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We propose to use the self-assembly ability of a block copolymer to obtain CdSe quantum dots (QDs)
structures of different morphology. The methodology proposed consist in transferring mixed Langmuir
monolayers of QDs and the polymer poly (styrene-co-maleic anhydride) partial 2 buthoxy ethyl ester
cumene terminated, PS-MA-BEE onto mica by the LangmuireBlodgett (LB) methodology. The
morphology of the LB ﬁlms was analyzed by AFM and TEM measurements. Our results show that it is
possible to modulate the self-assembly process by modifying the composition of the mixed Langmuir
monolayer precursor of the LB ﬁlm. The different morphologies are interpreted according to two
different dewetting mechanisms, growth of holes and spinodal-like dewetting. The growth of holes
dewetting process is driven by gravitatory effects and was observed for LB ﬁlms obtained by transferring
Langmuir monolayer of the smallest elasticity values in which the polymer is in brush conformation. The
spinodal dewetting mechanism prevailed when the Langmuir monolayer presents the highest elasticity
values.
Ó 2013 Elsevier B.V. All rights reserved.
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1. Introduction
The nanoparticleepolymer blend systems have attracted much
interest in the last years due to its numerous potential applications.
In particular, nanocomposites prepared with polymers and inorganic ﬁllers, in which the inorganic component has at least one
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dimension below 100 nm, have been proposed to achieve signiﬁcant enhancements in material properties [1]. However, many
nanoﬁllers used in nanocomposites tend to agglomerate by
attractive interactions [2,3] decreasing the quality of nanocomposites. Therefore, the most recent efforts involve the use of
polymer or surfactant molecules to minimize ﬁller agglomeration.
Despite the great interest aroused in the last years, more work must
be carried out to develop multifunctional materials with novel
electric, magnetic or optical properties [4e7].
An important issue concerning the properties of ﬁller deposited
on solids is to achieve control over the organization and assembly
of nanoparticles at interfaces. Many techniques have been used to
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achieve good-quality nanocomposites [8e10]. A common methodology employs templates to control the deposition during solvent evaporation. However, template fabrication usually involves
lithography processes, which are often limited by the special
equipment required. The LangmuireBlodgett methodology (LB) has
been proposed as a platform that renders the self-assembly process
of different nanomaterials at the airewater interface under well
controlled and reproducible conditions [11e14]. Therefore, it offers
the possibility of preparing polymers and nanoparticles reproducible ﬁlms with the control of the interparticle distance necessary to
exploit the nanocomposites in technological applications.
In previous work [12] we used the LB methodology to obtain
CdSe QDs self-assemblies by transferring onto mica mixed Langmuir monolayers of QDs and the polymer poly (octadecene-comaleic anhydride), (PMAO); and QDs and the Gemini surfactant
ethyl-bis(dimethyl octadecylammonium bromide). Our results
showed that it is possible to modulate the architecture of QDs selfassemblies by modifying the composition of the Langmuir monolayers precursors of LB ﬁlms. Thus, mixed PMAO/QDs ﬁlms are
constituted by hexagonal networks in which QDs are adsorbed on
rims, while Gemini/QDs LB ﬁlms are formed by arrays of droplets.
The different architectures were attributed to distinct dewetting
processes, nucleation and growth of holes for PMAO/QDs, and
spinodal dewetting for Gemini/QDs ﬁlms. Taking into account that
the growth of holes dewetting mechanism is driven by the gravitational effect and the capillary waves address the spinodal one, the
predominance of one mechanism depends on a subtle balance
between the molecular weight and the surface properties of the
