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Carbon Nanotubes (CNTs) are materials of wide applicability, either due to their physical stability, rigidity 
of the structure and/or high electrical conductivity. These nanotubes can be manipulated using different 
techniques, as long as their idiosyncrasy and possible advantages of proper processing are known. One 
way to organize and manipulate this material is in the form of thin films, which despite the low solubility 
in organic solvents, when functionalized, the CNTs allow for satisfactory handling. In this work, we aimed 
to analyze the behavior of CNTs in an aqueous subphase, controlling the quality of the produced films. For 
that, it was observed the level of aggregation and rigidity of Langmuir films and carried out analyses of 
the monolayer reorganization and interaction of the mixture between CNTs and Stearic Acid. Quantitative 
estimations of the aforementioned features were done through an in-situ study that was performed using 
the Langmuir technique including analysis of isotherms, compressibility module, Gibbs interaction, and 
Brewster Angle Microscopy. In order to compare the monolayer after its removal from the Langmuir trough, 
UV-vis spectroscopy was carried out. The results showed that they form non-ideal mixtures, but they favor 
a better organized and less agglomerated film comparing to the pure CNT.
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1. Introduction
Most of the carbon composite materials are considered 

organic and exhibit several shapes, structures, and simple 
or complex characteristics that can be improved as needed. 
Carbon Nanotubes (CNTs) consist of rolled layers of graphene 
that form cylindrical tubes (Figure 1a). Such structured carbon 
allotrope has electrical and mechanical properties that are 
extremely resistant to environmental degradation and physical 
stresses1. These materials, today known as carbon nanotubes 
were discovered in 1991 by Iijima2, through a transmission 
electron microscope (TEM) that was used to visualize the 
structured carbon material produced by the so-called “arc 
discharge method”2. Some similar structures had already 
been produced, but no interpretation was provided until the 
publication of Iijima, in which he reported on the potential 
of the new structure for possible studies and innovations. 
Since then, innumerous technological applications have been 
suggested, from LEDs3-5, transistors, and gas sensors6 to 
ballistic vests.

CNTs are organic and conductive rigid materials, 
which can be explored through several techniques already 
disseminated for other known conductive materials. Despite 
being poorly soluble, CNTs can be altered or functionalized 
to interact better with other chemical groups, enabling its 
processing through thin film techniques, in-situ analysis, 
and electrical measurements or spectroscopic analysis. From 
that, the behavior of the material under tension, electrical 
or optical stimulus is obtained7.

Thus, it is compelling to use a number of techniques to 
investigate the properties of carbon nanotubes, whether it is 
to characterize or apply them to rising technologies. Another 
important aspect is to obtain an organized carbon nanotube 
structure arising from fabricating good quality films, which 
can tune preferable CNTs characteristics8. Herein, we have 
employed the Langmuir technique, UV-Visible spectroscopy, 
Brewster angle microscopy (BAM), to examine the nanotubes 
in aqueous subphase and its Langmuir-Schaefer films.

2. Experimental Section

2.1. Materials
The materials used in this study were single-walled 

carbon nanotubes, functionalized with Octadecylamine and 
an estimated molar mass of 847.97 g mol-1 (Figure 1a); and 
the stearic acid with a mass of 284,5 g mol-1 (Figure 1b), 
both materials were acquired commercially from Sigma 
Aldrich. Ultrapure water was obtained from a Millipore® 
water purification system. As a solvent for these materials 
during sample preparation, chloroform purchased from 
Synth was used.

2.2. Experimental procedures

2.2.1. Thin films fabrication
The solutions containing carbon nanotubes (CNTs) were 

prepared in two flasks, one containing only the pure material *e-mail: vinijro@gmail.com
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and the other mixed with stearic acid (SA), both dissolved 
in chloroform. They were prepared in the following molar 
ratios (SA:CNT) of: 0:1 (pure CNT) and 1:1 (mmol) with 
total concentrations of 0.2 and 0.56 mg ml-1, respectively. 
The solutions were placed in ultrasound for 8 hours due to 
the CNTs low solubility degree. The SA was used to help 
decrease the rigidity, and possibly to hinder the formation 
of aggregates in the aqueous subphase.

