PS-MA-BEE indicates that QDs do not wet very well the PS-MA-BEE film and consequently, nanoparticles aggregate in islands, see Fig. 54B. An intermediate situation was
observed for bilayers of PMAO and QDs which presents a very small and positive value of
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the parameter S. This means that the QDs wet well the PMAO film but worse than the surfactant film. Consequently the QDs adsorption is less efficient on PMAO than onto the Gemini
film but more efficient than the adsorption on the PS-MA-BEE one [16]. Our results clearly
indicated that the most homogeneous QD films are obtained by the bilayer methodology.

5.4 Applications
As commented earlier, semiconductor crystals such as CdTe and CdSe have discrete electron
and hole energy levels [60], and consequently, the optical absorption occurs at discrete energies.
The energy values are determined by the nanoparticle size and the shape [61]. The possibility of
modifying the bandgap by changing the nanomaterial dimension or shape has aroused a great
interest in light-emitting semiconductor nanoparticles. On the other hand, it is well established
that the photoluminescence properties of nanoparticles also depend on their surface defects
[62]. This effect is more accentuated when QDs are deposited onto solids. To analyze the effect
of the film morphology on the photoluminescence properties of QDs we recorded the dynamic
PL properties of QDs films prepared by different LB methodologies using confocal fluorescence
lifetime microscopy. Our results proved that the photoluminescence dynamic is mainly influenced by energy transport and the surface density of traps. Moreover, the efficiency of these processes depends on the distance between QDs and the density of surface traps, which are related
to QD clustering or 3D aggregation [15,63]. We also proved that when nanoparticles are homogeneously distributed, the emission intensity increases; so, the bilayer deposition drives to QDs
films with more emission intensity than films built by cospreading methodology [15]. All the
results demonstrated the ability of the LB technique of tuning the film morphology of QDs films,
and consequently, the photoluminescence properties of QDs deposited onto solids.