ﬁlm components [15].
In order to evaluate the role of the surface properties of the
Langmuir monolayer precursor of the LB ﬁlm on the dewetting
mechanism, we have enlarged our previous study to the block
copolymer, poly (styrene-co-maleic anhydride) partial 2 buthoxy
ethyl ester cumene terminated, PS-MA-BEE. In the current work we
use the polymer PS-MA-BEE as matrix of QDs for preparing mixed LB
ﬁlms at different polymer composition. We choose this polymer
because it aggregates at the interface at a given polymer concentration [14]. Thus, as the polymer aggregation modiﬁes the ﬁlm surface
properties [16e20], it provides us an excellent way to study the effect
of the surface properties on the dewetting mechanism. With this
objective in mind, we have studied the surface properties of PS-MABEE/QDs mixed Langmuir monolayers with different composition.
The characterization of these mixed monolayers allows us to select
monolayers with very different surface properties and to transfer
them onto mica, in order to investigate the role of these properties on
both, the morphology of QDs ﬁlms and the dewetting mechanism.
Moreover, styrene/maleic anhydride copolymers have shown potential application in optical waveguides, electron beam resists and
photodiodes [21,22]. Therefore, it could be a good candidate to prepare hybrid materials for optoelectronic devices fabrication [23e25].
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2. Experimental section
2.1. Materials
Trioctylphosphine (TOP, technical grade, 90%), cadmium oxide
powder (99.99%), selenium powder (99.99%), oleic acid (technical
grade, 90%) and 1-octadecene were purchased from Sigmae
Aldrich. The polymer poly (styrene-co-maleic anhydride) partial
2 buthoxy ethyl ester cumene terminated, PS-MA-BEE hereafter,
was supplied from SigmaeAldrich, Scheme 1. The ester:acid ratio
1:1 and the polymer molecular weight Mn ¼ 2.5 kDa were provided by the manufacturer. The materials were used as received
without further puriﬁcation. Chloroform (PAI, ﬁltered) used to
prepare the spreading solutions was from SigmaeAldrich. The
concentrations range for the components in the spreading solutions were from 1.25  107 to 6.3  107 M and 0.060 to
0.0002 mg mL1 for QDs and PS-MA-BEE, respectively, depending
on the mixture mole ratio. The water used as subphase was ultra
puriﬁed by using a combination of RiOs and Milli-Q systems from
Millipore. The LB substrate muscovite (mica) quality V-1 was
supplied by EMS (USA). The mica surface was freshly cleaved
before use.
The hydrophobic CdSe QDs were synthesized by the method
proposed by Yu and Peng [26]. QDs were collected as powder by
size-selective precipitation with acetone and dried under vacuum.
The diameter of the QDs (3.55  0.05 nm) was determined by the
position of the maximum of the visible spectrum of the QDs
dispersed in chloroform [27]. The concentration of nanocrystals
was calculated from the UVeVis absorption spectrum of the QDs
solutions by using the extinction coefﬁcient per mole of nanocrystals at the ﬁrst excitonic absorption peak [27]. UVeVis absorption spectra were recorded on a Shimadzu UV-2401PC
spectrometer.
2.2. Langmuir and LangmuireBlodgett experiments
The surface pressure isotherms were recorded on a Langmuir
Mini-trough (KSV, Finland) placed in an anti-vibration table. The
LangmuireBlodgett deposition was carried out with a KSV2000
System 2 from KSV. Monolayers were transferred by symmetric
barrier compression (5 mm min1) with the substrate into the
trough by vertically dipping it up at 5 mm min1. Spreading solution
was deposited onto the water subphase with a Hamilton microsyringe. The syringe precision was 1 mL. The surface pressure was
measured with a Pt-Wilhelmy plate connected to an electrobalance.
The subphase temperature was maintained at (23.0  0.1)  C by
ﬂowing thermostated water through jackets at the bottom of the
trough. The temperature near the surface was measured with a
calibrated sensor from KSV. The water temperature was controlled
by means of a thermostat/cryostat Lauda Ecoline RE-106.