A Langmuir trough (model KSV 5000) was used to 
study and analyze molecules over the aqueous subphase. 
The subphase was filled with ultrapure water from a Millipore 
water purifier for retention particles with a 0.22 nm filter, 
producing water at 25 ºC with a resistivity of 18.2 MΩ.cm 
and pH = 6.4. The solution materials were dispersed drop-
by-drop onto the water surface according to the information 
detailed in Table  1, and after spreading, it was allowed 
15 minutes for the solvent evaporation and then the lateral 
barriers were started to compress the air-water interface.

During the compression of the monolayers, the surface 
pressures versus area per unit of the molecule, the so-called 
π-A isotherms, were analyzed. In this system, a Wilhelmy 
sensor monitors surface tension variations during the 
spreading and during the compression of the symmetrical 
lateral barriers of the trough, which compressed the material 
at a speed of 15 cm2 min-1 9,10.

After identifying, through π-A isotherms, the surface 
pressure value where the monolayers organization is in 

packed-like structure was then chosen to perform the transfer 
of the material onto the glass substrates. This transference 
served for the examination of the films properties when 
removed from the aqueous subphase. The deposition was 
made using the Langmuir Schaefer (LS) technique11, in which 
the substrate positioned horizontally over the water subphase 
touches the water surface, and part of the monolayer adheres 
to the solid support, as shown in Figure 2.

2.3. Thin films characterization
After the π-A isotherms acquisitions, the study on the 

transition phases of the material was deepened by performing 
an isotherm treatment for an assessment of the compressibility 
module (Cs-1). During compression in the Langmuir trough, 
an in-situ analysis was performed using a Brewster Angle 
Microscope (BAM), in which the movement pattern and 
organization of the nanotubes during the formation of the 
rigid monolayer can be monitored. This analysis enabled 
the most assertive choice of the deposition parameter and, 
consequently, the transfer of the material to the glass substrate.

Figure 1. a) Single-Walled Carbon Nanotubes, functionalized Octadecylamine, b) Stearic Ácid.

Figure 2. Schematic representation of the Langmuir Schaefer (LS) deposition.

Table 1. LS deposition parameters of CNTs and SA.

Proportion between SA and CNT (mmol) 0:1 1:1
Deposition Pressure (mN/m) 30 40
Spread Volume (μL) 1000 250
Layers 25 25
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UV-Visible spectra of the LS films deposited onto the 
glass substrates were obtained using a Cary 100 UV-Vis 
spectrophotometer, making it possible to observe the main 
absorption bands of the films and determine an organization 
correlation between the material in the aqueous subphase 
and in its solid phase. This latter can be accomplished by 
analyzing the optical absorption band and the spectrum 
shift10,12,13, these factors are known to provide some information 
concerning the film structure.

3. Results and Discussion

3.1. Langmuir isotherms (π-A)
In Figures 3 a) and b) we can see the π-A isotherms of 

pure and mixed CNTs with Stearic Acid. In both cases, the 
materials reached maximum pressure at similar values but 
presented a different behavior during the compression of 
the material. The material in its pure form showed a better 
organized (more packed) phase at a pressure of 30 mN m-1, 
while the mixed CNTs just attained the condensed phase 
at 40 mN m-1. With these respective values of surface 
pressures, the nanotubes, when pure and mixed with SA, 
had molecular areas of 38 and 32 Å2, a fact that reveals 
the lesser formation of agglomerates and probable lower 
rigidity of the CNT monolayer after the incorporation of 
the amphiphilic molecule (SA).

Since the original average structure of carbon nanotubes 
should exhibit a large area if they are placed with the cylinder 
length parallel to the water surface. In this work, the nanotubes 
within the monolayers seem to be oriented perpendicularly or 
slightly inclined with respect to the surface. The nanotubes 
are poorly soluble, and exhibit a strong tendency to form 
large aggregates in aqueous media14,15, corroborating the fact 
that they are rigid and can only be deposited via Langmuir-
Schaefer (LS)16. The deposition parameters used during 
material processing in the Langmuir trough are in Table 1.

