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ABSTRACT: We propose to use the self-assembly ability of a
block copolymer combined with compression−expansion
cycles to obtain CdSe quantum dots (QDs) structures of
diﬀerent morphology. The methodology proposed consists in
transferring onto mica mixed Langmuir monolayers of QDs
and the polymer poly(styrene-co-maleic anhydride) partial 2butoxyethyl ester cumene terminated, PS-MA-BEE, previously
sheared by 50 compression−expansion cycles. Results indicate
that the shear stress takes out nanoparticles at the air−water
interface from metastable states and promotes a new
equilibrium state of the Langmuir monolayer. This new state
was transferred onto mica by the Langmuir−Blodgett (LB) methodology, and the morphology of the LB ﬁlms was analyzed by
atomic force microscopy and transmission electron microscopy measurements. Our results show that when the amplitude strain
increases, the QDs domain size decreases and the QDs LB ﬁlm arrangement becomes more ordered. The dynamics of the
monolayer relaxation after cycling involves at least three time scales which are related to the damping of surface ﬂuctuation, raft
rearrangement, and component movements inside each raft. Brewster angle microscopy allowed visualizing in situ the raft
rearrangement at the air−water interface.

1. INTRODUCTION
In recent years semiconductor nanocrystals have received great
attention because they exhibit unique size-dependent photoluminescence properties which are a result of quantum
conﬁnement eﬀect and the enormous high speciﬁc surface
area.1,2 Accordingly, they can be used in a vast spectrum of
technological ﬁelds such as optics, electronics, or biomedicine.
Once prepared, nanoparticles have a great tendency to
agglomerate3 owing to the presence of a great deal of highly
active surface atoms. The 3D-aggregation deteriorates the
nanocrystals properties, decreasing the quality of devices in
which they are main components.4,5 Up to now, numerous
approaches have been developed to avoid the undesirable 3D
aggregation. One of the most eﬀorts involves the use of
polymer or surfactant molecules. These molecules can also be
used as linkers to assemble nanoparticles into various
architectures rending nanocomposites of diﬀerent properties.6
Despite the great interest generated in recent years on this
topic, more work must be carried out to develop multifunctional materials with novel electric, magnetic, or optical
properties.7
For several technological applications it is necessary to
support nanoparticles onto solid substrates.8,9 In these
situations, the organization into ordered arrays leads to new
interesting properties, which are strongly aﬀected by the ﬁlm
morphology.10−14 Several techniques have been used to
integrate these materials onto novel devices. These methods
© 2013 American Chemical Society

must achieve a great control on the deposition procedure to
promote good-quality nanocomposites.15−19 Lithographic
techniques have been employed to generate well-ordered
nanostructures;20−22 however, these methods are often limited
because they require specialized equipment. Layer-by-layer
deposition (LbL) is other alternative approach to self-assembly
polymeric nanocomposites;23,24 however, it can be only used
for charged polymers and hydrophilic nanoparticles, which
exclude a wide number of functional materials. The Langmuir−
Blodgett (LB) methodology, based on the transfer process of
Langmuir ﬁlms from the air−water interface onto solids, has
proved to be a versatile and interesting tool to obtain waterinsoluble thin ﬁlms. The LB technique allows the continuous
variation of particle density, spacing, and arrangement by
compressing or expanding the ﬁlm using barriers. 25,26
Consequently, it oﬀers the possibility of preparing reproducible
ﬁlms with the control of interparticle distance necessary to
exploit the nanocomposites in technological applications.27−29
Using this methodology, we have prepared LB ﬁlms of selfassembled CdSe QDs and anhydride maleic polymer derivatives
such as poly(octadecene-co-maleic anhydride) (PMAO) or the
block copolymer poly(styrene-co-maleic anhydride) partial 2butoxyethyl ester cumene terminated, PS-MA-BEE, and the
Gemini surfactant ethylbis(dimethyloctadecylammonium broReceived: September 4, 2013
Published: December 31, 2013
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2-butoxyethyl ester cumene terminated, PS-MA-BEE (Scheme 1), was
supplied from Sigma-Aldrich. The ester:acid ratio 1:1 and the polymer