Scheme 1. Molecular structure of poly (styrene-co-maleic anhydride) partial 2-buthoxy ethyl ester cumene terminated and the optimum conformation calculated within the MM2
approximation.
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2.3. Brewster Angle Microscopy (BAM)
The Langmuir monolayers were visualized with a Brewster
Angle Microscope Optrel BAM 3000 from KSV equipped with a
HeliumeNeon laser of 10 mW (632.8 nm) which is reﬂected off the
airewater interface at approximately 53.15 , Brewster Angle. The
microscope is also equipped with a digital camera model Kam Pro02 (768  494 pixels) from EHD and an objective Mitutoyo (5).
2.4. Atomic Force Microscopy (AFM)
AFM images of the LB ﬁlms deposited onto freshly cleaved mica
were obtained in constant repulsive force mode by AFM (Nanotec
Dulcinea, Spain) with a rectangular microfabricated silicon nitride
cantilever (Olympus OMCL-RC800PSA) with a height of 100 mm, a Si
pyramidal tip and a spring constant of 0.73 mN m1. The scanning
frequencies were usually in the range of 0.5 and 1.2 Hz per line. The
measurements were carried out under ambient laboratory conditions with the WSXM 5.0 program [28].
2.5. Transmission Electron Microscopy (TEM)
TEM images of the LB ﬁlms deposited on FormvarÒecarbon
coated copper grids were taken with 80 kV TEM (ZEISS EM 902,
Germany). The LB deposition onto copper grids was realized at a
speed up of 1 mm min1.
3. Results and discussion
3.1. Langmuir monolayers for mixed QD/polymer systems
Prior to the LB deposition we have studied the surface properties
of the Langmuir monolayers by recording the surface pressuree
concentration isotherms of the pure components and mixtures of
QDs and polymer at different composition. Fig. 1a shows the isotherms of QDs and PS-MA-BEE. The isotherms agree very well with
those reported previously [14,29].
In the case of mixed monolayers it is well established that their
surface properties depend on the spreading technique [30,31];
therefore we test the isotherm properties of monolayers obtained
by spreading both components at the interface, named as cospreading, or adding the components separately. In all cases the
isotherms were very stable. A representative example for mixed
monolayers of polymer mole fraction XP ¼ 0.39 is presented in
Fig. 1b. Signiﬁcant differences between the isotherms can be
observed. Thus, from the three spreading procedures the densest
monolayer is that obtained by co-spreading. This behavior was
observed in other systems [30,31] and ascribed to the existence of
attractive interactions between polymer and QDs molecules in the
spreading solution [31]. As demonstrated in our previous work
[12,30], the co-spreading method proved to be the most reproducible technique and consequently, was chosen to build the mixed
QDs/PS-MA-BEE monolayers.
Fig. 1a also presents the isotherms of mixed monolayers of QDs
and the polymer PS-MA-BEE with different composition. As can be
seen the isotherms of the polymer PS-MA-BEE and mixed with QDs
at high polymer concentration, XP  0.93, present a plateau at the
surface pressure value of 30 mN m1. This plateau could be related
with phase coexistence and has been previously observed in other
blockecopolymer isotherms [32e34]. To gain insight into the states
of the monolayers we have calculated the equilibrium elasticity
modulus, ε0, from the surface pressure isotherms and:
ε0 ¼ GðdP=dGÞ. For the sake of comparison the elasticity values are
represented against the surface pressure values in Fig. 1c. Our results presented in Fig. 1c show that the monolayer elasticity

