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Formation and phase behavior of porphyrin/arachidic acid mixed systems and 
morphology study of Langmuir-Schaefer thin films
A J Al-Alwani a, V N Mironyuka, M V Pozharovb, M V Gavrikova, and E G Glukhovskoy a

aEducation and Research Institute of Nanostructures and Biosystems, Saratov State University, Saratov, Russia; bInstitute of Chemistry, Saratov 
State University, Saratov, Russia

ABSTRACT
The paper is focused on the study of the dynamic surface properties of mixed monolayers of 
porphyrin and arachidic acid with various mole fractions at the air–water interface. The choice of 
porphyrin solid thin film as an object of study is explained by its high potential application in the 
area of photovoltaics and medicine. The Langmuir monolayers of porphyrin and arachidic acid were 
formed under different conditions using the Langmuir-Blodgett technique. The increase of sub-
phase temperature led to a decrease in the rigidity of the porphyrin monolayer and leads to 
accelerating the relaxation process of the monolayer. The chosen surface pressure (4, 5, 15 and 
35 mN/m) affected the stability of the floating monolayer. The higher miscibility of the monolayers 
was obtained at the mole fraction of porphyrin = 0.333. The change in the phase of monolayers 
surface was reported on the basis of surface potential data. The morphology properties of the 
mixed systems transferred on silicon substrates by Schaeffer method are studied.
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Introduction

In the last decade, there has been an active search for 
molecular systems and technologies for 
nanoarchitectonics.[1] This implies a clear control of 
the chemical composition and structure of functional 
layers and bulk phases, obtaining a given arrangement 
of molecules with the required overlap of electrons and 
the formation of intermolecular bonds, the presence of 
interlayer correlation of molecules and controlled 
binding of molecules in adjacent layers, etc. In this 
regard, there are two main problems to solve, namely – 
the problem of chemical synthesis of molecular «build-
ing» units and the technological problem of developing 
a method for the formation of structures.

According to many authors, the molecules of por-
phyrins and their derivatives are rather simple and uni-
versal units capable of forming complex molecular 
ensembles, therefore they are highly useful for 
nanoarchitectonics. Their primary advantage is the pos-
sibility of making small individual variations in the 
chemical structure of separately selected molecules with-
out disrupting the overall crystal structure of the 2D 
layer or 3D phase.[2–4] Porphyrin derivatives have pro-
nounced absorption peaks due to their rich conjugated 
electron system. They often play the role of effective 
light-harvesting centers in various molecular systems. 
This is why they hold great promise for a variety of 

applications such as dye-sensitized solar cells, elements 
of molecular electronics, optically activated chemical 
nanoreactors, gas sensors, etc..[5–7]

The overwhelming majority of the ideas of nanoarch-
itectonics were implemented only “on paper” for only one 
reason – the lack of proper technology (not only indus-
trial, but also laboratory). There are various methods of 
formation of thin-film molecularly ordered structures, 
such as the Langmuir-Blodgett (LB) method,[8,9] layer- 
by-layer method,[10] atomic-layered deposition,[11] physi-
cal vapor deposition,[12] spin-coating method[13] and 
others. Of the above, the Langmuir’s technology provides 
a unique and simple way to form true monomolecular 
layers at the air–water interface and to transfer these 
layers onto a solid substrate in the form of a mono- or 
multilayer (via several transfer cycles) structure to obtain 
thin films with high ordering and required properties.[8,9]

Another nontrivial problem often arises in the case of 
the formation of monolayers from porphyrin molecules 
due to the specifics of their intermolecular interactions. 
Molecules of many porphyrin derivatives tend to form 
aggregates, thus, making it impossible to obtain a true 
monomolecular layer. The authors of many studies have 
tried to control the phase states, parameters and stability of 
the porphyrin monolayer by varying the external 
conditions.[14–16] They tried changing the temperature 
and acidity of the aqueous subphase, the concentration of 
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the porphyrin solution, the degree of condensation of 
molecules on the water surface, etc.; however, no solution 
to the problem of molecular aggregation has been found.

It is known that complex synergistic effects can be 
observed in some molecular systems. In this regard, 
introducing some additives to the main component, 
porphyrin, can change its intermolecular interactions 
and reduce molecular aggregation. Of course, in this 
approach, two extremes can be observed – mutual 
unlimited dissolution of two components resulting in 
a completely homogeneous system or phase separation 
and segregation of one or several components of 
a mixture.