5.5 LangmuirBlodgett films of graphene oxide flakes
Graphene is a novel material with a bright future as component of different devices such as
transparent conducting electrodes [64], transistors [65], for hydrogen storage [66], or gas sensors [67]. This is due to its exceptional properties that involve excellent thermal, electronic,
and mechanical properties [67,68]. Nevertheless, depending on the application, the set of
properties required for the graphene is very different. Thus graphene obtained by chemical
vapor deposition or mechanical exfoliation (physical methods) produce high-quality flakes
appropriate for electronic applications; however, these materials are inappropriate for the
fabrication of composites, inks, or biosensors since they do not contain functional groups. To
alleviate this situation, graphene is substituted by GO [69], since it presents reactive
O-groups in its network which can interact with polymers and nanoparticles for manufacturing composites [70], gas sensors [71], or photovoltaic cells [72].
The most common method to synthesize GO is the oxidation of graphite [73] or carbon
nanofibers [21,74,75] using the Hummers reaction [76]. However, despite the great interest
aroused, its chemical structure is still not well known since it depends of the starting material
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and the oxidation procedure. The most accepted chemical structure of GO is constituted by two
main regions, the conjugated Csp2 and the Csp3 domains. The nonaromatic domains (Csp3)
mainly contain alcohol and epoxy groups and are located at the basal plane, whereas carboxylic
acid groups are placed at the edge of flakes. However, it has recently been reported that highly
oxidized organic fragments are originated during oxidation process [77,78]. These molecules are
considered as oxidative debris (OD) and in the case of GO these molecules are strongly adsorbed
onto flakes through π 2 π stacking. They can be removed by alkaline washing. The purified GO
obtained after the alkaline treatment contains lower amount of O-groups than the none-purified
ones [7779] and presents an analogs oxidation degree to that achieved through chemical
reduction [20,23]. Accordingly it becomes obvious that the structures of purified and nonpurified
GOs are quite different. Therefore when applications demand chemical purity of graphene materials, the presence of OD represents a clear disadvantage, but impurities can play an important
role in anchoring nanoparticles or polymers [80,81] when applications demand surface activity.
According to its structure, GO can be seen as an amphiphilic 2D material and it has been
demonstrated that GO flakes are surface active and can decrease the interfacial energy
[8284]. This amphiphilic character is extremely important when GO must be integrated in
devices as thin films. In these situations, the properties of the product depend on the quality
of individual flakes and the morphology of GO assemblies. Considering that GO forms
stable dispersions in water, the aqueous dispersion is often used to prepare thin films.
However, the conventional deposition methods such as spin-coating and drop-casting often
lead to restacking of sheets and to wrinkled flakes, decreasing the properties of GO films
[67,85,86]. These undesirable processes are due to uncontrolled capillary flow during solvent
evaporation and to dewetting processes. To alleviate these limitations, deposition techniques,
such as LB, have been recently proposed [8285,8789]. Results reported in these works
indicate that the LB methodology allows obtaining GO films with high solid coverage.
However, the development of new devices with technological applications needs to improve
the coverage and homogeneity of GO films, so, it is necessary to deepen the role of the composition and structure of GO sheets in the coverage and morphology of GO films. With this
objective, we studied the effect of the chemical composition of GO flakes on the structure of
GO thin films. To synthesize GO of different chemical compositions, we used two starting
materials, graphite flakes and GANF carbon nanofibers. The oxidation method was
Hummer’s [76] reaction improved by our group for obtaining more oxidized materials
[19,20,22] and therefore, more exfoliated GO flakes. The next step was the purification of
GOs by alkaline washing [20,23]. To determine the chemical composition of GOs X-ray photoelectron spectroscopy (XPS) was used. Results are shown in Fig. 55.
Data in Fig. 55 clearly show how the starting material significantly affects the chemical
composition of GO [90]. Thus the percentage of aromatic carbons is comparable for GO and
NGO (none-purified materials), whereas the percentage of carboxylic groups in NGO is twice
the carboxylic groups in GO. Conversely the percentage of epoxy and hydroxyl groups is higher
for GO than that for NGO. We recently demonstrated that nanoplatelet sizes are responsible
for these differences. Dynamic light scattering and FESEM measurements showed that the
diameter of NGO sheets is smaller than that of GO. This means that the oxidation process of
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FIGURE 5–5 Chemical composition of graphene oxides determined by XPS measurements. Data were taken from
Ref. 23. XPS, X-ray photoelectron spectroscopy.

small nanoplatelets (NGO) renders GO sheets with higher percentage of carboxylic groups
than the biggest ones (GO), since COOH groups are mainly placed at the edge of the flakes,
whereas the hydroxyl or epoxy groups are located to the basal plane [23].
An interesting result was that the two purified materials have similar amount of alcohol
or epoxy groups, although their percentages differ for unpurified materials. To interpret this
behavior, we consider theoretical and spectroscopic studies concerning the removal of the
oxygenated groups from GO nanoplatelets at room temperature [91]. These studies showed
that the surface density of epoxy groups determines the selective elimination of O-groups.
Thus in materials with high percentage of epoxy groups, the release of ketone or carboxylic
groups predominates, whereas alcohols or epoxy groups are removed when the surface density of epoxy groups is low [91]. This could be the situation in these materials, since the
amount of epoxy groups in GO is higher than that in NGO, accordingly, the number of epoxy
groups lost during alkaline washing is higher for GO than that for NGO.
Once GO materials of different chemical composition are synthesized, the next step was
to prepare the LB films of these materials at a given surface state. We determine the surface
state of materials at the interface by the compressional elastic modulus, ε. The parameter is
calculated from Eq. (5.1) and the surface-pressure isotherms. The results obtained in our
group are in excellent agreement with those achieved for other GOs monolayers. Thus when
the surface pressure is close to zero, isolated individual sheets form a gas phase. When the
compression continues, nanoplatelets become close until touch each other. This surface
state is known as the liquid expanded (LE) state of the monolayer. In this state the compressional elastic modulus increases as the surface pressure increases and until it reaches a maximum. Beyond the maximum, GO sheets wrinkle, overlap, and form 3D structures [82,92].
Thus to transfer isolated GO sheets, we transfer flakes in the LE region. In addition, we modeled the LE state [93] using the Volmer’s model for nanoparticle films [94]. Our results
showed the existence of attractive interactions between GO sheets. The origin of these attractive interactions is the formation of hydrogen bonds [20,23].
To avoid wrinkles, overlaps, and 3D structures in GO films, which are responsible for the
low quality of films [86], we have transferred GO monolayers from the airwater interface
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onto silicon at the LE state. For comparison, the GOs were transferred by using LB and LS
methodologies. These two deposition methodologies were chosen because it allow us to analyze the functional groups responsible of the interactions between GO and the substrate, providing a good way of analyzing the influence of chemical composition on the properties of
GO thin films. Figs. 56 and 57 show the SEM images of GO films built by LB and LS
methodologies, respectively.
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FIGURE 5–6 SEM images of (A) GO, (B) NGO, (C) PGO, and (D) PNGO Langmuir 2 Blodgett films. The Langmuir
monolayers were transferred at the surface pressure of 5 mN/m. GO, Graphene oxides.
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FIGURE 5–7 SEM images of (A) GO, (B) NGO, (C) PGO, and (D) PNGO Langmuir 2 Schaefer films. The Langmuir
monolayers were transferred at the surface pressure of 5 mN/m. GO, Graphene oxides.
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The solid coverage was calculated using ImageJ 1.46 software and SEM images. The
values thus obtained demonstrated that the highest solid coverage values always correspond
to the LB films. Moreover, the coverage of LB films does not depend on the chemical composition of GO. In contrast, the coverage of films built by the LS methodology increases as the
percentage of alcohols or epoxy groups at the basal plane of GO increases [23].
Summarizing, our results proved that the coverage of films containing GOs can be tuned by
modifying both, the deposition methodology, LB or LS, and the chemical composition of GO
(Table 51).