increases with the surface pressure and reaches a maximum at a
given surface pressure. The maximum position is shifted to higher
surface pressures for mixed monolayers. Beyond the maximum,
when the surface pressure is further increased, the elasticity decreases and for monolayers with surface compositions XP  0.93 the
elasticity goes through a minimum at the surface pressure value of
30 mN m1. The region around the elasticity minimum corresponds
to the plateau in the surface pressure isotherm. For comparative
purposes dashed lines in Fig. 1c delimit the plateau region.
Comparison between the elasticity and surface pressure isotherms of PS-MA-BEE with those reported for other Langmuir
monolayers of block copolymers allowed us to obtain information
about the polymer states at the interface. Results in the literature
demonstrated that at low surface pressures the polymer blocks
presents an almost ﬂat conformation without tails protruding into
the subphase, in this regime the elasticity increases with the surface concentration until it reaches the maximum value. In this state
the monolayer can be formed by aggregates with different features
[32e34]. As it is discussed next, the polymer PS-MA-BEE aggregates
in stripes. At surface pressures beyond the elasticity maximum, the
polymer hydrophilic blocks protrude into the water subphase and
the elasticity values decrease until a minimum in which the polymer brush conformation predominates. In this region the aggregates coexist with brush structures, and it corresponds to the
plateau in the surface pressure isotherms. In our system the phase
coexistence is between stripes and brushes. For surface pressures
beyond the elasticity minimum, is generally admitted that interactions between the polymer blocks lead to a further increase of
the surface elasticity [35,36].
For mixed polymer/QDs monolayers, the morphology of the
elasticity curves, Fig. 1c, also depends on the surface composition.
From results in Fig. 1c, it is possible to notice that the minimum in
the elasticity curve appears for mixed monolayers with high
polymer concentration, XP  0.93. Taking into account that the
elasticity minimum was ascribed to the polymer brush state, the
behavior observed in mixtures seems to indicate that the brush
regime is only reached in mixed monolayers with high polymer
concentration.
To gain insight into the morphology of PS-MA-BEE/QDs monolayers, we use the Brewster Angle Microscopy (BAM). Several images corresponding to monolayers at two surface pressure values,
14 mN m1 and 30 mN m1 and different surface compositions are
collected in Fig. 2. BAM images of monolayers at 14 mN m1 and
low polymer concentration, Fig. 2a and b, shows QD agglomerates.
However, when the polymer concentration increases, the QD
agglomeration decreases, Fig. 2c and d. This behavior can be
interpreted if one considers that in the absence or at low polymer
concentration the interactions between water subphase and the
QDs stabilizer, TOPO, are too weak, and they promote the
agglomeration of nanoparticles at the airewater interface [2,37].
However, when the polymer concentration increases, attractive
interactions between the polymer hydrophobic block and the alkyl
chains of TOPO favor the QDs spreading on the water surface across
the polymer hydrophilic blocks avoiding the QDs agglomeration
[29,38,39].
Monolayers with high surface coverage (p ¼ 30 mN m1) are
constituted by domains so close-packed that BAM images do not
allow us to visualize details of its morphology. As illustrative
example, we present in Fig. 2e the BAM image of the mixed
monolayer at 30 mN m1 and XP ¼ 0.94.
3.2. LangmuireBlodgett ﬁlms of pure components
The next step was to transfer the polymer Langmuir monolayers
from the airewater interface onto mica by using the Langmuire
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Fig. 1. (a) Surface pressure isotherms of mixed Langmuir monolayers of QDs and PS-MA-BEE with polymer mole fraction of: 0.05 (1); 0.10 (2); 0.25 (3); 0.43 (4); 0.54 (5); 0.72 (6);
0.89 (7); 0.94 (8); 0.97 (9); 0.98 (10) and pure PS-MA-BEE. The inset shows the QDs surface pressure isotherm. The dotted lines indicate the surface pressures for the LB deposition:
14 and 30 mN m1. (b) Surface pressure isotherms for QDs/PS-MA-BEE mixed monolayers at polymer mole fraction of 0.39 obtained with separate spreading of QDs and PS-MA-BEE
(1) and PS-MA-BEE and QDs (2), respectively, and co-spreading (3). (c) Equilibrium surface elasticity vs. surface pressure for several mixed Langmuir monolayers of QDs and PS-MABEE at different polymer mole fraction: QDs (closed triangles); 0.05 (open rhombi); 0.25 (closed rhombi); 0.43 (open triangles); 0.54 (stars); 0.94 (open circles); and PS-MA-BEE
(closed circles). The dashed lines delimit the surface pressures where the plateaux in the surface pressure isotherms appear.