We chose arachidic acid as an additive for preparing 
a solution of a mixture of arachidic acid (AA) with por-
phyrin (1a). The structure of AA is close to the structure 
of substituents in porphyrin molecules, it is a typical 
surfactant, it forms stable and highly ordered layers, and 
we have already studied its properties in individual solu-
tions and in compositions with other substances..[17,18]

Therefore, we would like to present the results of our 
study of formation of a mixed monolayer of porphyrin 
and AA with various ratios of initial components. The 
monolayer was produced via the Langmuir-Blodgett tech-
nology that allows the formation of monolayers on the 
water surface. The correctness of the methods for calcu-
lating the parameters of the compression isotherm and 
their application for the study of new substances was 
confirmed.

Materials and Methods

Arachidic acid was purchased from Sigma-Aldrich and 
dissolved in chloroform (Vecton, Russia) producing 
a 10−3 M solution. 5,10,15,20-tetra (4-n-methyloxyphenyl) 

porphyrin (Ia-16) was synthesized by Smirnova A.I.,[19] 

and dissolved in chloroform producing a 2 ×10−4 

M solution. Deionized water produced by Smart2Pure 
(Thermo Scientific, resistance 18.2 MΩ×cm) was used as 
a subphase. The chemical structure of the compounds 
studied is shown in Figure 1.The surface pressure and 
surface potential isotherms of the formed monolayer 
were studied using the Langmuir method (KSV NIMA 
LB Trough Medium KN 2002, Finland) with the KSV 
NIMA Surface Potential Sensor. The surface potential 
sensor consists of a probe with a plate that oscillates at 
a frequency of 140 Hz and an electrode immersed in 
a subphase. As a result, the method makes it possible to 
measure the potential difference above and below the layer 
on the surface of the subphase and is sensitive to the sum 
of individual dipole moments of molecules at the interface. 
100 µl of the mixed solutions were spread on an enclosed 
subphase surface. The time for evaporation of the solvent 
from the surface of the subphase was 7 min. The molecules 
spread at the surface of water were symmetrically com-
pressed by barrier at a speed of 15 mm/min. The isotherms 
were recorded as a function of monolayers surface area. 
Atomic force microscopy (AFM) images were taken in 
semicontact mode by SOLVER Nano AFM microscope. 
Scanning electron microscopy (SEM) images were taken 
using a SEM Tescan Mira II LMU microscope (Czech 
Republic).

Results and Discussion

To determine the parameters of the Langmuir 
monolayer on the surface of the water subphase, 
surface pressure and area (π-A) compression iso-
therms for a various volumes of 1a and temperature 
were analyzed. Isothermal dependencies for 100, 150 

Figure 1. Chemical structures of arachidic acid (a) and Porphyrin (b).
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and 200 μl of 1a are shown in (Fig. 2). In this case, 
isotherms show the phase transition of 1a mono-
layer from gas to solid state. The experimentally 
obtained monolayer occupied area is comparable 
with its calculated value (about 75 Å2). To describe 
the processes of formation and destruction of 
a monolayer, we used the dependences of the surface 
potential SP [V] on its monolayer area. The surface 
potential dependences on the π-A isotherms 
recorded during compression made it possible to 
study the observed phase transformations at the 
early stages of the compression in greater detail 
(Fig. 2). When the monolayer was compressed, 
a sharp jump in the surface potential was observed 
corresponding to the onset of monolayer formation 
over the area of 100 Å2, which is in agreement with 
Langmuir isotherm at volume 100 µl. The surface 
potential result showed that the minimum value at 
170 Å2, and then the isotherm started rising due to 
the change in the orientation of porphyrin with 
respect to the water surface. This result suggests 
the position of porphyrin oriented perpendicularly 
to the surface of the water subphase, in accordance 
with the literature data.[14] The surface pressure of 
1a did not show the significant changes indicating of 
the monolayer collapse. For area greater than 85Å2 

the system exist in a gas phase; the area range of 69 
to 85 Å2 corresponds to formation of a monolayer of 
porphyrin at the water interface leading to orienta-
tion of porphyrin molecules with hydrophobic hex-
adecyloxygroups (having a small negative charge) 
oriented toward the air, thus contributing to 

negative surface charge. Further condensation 
(below 69 Å2) results in formation of a bilayer 
(according to Volmer method[20,21]) of porphyrin 
and arachidic acid molecules; this bilayer has 
a positive surface charge due to accumulation of 
protons from the acid on nitrogen atoms of por-
phyrin molecules resulting from their interaction.