The graphs in Figure 3 show non-pronounced collapse 
pressure for the molecules since they do not actually “break”17, 
but begin to approach due to the strong interaction that makes 
them aggregate. Both cases have collapse pressures around 
60 mN m-1, this shows the strong CNT-CNT interaction at 
the water-air interface, because, despite the mixture, the 

interaction between carbon nanotubes did not show any 
significant deviation from the collapse pressure18,19.

When analyzing the π-A isotherms, Figure 3b) which 
contains a mixture between stearic acid and carbon nanotube, 
they show inflections in the curve, which would be a molecular 
reorganization occurring20, this detail can be seen at pressures 
of 35 mN m-1. Because of this possible transition, this pressure 
value was not chosen for the deposition since it is probably 
not in its condensed and stable phase21.

An analysis was performed using the excess area average 
per molecule (SA)18, according to Equation 1.

( )12 1 1 2 2AE A X A X A= − + 	 (1)

Which has as variables: A12 is the average molecular area in 
the two-component film, X1 and X2 are the two-component 
molar fractions, and A1 and A2 are the molecular areas of two 
unique components at the same chosen surface pressure22-24.

The calculations performed in Equation 1 (additivity 
rule) were performed at a surface pressure of 40mN m-1; 
analysis is done only for mixtures, with the objective of 
determining if we are working with an ideal phase mixture, 
that is, a completely homogeneous mixture, which presents 
all the thermodynamic phases of an ideal amphiphilic material 
when compressed in a Langmuir trough.. The respective 
calculation showed a value of 0.295 nm2 for the mixture 
between CNTs and SA in 1: 1 mmol.

The aforementioned analysis uses the Gibbs free energy 
methods for mixtures, in which it considers the energy gain 
related to the joining of components to a system. As already 
calculated, the value of 0.295nm2 is not null, meaning that 
the two materials aren’t a perfect mixture25,26. The fact that 
the value is positive indicates a thermodynamically unstable 
process, that is, the binding energy between the components 
of the mixture does not present considerable binding forces 
between them, this compared to a pure solution22,27,28.

Due to the low interaction force observed between these 
materials, even the ideal amphiphilic molecule aiding in 
the more homogeneous spacing of the CNTs did not make 
possible the deposition by the LB technique, which requires 
a more flexible monolayer, reason why it was essential 

Figure 3. Isotherms (π-A) of (a) CNTs Pure and (b) CNTs with SA on ultrapure water subphase at room temperature (23 °C).
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the use of the LS technique19. We can notice the presence 
of the SA causing the isotherm to deviate at a pressure of 
35 mN m-1 (Figure 3b), which we can attribute to a molecular 
accommodation between the CNTs during the compression 
in the Langmuir trough28.

A more detailed analysis of the molecular rearrangement 
that occurred during the compression of the material in the 
isotherm curves (π-A), can be analyzed with the modulus 
of compressibility curves (Cs-1)

3.2. Cs-1 vs A curves
The compressibilities of the monolayers were analyzed 

with the idea of understanding the details of the transition 
from expanded-liquid to the condensed-liquid phase. This 
phase transition is marked by an abrupt decrease in the area 
recorded during the compression isotherm of a material28. 
As a reference for an ideal compression module, we can use 
the pristine Stearic Acid curve as an amphiphilic material in 
a Langmuir trough as observed in the literature.

Figure 4a and b display the graphs of isotherms when 
analyzed by the compressibility modulus (Cs-1) versus 
the area of the molecule, since this variable comes from a 
derivative it maximizes the details of the curves that are not 
perceptible in the isotherms.

1−  
= −  

 T

dðCs A  
dA 	 (2)

Compressibility modulus equation (Cs-1 vs Area)
A represents the area per molecule, π is the surface 

pressure, and Cs-1 has a surface pressure unit (mN m-1). 
The Cs-1 curves can be plotted as a function of surface 
pressure or area per unit of the CNT, allowing to estimate 
the transition phases of the materials when compressed17,19,24.

The phase changes can be perceived when the graph 
stops oscillating around zero pressure, it is at these moments, 
that we can point out phase transition as it is more evident 
in Figure  4b), between pressures of 15 and 30 mN m-1, 
pressures with more evident transitions. These transitions 
are followed by a reorganization of the mixture, where the 
peaks represent the maximum compressibility of that phase. 
We can notice that the pure CNTs did not have a peak higher 
than 125 mN m-1, in the case of the mixed CNTs (Figure 4b) 

it reached a maximum above 250 mN m-1, corresponding to 
the liquid-condensed phase22,24,29.