mide). Our results demonstrated that it is possible to modulate
the architecture of QDs self-assemblies by modifying the
composition and the surface state of the Langmuir monolayers
precursors of LB ﬁlms.30−33 Moreover, ﬁlm properties such as
photoluminescence emission depend on the morphology of the
QD domains.32 Typically, in these experiments, the diﬀerent
states of Langmuir monolayers are achieved by continuous
compression of polymer/QDs or surfactant/QDs mixtures
initially deposited at the air−water interface, and the surface
pressure value is employed to deﬁne the equilibrium properties
of the diﬀerent states. However, it has been reported that in
several polymer34,35 or nanoparticle monolayers28 the surface
state reached by compression does not correspond to the
equilibrium value. This is due to diﬀerent dynamic processes at
the air−water interface. 25,34−37 In these situations the
metastable states often present space-ﬁlling defects that are
subsequently transferred onto solids by the LB methodology.
These defects decrease the ﬁlm quality. To detect this behavior,
it is necessary to compare the surface pressure isotherms
prepared by two diﬀerent ways: addition and compression
methodologies. In the former, the surface pressure was
continuously monitored after successive addition of diﬀerent
volumes of the spreading solution, and the equilibrium value is
taken when the surface pressure, π, remains constant at least 10
min. In the latter, the monolayers are symmetrically compressed by moving two barriers under computer control after
spreading the solution. When the isotherms obtained for both
methods, addition and continuous compression, do not agree
with each other, the monolayer obtained for compression is far
from the equilibrium state.34,35 This behavior is observed even
for inﬁnitely slow compression of monolayers.38
Several strategies such as thermal or vapor annealing have
been proposed to take out nanoparticles from metastable
states.39,40 An alternative approach consists in applying
successive compression−expansion cycles to the monolayer.41
This methodology has demonstrated to provide more
homogeneous and ordered monolayers41 in which the domain
morphology can be tuned by modifying the shear amplitude.42
Accordingly, since we have prepared our polymer/QD ﬁlms by
transferring monolayers prepared by continuous compression,
we expect that some defects observed in these ﬁlms30,31,33 could
be due to metastable states developed during the compression
process. To clarify this issue, we analyze the eﬀect of successive
compression−expansion cycles on the morphology of PS-MABEE/QDs Langmuir and Langmuir−Blodgett ﬁlms. We choose
this polymer because it has been proposed among other
polystyrene derivatives as a good candidate43,44 to fabricate
submicrometric electronic devices due to its mechanical rigidity
and good adhesion on solids.45
We show that the shearing process renders more ordered
QDs domains than those monolayers prepared without
shearing. Finally, the analysis of the relaxation curves obtained
after stopping shear allows obtaining information on the
dynamics processes at the interface. Three diﬀerent relaxation
processes were found and attributed to the damping of surface
ﬂuctuation, movements of rafts constituted by QDs or QDs/
polymer self-assemblies, and to movements inside rafts.

Scheme 1. Molecular Structure of Poly(styrene-co-maleic
anhydride) Partial 2-Butoxyethyl Ester Cumene Terminated

molecular weight Mn = 2.5 kDa were provided by the manufacturer.
We use the materials as received without further puriﬁcation.
Chloroform (PAI, ﬁltered) used to prepare the spreading solutions
was from Sigma-Aldrich. The concentrations range for the
components in the spreading solutions were from 1.25 × 10−7 to
6.3 × 10−7 M and 0.060 to 0.0002 mg mL−1 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 MilliQ systems from Millipore. The LB substrate mica quality V-1 was
supplied by EMS. The mica surface was freshly cleaved before use.
The hydrophobic CdSe QDs were synthesized by the method
proposed by Yu and Peng.46 QDs were collected as powder by sizeselective 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.47 The concentration of nanocrystals was calculated from
the UV−vis absorption spectrum of the QDs solutions by using the
extinction coeﬃcient per mole of nanocrystals at the ﬁrst excitonic
absorption peak.47 UV−vis absorption spectra were recorded on a
Shimadzu UV-2401PC spectrometer.
2.2. Langmuir and Langmuir−Blodgett Experiments. The
oscillatory barrier experiments just like the surface pressure isotherms
were carried out using the Langmuir Mini-trough from KSV (KSV,
Finland) placed in an antivibration table. The surface pressure
isotherms were performed by symmetric barrier compression at 5 mm
min−1 and by subsequent additions of the corresponding solution on
the air−water interface. The Langmuir−Blodgett deposition was
carried out in a Langmuir Standard trough (KSV2000 System 2).
Monolayers were transferred at constant surface pressure by
symmetric barrier compression (5 mm min−1) with the substrate
into the trough by vertically dipping it up at 5 mm min−1. Spreading
solution was deposited onto the water subphase with a Hamilton
microsyringe. The syringe precision was 1 μL. 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, and the water temperature was controlled by means of a
thermostat/cryostat Lauda Ecoline RE-106. The temperature near the
surface was measured with a calibrated sensor from KSV.
In the oscillatory strain experiments the barriers of the Langmuir
trough are driven in a harmonic oscillatory variation of the interfacial
area at constant frequency, ω, and the strain, U0, calculated by U0 =
(A0 − A(t))/A0, where A0 and A(t) represent the initial and the timedependent areas, respectively. The surface pressure response, π(t),
presents a sinusoidal behavior with the same frequency of the area
perturbation.48,49 The strain amplitude values for oscillatory experiments range from 0.04 and 0.35, and the frequency employed varied
from 0.003 to 0.012 Hz.
2.3. Brewster Angle Microscopy (BAM). The Langmuir
monolayers were visualized with a Brewster angle microscope Optrel
BAM 3000 from KSV equipped with a helium−neon laser of 10 mW
(632.8 nm) which is reﬂected oﬀ the air−water interface at