During the experiments, we obtained a series of 
isotherms for each solution and various temperatures 
of the subphase. The effect of temperature on the π-A 
isotherms of 1a monolayer at higher volume (200 μL) 
and speed of barrier movement (15 mm/min) at fixed 
temperatures of 19, 24, 33 and 41°C (the margin of 
error for thermal stabilization of the process is 0.1°C) 
were investigated. For higher subphase temperatures, 
there is a notable shift of the π-A isotherms to the left 
corresponding to a reduction of the 1a monolayer 
area. Compression of the monolayer by symmetrical 
movable barriers leads to an initial increase of surface 
pressure, the higher value of surface pressure showed 
27.59 mN/m at a subphase temperature of 19°C caused 
by an increase in the dynamic elasticity of the mono-
layer. The increase of subphase temperature from 19 
to 24°C leads to a decrease in the surface pressure of 
1a monolayer by up to 45%, while, at 41°C the surface 
pressure decreased by 89%. The correlation of com-
pression modulus of 1a monolayer with its surface 
pressure at various temperatures is shown in (Fig. 3). 
Obviously, the value of rigidity decreases linearly as 
the temperature of subphase increases. Further com-
pression of the 1a monolayer did not lead to the 
expected collapse at the selected volume, that can be 

Figure 2. LB isotherm (a) and surface potential (b) of 1a monolayer at different volume ratio.
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probably explained by expulsion of 1a molecules from 
the monolayer at the water surface into the inner 
layers of the subphase. The data analysis of the com-
pression and expending isotherms also indicate of the 
destruction of the monolayer as it stretches during the 
reverse stroke of the barriers.

The behavior of the (dA/dpi) derivative is inversely 
proportionate with the behavior of the parameter of the 
modulus of compressibility χ[22,23] calculated by the 
formula (1): 

χ ¼
1
K
;K ¼ �

1
A

dA
dπ

� �

(1) 

where dA is the change in the monolayer area, dπ is the 
change in the value of the surface pressure, A is the area 
occupied by the monolayer in the close-packed state. 
The results demonstrate that by increasing the subphase 
temperature, the χ value decreases by 13.46 and 18.95% 
at 33 and 41°C, respectively, i.e. the stiffness increased 
(Fig. 3). The modulus of compression of the monolayer 
film corresponded to the liquid phase.[24]

The AA monolayer hysteresis was investigated (SI 
Figure S1), 50 µl of the worked solution was spread on 
the surface of subphase. The arrows with isotherms 
show the compression and decompression of three 
cycles. According to our study, compression and decom-
pression cycles reduce the area of isotherm with increase 
in the number of cycles. The area settles into a reduced 
value from 34 Å2, to 32 and 25 Å2, after the second and 
third compression, that indicates of the change in the 
stability of the AA monolayer; however, the surface 
pressure has not been reduced. The isotherm of the 
first cycle of AA monolayer area shows that at the 28 

Å2, the surface pressure formed up from 26 mN/m and 
rises steeply to 52.5 mN/m. The compression and expan-
sion isotherms of the monolayers were investigated at 
24°C. The results show that the transition between liquid 
expanded and liquid condensed phases is reversible, 
however, the value of surface pressure and occupied 
area have been reduced due to the change in the 
dynamic surface properties of the Langmuir monolayer.

The influence of barrier speed on the properties of AA 
isotherm has been investigated (SI Figure S2), it was 
shown that when barrier speed increases from 15 to 
40 mm/min, the occupied area is reduced by 2.3%, how-
ever, when the speed changes to 1 mm/min, the occupied 
area is increased by 1.2%. The value of the specific area per 
molecule for arachidic acid in the region of high pressures 
is in the range of (~0.23 nm2). This value highly correlates 
with the results obtained earlier.[25] The influence of the 
surface pressure on the stability of AA Monolayer was 
considered (SI Figure S3). We found the chosen surface 
pressure values (4, 5, 15 mN/m) have the same effect on 
the relaxation area of monolayer reduced by 0.4% over 
time. However, the monolayer area was reduced by 7.15% 
over time at fixed surface pressure of 35 mN/m.