3.3. Brewster angle microscopy
Using Brewster Angle Microscopy (BAM) measurements, 

it is possible to have a visual understanding of the material’s 
behavior in the water-air subphase during compression, 
allowing the observation of domains and the formation of 
clusters. This fact can be seen in Figure 5, which depicts 
images obtained during the compression of pure CNT in 
the water subphase. We can observe a layer that covers 
the entire surface and the distribution of the material on it 
when reaching a surface pressure above 25mN m-1. When 
observing the material in its mixed form with stearic acid 
(Figure 6), the formation of agglomerates tends to be less, 
where the dispersion of the CNTs is easier, which provides 
less rigidity for thin Langmuir films, and a better distribution 
of the material on the surface, reducing the large formation 
of clusters and agglomerates, in which the organization at 
25 mN m-1 exhibits a surface well covered with material.

Figures 5 and 6 are images that possibly depict the thin film 
on the water, one of them is more agglomerated when pure, and 
the other is better dispersed in the subphase. This idea of better 
distribution is related to the ideal amphiphilic character of SA 
by establishing links of lesser intensity with CNTs, however 
allowing a greater dispersion of nanotubes. This idea of partial 
miscibility was observed through the quantitative analysis of 
Gibbs Free Energy for mixtures27,30. This value already presented 
shows that both mixed do not form a perfect mixture, but it 
allows a good dispersion of the nanotubes.

The pure material at its maximum compression shows 
a large agglomerate of material, apparently a rigid and 
entire surface like boards, while the mixture shows more 
homogeneous Langmuir films and apparently better distributed 
in the aqueous subphase, enabling a reorganization with the 
removal of each subsequent layer30-33.

3.4. UV-Vis spectroscopy data
The level of organization of the materials, whether 

in solid or liquid phase, can be analyzed through optical 
absorption spectra, when submitted to a UV-Vis Cary 
100 spectrophotometer for scanning the absorption spectrum. 
Figure 7a, b and c show the organization and linear growth 
obtained for the solutions and films of CNT and SA34.

Figure 4. Area compressibility modulus (Cs-1 vs A) of the pristine and mixed CNT with stearic acid (SA): a) pristine CNTs and, b) 1:1 SA:CNTs.
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Figure 5. Image of compression of pure CNTs in aqueous subphase under Brewster’s Angle Microscope (BAM).

Figure 6. Image of SA and CNTs compression (1: 1) in aqueous subphase under Brewster’s Angle Microscope (BAM).

Figure 7. UV Vis da a) Pure CNTs solution, and thin film growth on the glass b) Pure CNTs and c) CNTs mixed with SA 1:1 (mmol).
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The images obtained by UV-Vis confirm the better 
organization of the nanotubes in the form of films when mixed 
with SA. This can be affirmed by the spectra in Figure 7b and c 
where we can observe a redshift from a wavelength from 
279 to 351 nm for the mixed monolayers (CNT and SA) 
deposited on the glass when compared to the pure CNT. This 
indicates a more organized and homogeneous film under the 
conditions of the mixture between the materials, either in situ 
or after the Langmuir was transferred onto the substrate35-37.

4. Conclusions
We could show that functionalized CNTs can be processed 

by the LS technique, although when spread solely this 
material form a rather rigid and clustery monolayer. Thus, 
with the introduction of an ideal amphiphilic material, 
the SA, the CNT could be better dispersed over the water 
subphase. The rigidity and conformation of the films can be 
ascertained by the analyses of the CNT-CNT or the CNT-SA 
interactions of the materials. These features were observed 
in-situ through the isotherms, compressibility module, 
and BAM images, and subsequently with the UV-Visible 
spectroscopy of the LS films. From these evaluations, it was 
possible to notice the more flexible and organized profile of 
the mixed samples, evidencing the role of the SA molecule 
in decreasing the CNT-CNT interactions and, therefore, 
diminishing the aggregation so typical of these materials.
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