Table 5–1 The different kinds nanoparticles used to manufacture LangmuirBlodgett
films deposited onto different solids and the properties studied in each paper.
Composition

Wafers

Goals

Refs.

1

Anhydride maleic polymers

Mica

[45]

2

Cationic Gemini surfactant

Mica

3
4

Silver nanowires
CdSe QDs/cationic
surfactant
CdSe QDs/anhydride maleic
polymers
CdSe/anhydride maleic
polymers
CdSe/cationic Gemini
surfactant
CdSe QDs

Polycarbonate
Mica

Film preparation and
characterization
Film preparation and
characterization
Optoelectronic properties
Film preparation and
characterization
Film preparation and
characterization
Photoluminescence
properties
Photoluminescence
properties
Film preparation and
characterization
Surface rheology
Surface rheology
Surface rheology
Film preparation and
characterization
Film preparation and
characterization
Film preparation and
characterization
Raman and XRD

[17]
[17]
[19]

Influence chemical
composition on Films
Influence chemical
composition on Raman
Thin film glass transition

[23]

5
6
7
8
9
10
11
12
13
14
15
16

CdSe QDs/anhydride maleic
polymers
CdSe QDs
CdSe QDs
GO, RGO, and surfactant
functionalized
GO and PGO from
nanofibers
GO and RGO from
nanofibers
GO and RGO from
nanofibers annealing
Different GO

17 GO different chemical
composition
18 Polymers/DODAB

Mica
Quartz
Quartz
LB films of cationic surfactant or anhydride
maleic polymers/mica
Mica
Cationic Gemini surfactant/SiO2
Anhydride maleic polymers/SiO2
Si/SiO2
Si/SiO2
Si/SiO2
Si/SiO2
Si/SiO2
Si/SiO2
Langmuir films

GO, Graphene oxide; LB, LangmuirBlodgett; QDs, quantum dots.

[46]
[28]
[13]
[16]
[15]
[63]
[16]
[18]

[20]
[21]
[22]

[90]
[44]
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5.6 Future outlook
In this chapter we have presented some strategies based on the LB or LS methodologies to
increase the solid coverage and simultaneously to avoid nanoparticle aggregation. These
techniques also allow tuning the film morphology. All these aspects are critical to get goodquality films with properties according to the needs required for different applications.
However, despite the good results compiled in this chapter, research should continue to
achieve reproducible deposition methodologies without using templates.
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