Figure 4 shows the isotherms of mixtures of 1a and AA 
as a function of mole fraction (X1a = 0.333, 0.285, 0.230, 
0.091, 0.047, 0.032, 0.006, 0.003, and 0). Further increase 
in the of mole fraction of 1a leads to negligible changes. 
According to Figure 4, we can see that a notable increase 
in the number of arachidic acid molecules in the working 
mixture decreases the length of the gas phase of the 
monolayer. This can attributed to the fact that increase 
in the number of arachidic acid molecules leads to an 
increase in the amount of the component of the solution 
area on the surface of the aqueous subphase, leading to an 

Figure 3. Compression modulus (a) and surface pressure isotherms per area (b) of 1a Langmuir monolayers at different temperatures.
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increase in surface pressure and eventual collapse of the 
monolayer. The values of the limiting Langmuir area 
(condensed phases) decrease with decreasing molar 

fraction of AA. Thus, at a mole fraction (X1a = 0.003), 
the 1a and AA isotherm turns into a maximal condensed 
monolayer as the occupied area of layer decreases.

Figure 4. Surface pressure isotherms for the mixed monolayer of AA in a molar fraction X of 1a (a) and (b), and isotherm for pure AA (c).

Figure 5. Compression modulus χ of (solid phase, Figure 4) (a) and (liquid-condensed phase, Figure 4) (b) of 1a:AA monolayers as 
a function of mole fraction.
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The values of the surface potential show a sharp 
increase at a given critical area for (X1a = 0.091 and 
0.230). This behavior can be attributed to the struc-
turing of the monolayer that causes the effective 
dielectric constant at the film-water interface to 
increase drastically (SI Figure S4). The collapse pres-
sure increases with decreasing the mole fraction of 
1a from (0.091 to 0.006), with collapse described 
by a change in isotherm slope as the surface pres-
sure rises.

The differences in mechanical properties (compres-
sibility modulus) of liquid-condensed and solid phases 
of mixed monolayers have been investigated (Fig. 5). 
In this regard, the search for the ranges with the 
steepest slope of the isotherm can be performed 
directly from the graph of the dependence of χ on 
area (formula, 1).

Figure 5 shows simultaneous χ dependences for 
mixed monolayer of AA in a molar fraction X of 1a. 
The minimum value of the modulus of compression at 
X1a = 0.333 corresponds to the liquid phase of the 
monolayer (liquid-expanded/liquid-condensed phase 
(LE/LC)) (Fig. 5a). However, the higher value compres-
sion modulus showed at X1a = 0.003 can be attributed to 
condensed phase (C).[26,27] The value of χ exhibits poly-
nomial growth.

In Figure 5b, a distinctive feature of this isotherm is 
the presence of several areas where the restructuring of 
the monolayer structure took place. The higher com-
pressibility modulus χ value showed at X1a = 0.091 cor-
responds to LE/LC phase with the minimal χ value is 
observed for X1a = 0.003.

The interactions between molecules in monolayers of 
mixtures were quantified by calculating excess area (AE). 
AE can be calculated quantitatively by analyzing the iso-
therms of individual components and their binary 
mixtures:

AE ¼ A12 � X1A1 þ X2A2ð Þ, Aid=X1A1 þ X2A2
where A1 and A2 are the average molecular areas of the 

1a and AA components, respectively, A12 is the average 
molecular area of the mixture monolayer, and X1 and X2 
are the mole fractions of the mixture components, Aid is 
the ideal mean monolayers area. According to,[28] if the 
value of AE is zero, it means that the mixed monolayer is 
perfectly mixed. If the AE deviate to the negative or 
positive values, this means the mixed monolayer has less 
miscibility. The mole fraction of 1a (0.230) showed the 
highest value of excess area, however the mole fraction of 
1a at 0.003 showed the minimum value and the highest 
stability in comparison with other ratios (Fig. 6) that is 
comparable to results shown in.[29] The value excess area 
is not equal to zero means that the miscibility of the mixed 
monolayer has different mechanisms and repulsive inter-
action between the mixed molecules. The surface poten-
tial data showed that the miscibility is not only dependent 
on the mole fraction but also on the direction or the 
orientation by molecules.