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
Sigma-Aldrich. The polymer poly(styrene-co-maleic anhydride) partial
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approximately 53.15°, Brewster angle. The microscope is also
equipped with a digital camera model Kam Pro-02 (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 silicon nitride cantilever (Olympus OMCL-RC800PSA)
with a height of 100 μm, a Si pyramidal tip (radius <20 nm), and a
spring constant of 0.73 mN m−1. 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.50
2.5. Transmission Electron Microscopy (TEM). TEM images of
the LB ﬁlms deposited on Formvar-carbon-coated copper grids were
taken with 80 kV TEM (ZEISS EM 902, Germany). The LB
deposition onto copper grids was carried out at a speed up of 1 mm
min−1.

3. RESULTS AND DISCUSSION
Prior to analyzing the results, we compare the surface
pressure−surface concentration isotherms obtained by comFigure 2. Relaxation curves of the PS-MA-BEE/QDs mixed monolayer
of polymer mole fraction XP = 0.98. Lines correspond to curves
calculated from multiexponential functions and parameters in Table S1
(see text). The relaxation curves were obtained after 50 compression−
expansion cycles and the end of the last compression (a) and of the
last expansion (b). The amplitude strains were 0.06 (a) and 0.18 (b),
and the oscillation frequency was 0.006 Hz. The initial surface pressure
of these experiments was 5 mN m−1.

Figure 1. (a) Surface pressure isotherms of mixed Langmuir
monolayers of PS-MA-BEE/QD obtained by compression (lines)
and addition (symbols) with a polymer mole fraction: 0.50 (1, open
triangles); 0.96 (2, circles); 0.98 (3, open stars) and 0.99 (4, closed
stars). The inset shows the corresponding QDs surface pressure
isotherms. (b) Oscillatory experiment results for a QDs monolayer at
the surface pressure of 2.5 mN m−1 (see text). The experiment was
carried out using the strain amplitude value of 0.35 and at the
frequency of 0.006 Hz. The inset shows a zoom of the waiting stages
pointed out with the box.

Figure 3. (a, b) Polymer mole fraction dependence of the relaxation
time. See text for the experimental conditions. The relaxation time for
the PS-MA-BEE monolayer is represented as star in (b), and open
circles correspond to relaxation curves obtained by stopping the
barriers at the end of the last expansion step. (c) The cartoon
represents the movements that dominate the relaxation of the QDcontaining monolayers.

methods in our previous work30,33 do not correspond to
equilibrium states. Therefore, we decided to apply successive
compression−expansion cycles to take out the monolayer
components of metastable states. However, ﬁrst we check the
monolayer stability during the shearing procedure by recording
the surface pressure in successive compression−expansion
cycles followed by a waiting step. Besides, to select both the
initial surface pressure and the strain amplitude range values, it
was necessary to take into account that in several PS-MA-BEE/
QDs mixed monolayers and PS-MA-BEE polymer monolayers
the polymer brush conformation is reached at surface pressure

