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Abstract  The stable monolayer and multilayer films of colloidal nanocrystals – quantum dots (QDs) were 

obtained and studied. It is possible to visualize and characterize morphology (structural integrity, etc.) of the QD 

monolayers by Brewster angle and fluorescence microscopy techniques. The obtained films can be promising 

elements of the nanohybrid structures (such as QDs with natural biomembrane fragments and components) in 

photovoltaic cells and “nanoscale” materials for bio- and nanotechnology. 
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1. Introduction 

Much attention has been focused today on the attempts 

to development and study of nano-biohybrid materials 

engineered from membrane proteins (the key functional 

elements of various biomembranes) and 

nanoheterostructures (inorganic colloidal nanoparticles, 

transparent electrodes and films) [1,2,3]. This is a rapidly 

growing field at the interface of materials and life sciences. 

The mainspring of the development of bioinspired 

materials and devices is the fact that biological evolution 

has solved many problems similar to those that humans 

are attempting to solve in the field of light-harvesting and 

energy-transferring inorganic compounds [3,4,5]. Along 

this way, bioelectronics and biophotonics based on 

proteins and/or quantum dots (QDs) have shown 

considerable promise. A number of inorganic particles 

have been explored in terms of bioelectronic device 

applications, but mixtures or conjugates of membrane 

protein and QDs have received the most attention [3,4,5].  

The Brewster angle microscopy (BAM) technique has 

become one of the most powerful and attractive tools for 

the in situ studies of the surfactant molecules forming 

monolayers and Langmuir-Blodgett films at the interfaces 

[6]. This technique is based on the change of the refractive 

index of the water/air interface by spreading surfactant 

molecules as monolayer. The difference between 

refraction from monolayer as compared to pure water/air 

interface is the measured value in order to get the 

monolayer thickness. The last parameter is proportional to 

the square root of the reflection intensity. The recording of 

the reflected light by video-camera in BAM set-up allows 

the direct observation of the monolayer morphology in the 

real time and micrometer range [6].  

The application of monolayer and BAM technique to 

study some surfactants and lipids have been reported 

recently (see [1,6] and references therein). The main 

advantages of LB technique application to QD film 

formation is the following: easy manipulation of the films 

and particular interparticle distance control [7-12]. These 

parameters are of great importance because much of the 

attention has been focused on QDs unique optical 

properties, which are sensitive to interparticle distance, 

particle size, material composition, nature of surface 

stabilizing layers etc. [9,10,11]. 

Fabrication and structural characterization of the 

monolayer films from colloidal nanocrystals – quantum 

dots by Brewster angle and fluorescent microscopy 

techniques are the key tasks of this work. 

2. Materials and Methods 

The synthesis and properties of the quantum dots 

covered with trioctylphosphine oxide (TOPO) have been 

described earlier [12,13,14]. Organic solvents, inorganic 

salts and quantum dots were bought from Sigma-Aldrich.  

Surface pressure (π) - molecular area (A) and surface 

potential (∆V) - molecular area (A) isotherms of QD 

monolayers have been prepared from 20 μl QD solution in 

hexane (2.16mg/ml) (Figure 1). These isotherms have 

been recorded on a rectangular trough (dimensions 11cm 

 38cm  0.8cm) made from polytetrafluoroethylene 

provided with a 2cm wide filter paper Wilhelmy balance 

and vibrating plate condenser (with Pt plate, 1.5cm 

diameter, operating at 400Hz). The 1mM QDs solution 

has been spread onto water (20°C) and the monolayers 

have been compressed by moving the barrier with a 

constant speed of about 25cm
2
/min. The water has been 

cleaned with a Milli-Q filtration unit of “Millipore Corp.” 

and distilled (resistance is 18MOm, surface tension 

72.7mN/m at 20°C).  

The equipment (“Nanofilm_ultrabam”) for Brewster 

angle microscopy technique and software were generously 
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given by “Accurion” (Goettingen, Germany) and 

described in some previous papers [15]. 