On (Fig. 7), the black solid dots show the area of 
the mixed monolayers at effective states. The straight 
blue solid line represents the ideal mixed monolayers 
with the theoretical area. We can emphasize that 
molar fraction of 1a has an important influence on 
the interactions between 1a and AA molecules. 
Figure 7 shows that the mean monolayer area of 

Figure 6. The excess area AE as a function of mole fractions of 1a:AA monolayers for solid phase (a), liquid-condensed phase (b).
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mixture decreases with the increment of mole fraction 
of 1a. The mean monolayer areas of Langmuir mono-
layer as a function of the mole fraction of 1a (0.333, 
0.285, 0.230, 0.091, 0.047, 0.032, 0.006, and 0.003) is 
shown in (Fig. 7). Relaxation data indicates that the 
dissolution of the mixed monolayer is suppressed by 
1a. The most stable mixed monolayers are formed at 
a mole fraction of 1a is 0.003, in agreement with the 
calculated excess area. Thus, we can see that the 
curves of the mean monolayer area exhibits nonlinear 
characteristics for different mole fractions. It suggests 
that 1a and AA monolayers are interacting at sub-
phase surface and may be miscible at the air–water 
interface. We also found that the experimental curves 
were almost in agreement with the theoretical ones at 
0.285, 0.333 0.091, 0.047, and 0.032 mole fractions for 
(liquid-condensed phase, Figure 4), and 0.333, 0.032, 
0.006, and 0.003 mole fractions of 1a for (solid phase, 
Figure 4).

Typical AFM images for films on solid substrates 
are shown in (Fig. 8). According to (Fig. 8), the 
surface of the substrates is almost completely covered 
with a monolayer. The monolayer with mole fraction 
of 1a at 0.333 shows the highest average roughness 
value (7.95 nm) at surface pressure of 20 mN/m, 
however the highest value of 8.68 nm is registered 
for monolayer with X1a = 0.091 at surface pressure of 
31 mN/m (Fig. 9). The highest thickness (21.24 nm) 
is observed by increasing mole fractions 0.003 of 1a 
at surface pressure of 31 mN/m. The obtained thin 
films have a more homogeneous surface at surface 
pressure of 20 mN/m, the increase of surface pressure 
leads to disorder of mixed monolayer structure at 
air-water interface.

The structure of 1a:AA monolayers at the air-water 
interface may change at a surface pressure of about 31 
mN/m resulting in a decrease of the occupied area by 59 
Å2. In this case, the change in the structure of monolayer 
will be caused either by a shift in the orientation of the 
porphyrin rings or by the extrusion of mixed mono-
layers as suggested by results obtained at surface pres-
sures of about 31 mN/m or higher.

Thus, during our study, we were able to establish that 
an increase in the mole fractions of AA in a solution 
with 1a makes it possible to achieve the formation of 
higher stability monolayer and more homogeneous thin 
film. Experiments have also shown that the best techni-
que for transferring the hydrophobic part of 1a:AA 
monolayers to solid substrates (silicon substrate coated 
with SiO2 about 40 Å) by Schaeffer method (with a direc-
tion from upper surface of water).

The relaxation time of monolayers occupied area at 
different mole fractions was considered. The monolayers 
of 1a:AA were compressed with the rate of 15 mm/min 
at surface pressure value of 5 mN/m, at subphase tem-
perature of 25°C. The results showed that the occupied 
area has decreased to 87, 5, 1, and 0.3% of initial area at 
X1a = 0.333, 0.230, 0.091, 0.047, and 0.032, respectively. 
However, there is an increase in the relaxation time of 
occupied area to 0.19 and 0.23% at X1a = 0.003 and 
0.006, respectively. The experimental results of (X1a 

= 0.091, 0.047 and 0.032, 0.285 and 0.333) were approxi-
mated by exponential relationship[30] (SI Figure S5).