pression and addition, respectively. Figure 1a collects
representative examples. Results in Figure 1a show that the
isotherm obtained for addition and that for continuous
compression agree with each other at low surface pressure
values, and at a given surface pressure value the surface pressure
obtained by compression is higher than that by addition. This
behavior seems to indicate that the monolayer obtained by
compression is far from the equilibrium state; consequently,
surface states transferred from water onto solids by the LB
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similar behavior. To elucidate this issue, we analyzed the eﬀect
of both the strain amplitude and the frequency on the surface
pressure value reached after the waiting step. In the
experiments 50 compression−expansion cycles were applied
to the monolayer, and then the barriers were stopped at the last
expansion cycle. The strain amplitude values selected were
above 0.15, and the frequency ranged from 0.003 to 0.030 Hz.
Results show that the surface pressure value reached after the
barriers stop is independent of the strain amplitude (Figure S1
of the Supporting Information). In addition, the decrease of the
surface pressure after shearing is also independent of the
frequency for a given monolayer (Figure S2). Consequently, it
is possible to discard that the surface pressure decrease
observed after the ﬁrst compression−expansion cycles could
be associated with the monolayer dissolution in the aqueous
subphase because the mass loss by dissolution depends on both
the frequency and the strain values. Therefore, the results point
to a new equilibrium state induced by shear stress independent
of both the frequency and the strain applied.
Since we are interested in gaining insight into the nature of
the processes involved after the compression−expansion cycles,
we analyze the relaxation curves obtained after the cycling
process. The experiments were designed in two diﬀerent ways.
In the ﬁrst one, 50 cycles of compression−expansion were
applied to monolayers and the barriers were stopped at the end
of the last compression, while in the second one the barriers
were stopped at the end of the last expansion. Then, the surface
pressure was recorded with time until it reaches a constant
value. The frequency employed in all experiments was 0.006
Hz.
As can be seen in Figure 2, the relaxation curves do not
follow the exponential law and can be interpreted as a sum of
three exponential functions for all systems except for polymer
monolayers. In that case, the relaxation curves were interpreted
by a sum of two exponential functions. The relaxation times
obtained in the ﬁt procedure at diﬀerent strains are collected in
Table S1. It is interesting to note that the relaxation time values
are almost independent of both the strain applied and the kind
of experiment, barriers stop at the last compression or
expansion steps. The average value was calculated from the
values corresponding to the diﬀerent strains, and the error
represents the standard deviation. The average values are
plotted against the polymer mole fraction, XP, in Figure 3a,b.
The ﬁtting results suggest three relaxation processes for QDs
and polymer/QD monolayers and two relaxation mechanisms
for the polymer one. The relaxation time of the fastest process
is independent of both the monolayer composition and the
strain applied, and the average value found was 20 ± 2 s. This
process has been previously reported and was ascribed to
damping of surface ﬂuctuation originated for the inertia of
barrier sudden stop.52 The second relaxation time, τ2̅ , was not
observed for polymer monolayers and is almost independent of
the monolayer composition; the average value found was 228 ±
61 s. A similar value was observed for the relaxation process of
silica nanoparticle monolayers by other authors, who related
this relaxation time to rearrangement movements of rafts
formed by nanoparticle aggregation.52,53 Therefore, we assign
this relaxation process to movements of rafts constituted by
QDs assembled. The existence of QDs aggregation is consistent
with the decrease of the surface pressure value observed in the
ﬁrst compression−expansion cycles. Finally, the slowest process
presents relaxation times of several thousands of seconds, τ3̅ ,
and can be related to movements inside each raft.52 The τ3̅

Figure 4. BAM images (800 × 600 μm) showing several rafts
movements promoted by expansion (b, d, f) after monolayer
compression (a, c, e) for PS-MA-BEE/QDs monolayers of polymer
mole fraction: XP = 0 (a, b), XP = 0.50 (c, d), and XP = 0.98 (e, f). The
arrows point to the visible raft movements.