The fluorescent images of the QD monolayers were 

obtained by confocal microscopy (Leica TCS SP5, 

Germany) [16,17]. The excitation wavelength was 488 nm 

and the emission wavelength was 530nm. 

3. Results 

The studied quantum dots formed stable monolayers 

with collapse pressure of around 33-35mN/m (Figure 1). 

The obtained data qualitatively are in agreement with the 

data described earlier for the same core-shell QDs covered 

with TOPO [7,8,9,10,11]. There are some quantitative 

differences with data of R.M. Leblanc group [9,11], where 

the collapse pressures for CdSe particles (without shell) in 

monolayers were artificially from 25mN/m depending on 

the surfactants covered these particles or about 45mN/m 

for CdSe/ZnS particles (core-shell) covered with the same 

surfactants.  

 

Figure 1. Surface pressure (1) and surface potential (2) vs. molecular 

area isotherms of QD monolayers 

The surface-pressure isotherm (Figure 1, curve 1) 

indicated the beginning of the liquid-expanded state of QD 

monolayers (Figure 2, Scheme I) at low pressures (about 

2mN/m) and high areas (starting from 370cm
2
). The so-

called “gaseous-like” phase (Figure 2, Scheme II) at very 

low pressures (below 0.5mN/m) did not shown because of 

extremely large areas (above 1000cm
2
) could not be 

reached in the standard experiment. In this state two types 

of structures can be proposed: the aggregates of QDs 

covered with TOPO (Figure 2, Scheme I) and monolayers 

of individual TOPO molecules (Figure 2, Scheme II). The 

gradual increase in the surface pressure until 15-20mN/m 

(Figure 1, curve a) can be attributed to various structural 

changes in the QD aggregates in the liquid-expanded state 

(Figure 2, Scheme I) of QD monolayers, where the TOPO 

molecules squeezed from individual monolayer back to 

the surface of QD particles. The relatively sharp increase 

in the surface pressure above 15-20mN/m can be 

attributed to the liquid-condensed state of QD monolayers 

(Figure 2, Scheme III), where TOPO molecules from 

different layers of the neighboring QD particles are 

strongly interpenetrating. On the other hand the surface 

potential values are increasing gradually by monolayer 

compression (Figure 1, curve b). So, we did not expect 

high orientation of individual particles in the interfaces. 

Although the isotherms of these QDs look like typical π-A 

isotherms of standard amphiphilic molecules (for example 

TOPO surfactant) the topography of these films displayed 

a unique behavior (the transitions between liquid-

expanded and liquid-condensed states) that was observed 

by BAM. In spite of the absence of such distinct 

transitions (Figure 3 a and b) the BAM measurements 

revealed aggregation of QDs in large domains with higher 

brightness as compared to initial one. The relatively sharp 

decrease in the area by increasing surface pressure from 

10 to 30mN/m (Figure 1) can be attributed to the liquid-

condensed state of QD monolayers. The further monolayer 

compression above 30mN/m leads to collapse state at 

around 35-37mN/m (Figure 1). In this state (Figure 2, 

Scheme IV) densely packed QDs domains can grow only 

in Z-direction and become 3-D (3-dimentional or net-like 

structures), but still highly stable as compared to standard 

amphiphilic molecules. 

 

Figure 2. Schematic representation of the QD-TOPO monolayer at the 

interfaces: I) QDs liquid-expanded state, II) TOPO liquid-expanded state, 

III) QDs liquid-condensed state, IV) QDs monolayer collapse state 

In order to proof our suggestion on QD monolayer 

topography inspired of obtained isotherms (discussed 

above) the BAM method was used. The dynamic BAM 

method is the specially attractive to observe the growing 

process of QD aggregates at the interfaces (Figure 3a, b) 

that can be indicated by domain brightness intensity etc.  