Changes in surface potential of mixed monolayer 
over time (approximately 2135 seconds) are shown in 
(SI Figure S6). The results show that the surface poten-
tial values of mixed monolayer were drifting linearly 
over time, with the drift average values over time being 

Figure 7. Mean molecular area as a function of the mole fraction of 1a in the mixed with AA on water subphase, solid phase (a) and 
liquid-condensed phase (b).
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0.007 and 0.033 V for X1a = 0.091 and 0.230, respec-
tively. The surface potential of mixed monolayer as 
a function of the mole fraction of 1a was shown in 
(Fig. 10). The highest value of SP [V] is observed at 
0.091 mole fraction of 1a. The higher is the value of 
mole fraction of 1a (0.333) the lower is the surface 

potential. During compression of Langmuir monolayer, 
the hydrophobic part of the molecule begins to stretch 
out at the surface of the subphase and the dipole 
moment causes an increase of the surface potential 
value that corresponds to the lifting point of the 
Langmuir surface pressure.

(a) 1a:AA, X1a=0.091 at 20mN/m 

(b) 1a:AA, X1a=0.091 at 31mN/m 

(c) 1a:AA, X1a=0.230 at 20mN/m 

(c) 1a:AA, X1a=0.230 at 31mN/m

Figure 8. AFM, phase and profile images of films of the 1a:AA mixture as a function of the mole fraction and surface pressure. (a) 1a: 
AA, X1a = 0.091 at 20mN/m (b) 1a:AA, X1a = 0.091 at 31mN/m (c) 1a:AA, X1a = 0.230 at 20mN/m (c) 1a:AA, X1a = 0.230 at 31mN/m (d) 
1a:AA, X1a = 0.003 at 20mN/m (e) 1a:AA, X1a = 0.003 at 31mN/m (f) 1a:AA, X1a = 0.333 at 20mN/m (g) 1a:AA, X1a = 0.333 at 31mN/m

8 A. J. AL-ALWANI ET AL.



The change of surface potential (ΔV) value cor-
relates with the interfacial change of the dipole 
density 

ΔV ¼
μ?

Aεr εo 

where µ˔ is the effective dipole moment, A is the area on the 
surface of the subphase occupied by the monolayer, εr and 
εo are the values of the dielectric constant of the monolayer 
and vacuum, respectively (εo = 8.85 × 10−12 F/m).[31,32] The 
dipole moment value is positive when molecule is directed 
from the water surface (negative) toward the air (positive).

(d) 1a:AA, X1a=0.003 at 20mN/m

(e) 1a:AA, X1a=0.003 at 31mN/m

(f) 1a:AA, X1a= 0.333 at 20mN/m

(g) 1a:AA, X1a= 0.333 at 31mN/m

Figure 8. Continued.
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Conclusion

The surface properties of 1a:AA mixed monolayers were 
studied at different mole fractions. The interaction 
between 1a and AA monolayer has been investigated 
by analyzing the excess monolayer area, the dynamic 
stability, and the morphology properties of the thin 
films. The result showed that the presence of the AA 
molecules with 1a lead to the formation of a stable 
Langmuir film at the air-water interface. The higher 
miscibility of mixed monolayer was obtained at X1a 
=0.333. The data was studied with compression/expan-
sion methods and by studying the stability of the mono-
layer over time. The mole fractions of studied solution 
spread over the subphase surface is specified from the 
principle properties of Langmuir monolayer (occupied 
area, and change in the phase of the registered iso-
therms). According to our study, the formation of the 

AA Langmuir monolayer was reversible, suggesting the 
self-assembly or domain formation of AA monolayer. 
We found that the increase of subphase temperature 
leads to a decrease in the rigidity of 1a monolayer due 
to the dissolution and disruption of the monolayer 
structure. Occupied area relaxation and surface rigidity 
measurements at different mole fraction showed the 
slowing of the relaxation in mixed monolayers with the 
increase the mole fraction of AA. One of the main 
purposes is to establish the required conditions for the 
formation and deposition of a mixed monolayer of 1a 
and AA for further applications in dye-sensitized solar 
cells. The higher mole fraction of AA is the more opti-
mal ratio of the 1a:AA mixture. The surface compressi-
bility value of the mixed Langmuir monolayers 
improved with the presence of AA molecules. It was 
found that the AFM images of mixed monolayers are 
dependent on the 1a mole fraction and deposition sur-
face pressure. The proposed method for the formation of 
composite films with 1a in their composition is a new 
approach to obtaining ordered structures with 1a and 
AA.
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