values above 30 mN m−1. Moreover, when this state was
transferred onto solids, hexagonal networks with QDs adsorbed
on the rims were observed.33 Now we are interested in avoiding
this structure; therefore, the initial state and the amplitude
strain were properly selected for each experiment. Using this
criterion, the initial surface concentrations selected correspond
to surface pressure values around 2.5 and 5 mN m−1,
respectively, while the strain amplitude, U0, ranges from 0.04
to 0.35; thus, during the cycling process the monolayers
remained in the liquid expanded surface state.33
An illustrative example of the evolution of surface pressure
during the cycling period is shown in Figure 1b. Results in
Figure 1b correspond to a monolayer of QDs at the initial
surface pressure value of 2.5 mN m−1, strain amplitude U0 =
0.35, and the frequency 0.006 Hz. Results in Figure 1b show
that the surface pressure decreases during the cycling period,
and after the barrier stop, the system relaxes and reaches a
constant surface pressure value. Some illustrative examples of
the relaxation curves are represented in Figure 2 for the PSMA-BEE/QDs mixed monolayer at polymer mole fraction, XP
= 0.98. Our results show that the amplitude of response
decreases during the ﬁrst compression−expansion cycles until a
given cycle, and then it remains constant (see insets in Figure
2a,b). This behavior was observed for strain amplitude values
above U0 > 0.15 while the amplitude response remains almost
constant during cycling for strain amplitude values below 0.15.
We also observe that for U0 > 0.15 above 45 cycles the
amplitude response remains constant in all systems. It is
possible to interpret this behavior by considering that after a
given cycle the monolayer reaches a stable arrangement
probably due to association processes induced by shear stress.
This kind of association has been reported elsewhere.41,51,52
However, it is necessary to discard other processes such as
monolayer dissolution in the subphase that could present
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Figure 5. TEM images of PS-MA-BEE/QDs LB ﬁlms deposited after 50 compression−expansion cycles and amplitude strain values of 0.05 (a, b, e, f,
k, l) (left side) and 0.25 (c, d, g, h, m, n) (right side), for monolayers of diﬀerent composition: XP = 0 (a−d), XP = 0.50 (e−h), and XP = 0.98 (k−n).
The yellow boxes indicate the area magniﬁed. The insets in Figure 5f,h show the 2D FFT diﬀractograms of TEM images of mixed monolayers of XP
= 0.98 (see text). RDFs calculated from TEM images of PS-MA-BEE/QDs LB ﬁlms (XP = 0.50) for amplitude strains of 0.05 (i) and 0.25 (j) (see
text for details). The initial surface pressure of the monolayers was 2.5 mN m−1.

cartoon is presented in Figure 3c to illustrate the movements in
nanoparticle-containing monolayers.
We expected that the rafts movements could be visualized by
BAM, and with this purpose the BAM images of monolayers
before and after cycling were taken. Representative images are
collected in Figure 4. The images presented in Figure 4
correspond to QDs Langmuir monolayer and PS-MA-BEE/
QDs mixed monolayers of polymer mole fraction values XP =
0.5 and 0.98, respectively. The BAM images taken after
compression and expansion steps illustrate the raft movements.
To visualize them, arrows in Figure 4 point to some
movements. It is also interesting to note that the most compact
domains were observed for mixed ﬁlms of polymer mole
fraction close to 0.50; similar behavior was previously observed
for PS-MA-BEE/QDs LB ﬁlms built from Langmuir monolayers without shearing.33 In this system the expansion step
induces cracks that propagate perpendicularly to the stress
direction (see Figure S3). When the polymer concentration is

Table 1. Average Values of the Feature Dimensions of the
PS-MA-BEE/QD Mixed LB Film Prepared at XP = 0.98
Obtained from AFM Measurementsa
strain (U0)

X-direction/μm

Y-direction/μm

0.05
0.25

2.53 ± 0.56
0.45 ± 0.12

2.17 ± 0.27
0.38 ± 0.13

a

Error represents the standard deviation determined from at least 20
surface features.