It is a specially pronounced in the case of visualization 

of phase separation between liquid-expanded and liquid-

condensed phases (Figure 3c). For example, from 10 to 30 

mN/m the transition observed not in particular point and 

consist of two phases (Figure 3c), where these two phases 

liquid-expanded (left) and liquid-condensed (right) are 

clearly seen on the same image but divided by sharp and 

bright border curve. By monolayer collapse one can 

observe the very bright zones (Figure 3d) that can be 

attributed to the 3-D growth of the QDs domains (Figure 2, 

Scheme IV). It is important to underline that dark zones 

are not the pure water or TOPO surface, but it is another 

layer of QD domains (Figure 3). Because the brightness is 

increasing in a few times as compared to Figures 3a and b. 

The particular areas per QD in 2-D film can be 

calculated 3-D as follows: I) A=π*(R1+R2)
2
 for liquid-

expanded monolayer state, II) A=π*(R1+R3)
2
 for liquid-

condensed monolayer state, III) A=π*(R1)
2
 for monolayer 

collapse state, where R1 is QD radius in nm; R2 is the 

thickness of the TOPO monolayer on QD surface (about 
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0.7nm [9,11]), R3 is about half of the thickness of the 

TOPO monolayer on QD surface, because of the strong 

interpenetration of TOPO layer from different particles. 

Thus, the respective theoretical values of the area per QD 

in 2-D film are follows: I) 25.8nm
2
; II) 140.5nm

2
; III) 

198.4nm
2
 in the case of QD.  

BAM images of these QDs monolayers have been 

reported for the first time (Figure 3). Already at the 

experiments beginning (just after spreading at the air-

water interface) these QDs formed monolayers that can be 

composed of two components (Figure 3a): TOPO 

molecules (homogeneous black areas) and QD 2-D 

aggregates (micrometer range light domains). The QD 

aggregates are growing strongly during monolayer 

compression and developing so called “net-like structures” 

of the numerous light domains. It is important to underline 

that QDs monolayer on 0.1M KCl have almost the same 

structures as those on the distilled water at low pressures. 

Further QDs monolayer compression leads to the 

formation of the rigid 3-D structures in collapse range 

(pressures about 30-35mN/m) of higher and lower 

brightness that are in any case have more intensity as 

initial 2-D monolayers. 

The UV-VIS spectra of multilayer film composed 10 

QDs monolayer transfer were recordered with the strong 

band as observed for QD in solution and monolayers 

reflection spectroscopy. These data prove the structural 

integrity of QD monolayer films.  

As can be seen from the micrographs (Figure 4), 

obtained by confocal fluorescent microscopy, the QDs 

formed large bright aggregates. They are mainly combined 

in the large plain structures with dark holes about 2.0-

2.5μm (small bar on the Figure 4a). The large bar of about 

10 μm is the general scale for the whole picture, placed in 

a dark area (showing homogenous TOPO layer). Thus, the 

confocal fluorescent microscopy data are in agreement 

with BAM.  

The observed QD structures have been enlarged in the 

Figure 4b in order to observe homogeneous 2-D 

aggregates as large bright domains (on the right and left 

side of the picture 4b) in contrast to small dark areas of 

TOPO layer (at the top, in the middle and at the bottom of 

this picture). These aggregates have minimal diameter 

about 159nm (Figure 4b). There are some small extremely 

bright regions (almost white regions) where the increased 

fluorescence is due to the increased amount of QDs 

forming 3-D structures.  

This approach is a promising way to fabricate and 

visualize the monolayer films of colloidal nanocrystals 

(QDs) that can be useful for design of nanobiohybride 

structures. Such structures (QDs with natural 

biomembrane fragments and components [1,2,3,4]) will be 

the main objects of the future publication.  

4. Conclusion 

Fabrication and visualization of the monolayer films of 

colloidal nanocrystals (QDs) by Langmuir and Brewster 

angle microscopy techniques are performed. These films 

can be promising elements of the nanohybrid structures 

(QDs with natural biomembrane fragments and 

components) for photovoltaic cells and other“nanoscale” 

objects for the special tasks in bio- and nanotechnology.  

 

Figure 3. BAM images of the QD monolayers at water-air interface by 

increasing surface pressures from 0.1mN/m (a) to 35mN/m (d). 
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Figure 4. Images of the QD monolayers, obtained by confocal 

fluorescent microscopy: a) standard picture, b) enlarged picture 
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