Blodgett technique. The monolayers were transferred at the surface
pressure values of 14 and 30 mN m1, respectively. We chose these
monolayers because they correspond to representative states of the
polymer monolayer. Thus, the monolayer at the surface pressure of
14 mN m1 is far from the brush regime and corresponds to the
most elastic surface state, while the monolayer at 30 mN m1

corresponds to the polymer brush regime, minimum in the elasticity curve. For the sake of comparison, we have also transferred
QDs monolayers at the same surface pressure values, 14 and
30 mN m1, respectively.
The AFM images of QDs ﬁlms are collected in Fig. 3a and b. As
can be seen in Fig. 3a the QDs ﬁlm is mainly constituted by QDs

Fig. 2. BAM images (800  600 mm) at 14 mN m1 for different QDs/PS-MA-BEE mixed monolayers with different polymer mole fractions: (a) pure QDs; (b) 0.39; (c) 0.94 and (d)
0.97. BAM image of QDs/PS-MA-BEE mixed monolayer at 30 mN m1 and at polymer mole fraction of 0.94 (e).
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agglomerates of different sizes and when the surface concentration
of the QDs transferred was further increased until a surface pressure value of 30 mN m1, the density of agglomerates increases and
even 3D aggregates are formed. This fact can be interpreted if one
considers that due to the low afﬁnity of the QDs stabilizer TOPO and
the solid mica, the nanoparticle spreading is too weak. This fact
favors the QD agglomeration.

On the other hand, the AFM images of polymer LB ﬁlms, Fig. 3c
and d, revealed that the ﬁlms obtained at different surface densities
have different morphologies. Thus, the polymer aggregates in
stripes of roughness w10 nm when the surface pressure of the
Langmuir monolayer transferred on mica is 14 mN m1, Fig. 3c [14],
while ﬁlms with domains separated by holes were observed when
the surface coverage increases until 30 mN m1, Fig. 3d. The domain

Fig. 3. AFM images of QDs (a, b) and PS-MA-BEE (c, d) LB ﬁlms deposited at the surface pressures values of (a, c) 14 mN m1 and (b, d) 30 mN m1.
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Fig. 4. AFM (a, b, e, f) and TEM (c, d) images of mixed QDs/PS-MA-BEE LB ﬁlms the surface pressure of 14 mN m1. The ﬁlm composition expressed as polymer mole fraction is: 0.25
(a); 0.39 (b); 0.54 (c) and 0.97 (d, e, f).

roughness found was w2 nm, which agrees with the polymer
thickness calculated by means of molecular mechanic MM2 calculations (2.1 nm).
In polymer LB ﬁlms the existence of two different features
depending on the polymer concentration points to two distinct
dewetting mechanisms. Thus, stripes and other 2D structures were
previously observed and interpreted by spinodal dewetting
mechanism [40e42]. Conversely, domains separated by holes were

observed in ﬁlms in which the gravitatory effects are important
[15]. In an attempt to interpret the different behavior observed it
was necessary to analyze the driving forces involved in the surface
arrangement. Taking into account that the molecular weight of our
polymer is too low, one expects that the gravitatory effects were
neglected; however, it is necessary to compare this effect with that
of the capillary waves. It is well established that the damping coefﬁcient passes though a maximum at low elasticity values [43] and
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decreases when the elasticity modulus increases. Accordingly, in
the case of the most elastic monolayer (p ¼ 14 mN m1), the
capillary effects could predominate against the gravitatory ones
and the dewetting mechanism is driven by the capillary waves
resulting in ﬁlms constituted by stripes. Conversely, in less elastic
monolayer (p ¼ 30 mN m1), the capillary waves are quickly
damped and the polymer ﬁlm breaks in domains separated by
holes due to gravitatory effects. Consequently, the growth of holes
dewetting mechanism predominates against the capillary one in
this monolayer state.

Table 1
Average values of the feature dimensions of QDs/PS-MA-BEE mixed LB ﬁlms obtained from AFM measurements.
XP

Domains (dots) at p ¼ 14 mN m1 XP

Holes at p ¼ 30 mN m1

X-direction/mm

X-direction/mm Y-direction/mm

0.54 2.22  1.36
0.94 1.14  0.39
0.98 0.50  0.23

Y-direction/mm
2.15  1.29
1.05  0.31
0.54  0.23

0.93 0.83  0.19
0.94 0.57  0.18

0.77  0.20
0.47  0.16

Reported values are averages and error represents the standard deviation determined from at least 50 surface features.