value slightly increases as the polymer concentration increases;
this fact means that movements of components inside rafts are
prevented by the polymeric matrix.
The τ3̅ value for the polymer monolayers is 2334 ± 534 s.
This value is similar to those ascribed to segment movements of
polymer molecules and observed in a widely number of
polymer monolayers.54 According to the scenario proposed, a
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further increased until XP = 0.98, the Langmuir monolayer
presents rafts more separated than the ones corresponding to
mixed monolayers of lower polymer concentration (Figure
4e,f).
To analyze the eﬀect of shearing on the morphology of the
LB ﬁlms, we have transferred Langmuir ﬁlms after 50
compression−expansion cycles at two diﬀerent strain amplitude
values, U0 = 0.05 and U0 = 0.25, and at the end of the last
compression step. Some TEM images are shown in Figure 5.
The images show that ﬁlms of QDs directly deposited onto
solids present big domains (Figure 5a,c), and the domain size
decreases as the strain amplitude increases. Magniﬁcation of
these domains (Figure 5b,d) indicates that they are constituted
by QD clusters in which the size and shape depend on the
strain amplitude applied. Thus, the cluster size decreases when
the strain amplitude increases from 0.05 to 0.25. In addition,
the cluster shape becomes more regular when the shearing
stress increases (see Figure 5d).
TEM images of polymer/QD mixed ﬁlms at polymer mole
fraction values of XP = 0.50 and 0.98 are collected in Figure
5e−h and Figure 5k−n, respectively. The images show circular
domains smaller than those observed in ﬁlms of QDs directly
deposited onto the substrate. In the case of mixed ﬁlms of XP =
0.50, the TEM images collected in Figure 5f,h allow us to
observe details of the domain structure; thus, when the strain
amplitude is 0.25, the QD domains are constituted by almost
isolated nanoparticles. The two-dimensional FFT diﬀractogram
of TEM images for mixed monolayers of XP = 0.50 is shown as
insets in Figure 5f,h. The increase of the number of bright spots
observed when the strain amplitude value is 0.25 implies an
increase of local order induced by shearing.55 We have also
calculated the radial distribution functions (RDF) g(r) of the
particles visualized in the TEM images for ﬁlms of XP = 0.50 to
infer about interdot order. Some diﬀerences can be observed
between the RDFs of ﬁlms prepared by using diﬀerent strain
amplitude values (see Figure 5i,j). Thus, the RDF corresponding to ﬁlms obtained by deposition after shearing at the strain
amplitude value of 0.05 shows several peaks centered at 8.3 ±
0.5, 15.1 ± 0.7, 41 ± 2, 47 ± 2, and 54 ± 3 nm. The leap
around the second and third peak positions highlight the
coexistence of packed and interspersed QDs areas already
visualized by TEM in Figure 5f. In contrast, the RDF
corresponding to ﬁlms deposited after 50 compression−
expansion cycles of strain amplitude 0.25 presents two peaks
centered at 10 ± 0.6 and 18.6 ± 0.9 nm. This indicates more
regular and ordered domains than ﬁlms obtained at the strain
amplitude of 0.05, since the positions of the corresponding
main shell peaks agree better with approximate multiples of the
nearest-neighbor distance, e.g., 1, 1.87, and 2.76 for the ﬁrst
three shells.56 Finally, when the polymer concentration is
further increased until XP = 0.98, the QDs coverage decreases
(see Figure 5k,m), as expected since the QDs concentration
decreases. Moreover, the TEM images show that the QD
domains become smaller when the strain amplitude increases
from 0.05 to 0.25. To analyze this eﬀect, we have carried out
the statistical analysis of the domain dimensions, and results are
collected in Table 1. The magniﬁcation of TEM images show
disorder inside the domain for the two ﬁlms (Figure 5l,n).
The AFM images are collected in Figure S4 and allow
determining the proﬁle of the diﬀerent ﬁlms. The AFM proﬁle
is almost independent of both the ﬁlm composition and the
strain amplitude applied on the Langmuir monolayer precursor
of the LB ﬁlm. The value found ranges from 3 to 4 nm and

agrees with the QD diameter determined from UV−vis
spectroscopy, indicating that the shearing process used does
not promote the 3D aggregation of QDs.

4. CONCLUSIONS
The results obtained in this work demonstrate that the
morphology of the QD ﬁlms can be modulated by combining
shear stress and the ability of the polymer PS-MA-BEE to assist
the nanoparticle self-assembly. Thus, we had shown that by
increasing the strain amplitude, the QD clustering decreases.
Our experiments also proved that the most ordered ﬁlm can be
obtained from a Langmuir ﬁlm of polymer composition XP =
0.50 in which we applied 50 compression−expansion cycles of
strain amplitude value 0.25. From the analysis of the relaxation
curves obtained after the cycling procedure, we reported at least
three relaxation processes at the air−water interface related to
the damping of surface ﬂuctuation, raft rearrangement, and
component movements inside each raft. The latter becomes
slower when the polymer concentration increases. We can also
visualize the raft rearrangement by means of Brewster angle
microscopy measurements. The current results together with
those previously reported30−33 conﬁrm the ability of the LB
methodology to modulate the self-assembly of QDs.
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