3.3. LangmuireBlodgett mixed ﬁlms of QDs and polymer
With the purpose of organizing QDs into ordered twodimensional (2D) arrays, we transferred mixed monolayers of
polymer PS-MA-BEE and CdSe QDs from the airewater interface
onto mica by the LB methodology. To study the effect of the surface
composition on the self-assembly process, we have prepared ﬁlms
containing different polymer concentration expressed as polymer
mole fraction, XP: XP ¼ nP =ðnP þ nQD Þ.
In order to study the effect of the surface properties of the
Langmuir monolayer precursors of the LB ﬁlms on the nanoparticles self-assembly, we have transferred Langmuir monolayers
at the surface pressure values of 14 mN m1 (the most elastic
monolayers) and 30 mN m1 (the least elastic monolayers).
Simultaneously, we study the effect of surface composition on the
LB ﬁlm morphology by transferring monolayers with different
composition at the two surface pressure values selected.
Fig. 4 shows the AFM and TEM images of some mixed LB ﬁlms
prepared with Langmuir monolayers at the surface pressure value
of 14 mN m1 and different surface composition. As can be seen in
Fig. 4a, even for ﬁlms containing low polymer concentration, mixed
LB ﬁlms are denser than the LB ﬁlms prepared by transferring
exclusively QDs onto mica, see Fig. 3a. This can be interpreted by
considering that the QDs interact with the most hydrophobic block
of the polymer, styrene block [8], remaining adsorbed on the
polymer and, the hydrophilic blocks of the polymer favor the
interaction with the solid increasing the efﬁciency of the transfer
process. When the polymer concentration increased above
XP  0.39 the QDs ﬁlms break in islands, Fig. 4bef. Fig. 4f presents
high magniﬁcation AFM image of these domains, showing that the
islands are surrounded by polymer molecules. It is important to
note that the morphologies observed by AFM and TEM agree each
other and that the domains roughness determined from AFM is
independent of the polymer concentration. The average roughness
value of 4 nm is compatible with the diameter of the QDs dissolved
in chloroform (3.55  0.05 nm).
Our results also demonstrated that even when the QDs
composition was too small, the ﬁlm morphology of PS-MA-BEE/
QDs mixed ﬁlms is different to that corresponding to the polymer
PS-MA-BEE. This fact indicates that small concentrations of QDs
modify the interactions between the polymer molecules [44e46]
distorting the polymer ﬁlm architecture.
To analyze the effect of the polymer concentration on the QD
domain size, the statistical analysis of domain dimensions was
carried out. Results are collected in Table 1 and show that the
domain size decreases as the polymer mole fraction increases.
We have also transferred PS-MA-BEE/QDs Langmuir ﬁlms at the
surface pressure 30 mN m1 from the airewater interface onto
mica by LB. Representative AFM and TEM images of these LB ﬁlms
are collected in Fig. 5. These images suggest two different behaviors
depending on the surface composition. In the ﬁrst one, for LB ﬁlms
of polymer composition below XP < 0.93 shown in Fig. 5aec, the
ﬁlms are constituted by large QDs domains of roughness 3 nm. The
evolution of the domain size with the polymer concentration is

similar to that observed for ﬁlms prepared from Langmuir monolayers at the surface pressure of 14 mN m1. Thus, when the
polymer concentration increases the ﬁlm evolves to small domains
and the distance between domains increases. The second behavior,
Fig. 5def, was observed for monolayers with high polymer concentration, XP  0.93. At this polymer concentration range the
surface pressure isotherms present a plateau and the elasticity
values go through a minimum. The AFM and TEM images of these
ﬁlms, Fig. 5def shows well-organized hexagonal networks. The
order observed in the network formed is highlighted in the FFT
diffractogram of the AFM images, where the appearance of several
bright spots implies an ordered structure in the LB ﬁlms [47]. An
illustrative example for the LB ﬁlm prepared at XP ¼ 0.93 and
p ¼ 30 mN m1 is shown in Fig. 5d as inset. On the other hand, it is
interesting to note that the roughness of rims around the holes was
4 nm, which is compatible with the diameter of the CdSe QDs
dissolved in chloroform (3.55 nm). This fact indicates that the
nanoparticles are mainly localized in the rims and do not form 3D
aggregates. The hole size of the network cells was measured from
the AFM images by taking an average of at least 50 holes per sample
and the statistical results are presented in Table 1. The statistical
analysis of the holes shows that the hole size in the network decreases with the polymer concentration. This behavior agrees very
well with our results in previous work corresponding to mixed LB
ﬁlms of the polymer PMAO and QDs [12]. Finally, when the polymer
concentration is further increased above XP  0.98, the QDs concentrations is too low and the ﬁlm morphology is similar to that
corresponding to the polymer ﬁlm, Fig. 5g. However, the AFM image shows small domains of roughness 4 nm. This roughness is
similar to the QDs diameter indicating the presence of some QDs.
The hexagonal network structures in this system are similar to
those observed for mixed PMAO/QDs LB ﬁlms [12], which were
interpreted in terms of nucleation and growth of holes dewetting
processes [15]. As it was previously mentioned this dewetting
mechanism is driven by gravitational effects, consequently, it is
easy to understand that this effect predominates in ﬁlms containing
high molecular weight material as the polymer PMAO (40 kDa).
However, it is not so evident in the PS-MA-BEE/QDs ﬁlms because
the polymer PS-MA-BEE (2.5 kDa) is too small. To interpret this
behavior it is necessary to analyze the balance between gravitatory
and capillary forces. Thus, according to the elasticity curves, Fig. 1c,
the elasticity goes through a minimum for PS-MA-BEE/QDs
monolayers at the surface pressure value of 30 mN m1 and with
polymer concentrations above 0.93. Consequently, in these monolayers the capillary waves are quickly damped and the ﬁlm breaks
in domains separated by holes due to gravitatory effects.
Conversely, the capillary waves for monolayers with higher elasticity values (p ¼ 14 mN m1 or p ¼ 30 mN m1 and XP < 0.93), do
not damp so quickly and they drive the dewetting mechanism. In
these situations, the spinodal dewetting mechanism predominates
against the growth of holes process leading to circular QDs
domains.
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Fig. 5. TEM (a, c, e) and AFM (b, d, f, g) images of mixed QDs/PS-MA-BEE LB ﬁlms at the surface pressure of 30 mN m1. The ﬁlm composition expressed as polymer mole fraction is:
0.25 (a, b); 0.39 (c); 0.93 (d); 0.94 (e, f) and 0.98 (g). The inset in (d) shows the 2D FFT diffractogram calculated with the AFM software.

4. Conclusions
The results obtained in this work demonstrated that the surface
state of the block copolymer PS-MA-BEE plays a decisive role on the
morphology of the QDs assemblies. Our results show two different
ﬁlm structures depending on ﬁlm surface properties. Thus, when
the Langmuir monolayer precursor of the LB ﬁlms presents the
smallest elasticity value, corresponding to the polymer brush
conformation at the surface, the ﬁlms are composed by hexagonal
networks with QDs adsorbed on the rims. Conversely, monolayers
with the highest elasticity values give LB ﬁlms with polymer/QDs
domains. The different behaviors were analyzed in terms of distinct
dewetting processes, nucleation and growth of holes for the formation of hexagonal networks and spinodal dewetting, for polymer/QDs domains.
The current results together with those obtained previously [12]
conﬁrm the ability of the LB methodology to modulate the selfassembly of QDs. Our results demonstrated that it is possible to
tune the morphology of the QDs LB ﬁlms by modifying both the
surface composition and surface properties of the Langmuir

monolayer precursors of the LB ﬁlms. This strategy could be presented as a non-template reproducible technique for patterning at
the nanoscale.
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