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Abstract: Changing the temperature of  the aqueous subphase makes it possible to control 
the absorption rate of  metal ions dissolved in the aqueous subphase by the Langmuir 
monolayer. This affects the morphology of  the Langmuir monolayers formed at an elevated 
temperature of  the aqueous subphase. An adsorption of  metal ions by a monolayer leads 
to the formation of  nanoclusters under it. In the present work the process of  formation of  
nickel arachidate (NiArch) clusters under a Langmuir monolayer of  arachidic acid (AA) at 
different temperatures was studied. The process of  adsorption of  Ni2+ ions and formation 
of  clusters of  nickel salts under a Langmuir monolayer of  arachidic acid (AA) at different 
temperatures was studied. The subphase temperature was changed in the range of  10 to 
30°C with a step of  4°C. The formed films were transferred on the solid substrates. The 
morphology of  the corresponding LB films transferred onto a solid substrate was analyzed 
by atomic force microscopy. It was found that an increase in the subphase temperature leads 
to changing in the process of  Ni2+ ions adsorption by Langmuir monolayer of  AA. It was 
shown that subphase temperature influenced the compressibility of  a monolayer, the area 
occupied by one molecule in the Langmuir monolayer of  NiArch, and the morphology of  
Langmuir-Blodgett (LB) films formed on their basis. An increasing of  subphase temperature 
leads to increase in the number of  NiArch clusters in the LB AA film and a decrease in their 
size. This is due to a change in the rate of  growth and dissolution of  NiArch clusters with a 
temperature change. The distribution of  NiArch clusters in the resulting film was random. 
The results obtained are of  great importance for the possibility of  the creation of  multilayer 
composite coatings with controlled characteristics.
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1. INTRODUCTION
The Langmuir-Blodgett (LB) technology is a 
promising method for the formation of  thin 
highly organized films based on amphiphilic 
molecules or nanoparticles stabilized by them 
[1-3]. The use of  surfactants with selectivity to 
various agents makes it possible to create thin 
films with sensory properties [4-6]. As is known, 
the developed surface of  LB films allows them 
to be used, among other things, as sensitive 
adhesive coatings [7]. In this case, the problem of  
increasing the specific surface area of  such a film 
is of  particular relevance. One of  the approaches 
to the creation of  LB films with a developed 
morphology is the formation of  mixed Langmuir 
monolayers with embedded nanoscale objects 
[8,9]. Two approaches are used to form such 
films. The first approach is used in the formation 
of  mixed layers with nanoparticles synthesized 
in a separate technological cycle [10,11]. The 
second one is to obtain nanoparticles during the 
formation of  the film itself  [12]. A monolayer 
of  surfactant molecules is modified by metal 
ions dissolved in the aqueous subphase to reach 
this purpose. The adsorption of  metal ions by a 
Langmuir monolayer leads to the appearance and 
growth of  clusters under its surface. In this case, 
an exchange reaction occurs between the polar 
part of  the surfactant molecule and ions dissolved 
in the aqueous subphase [13,14]. As is known, 
the physicochemical properties of  the formed 
monolayers depend on the acidity and temperature 
of  the subphase, as well as on the concentration 
of  metal ions in the subphase [15]. This is clearly 
seen in the analysis of  the compression isotherms 
of  the created monolayers. The effect of  Cu2+, 
Ca2+, and Ni2+ ions on phase transitions and the 
morphology of  fatty acid monolayers was studied 

in [16-20]. The effect of  the adsorption of  Ba2+ 

ions on the morphology and phase transitions in 
mixed monolayers of  behenic and stearic acids was 
studied in [21]. It was shown that the adsorption 
of  metal ions can lead to the disappearance of  the 
liquid phase of  the monolayer [16,17], an increase 
in its length [18], and a change in the shape of  the 
compression isotherm after the collapse of  the 
monolayer [21,22]. The effect of  temperature and 
acidity on the stability of  monolayers of  oleic acid 
and bovine serum albumin in the presence of  Ca2+ 
ions was studied in [23]. It should be noted that 
the adsorption of  metal ions from the subphase 
should affect the morphology of  the Langmuir-
Blodgett film transferred onto a solid substrate. 
In particular, the authors of  [19, 24] studied the 
effect of  the adsorption of  Ni2+ and Cd2+ ions on 
the morphology of  the Langmuir–Blodgett film 
of  arachidic acid. It was shown that in this case 
the area occupied by arachidic acid molecules in 
the film changes. The possibility of  forming a 
multilayer film structure during the collapse of  
a monolayer on the subphase surface was also 
demonstrated [21,22].

The morphology and surface-active properties 
of  monolayers can also be affected by external 
electric and magnetic fields. For example, an external 
magnetic field applied to a monolayer of  arachidic 
acid during the adsorption of  iron ions makes it 
possible to control the growth direction of  iron 
nanoparticles under the monolayer [25]. Thus, 
by changing the adsorption parameters of  metal 
ions, it is possible to influence the morphology of  
Langmuir-Blodgett films.

The formation of  metal nanoparticles under 
the surface of  a monolayer leads to the creation of  
inhomogeneity in the morphology of  films obtained 
on its basis. Similar inhomogeneities are formed 
during the synthesis of  nanoparticles in a mixed 
monolayer [14]. It should be noted that based on the 
above-mixed monolayers doped with metal ions, it is 
possible to create composite coatings with different 
properties.

An analysis of  the literature showed that 
temperature is the least studied factor influencing 
the properties of  Langmuir monolayers and the 
growth dynamics of  nanoparticles under them. 
This is because temperature affects both the 
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monolayer formation process and the dynamics of  
the nanoparticle formation reaction. It is a challenge 
to study these processes separately from each other. 
It should also be noted that controlling the number 
of  nanoclusters of  metals and their compounds in 
Langmuir monolayers is an important problem for 
their practical application as conductive or sensor 
coatings. However, the effect of  temperature on this 
parameter has not yet been practically studied.

The ordered films with incorporated magnetic 
nanoparticles made of  such materials as nickel, iron, 
and cobalt have the particular interest. It should be 
noted that nickel nanoparticles have a noticeable 
antibacterial effect against resistant bacterial 
cultures [26]. Using the effect of  temperature on the 
properties of  LB films based on fatty acids containing 
similar nanoparticles, it is possible to form films with 
a more developed surface. Such films can be further 
used as sensor coatings in various sensors and can be 
effectively used in food safety technologies.

Thus, the purpose of  this work was to study the 
mechanism of  the formation of  nickel arachidate 
(NiArch) clusters under a Langmuir monolayer of  
arachidic acid (AA) at different temperatures and to 
investigate the morphology of  LB films based on 
the resulting mixed monolayers.

2. EXPERIMENTAL PART
2.1. FormatIon oF langmuIr monolayers

AA [CH3(CH2)18COOH, 99%], chloroform (PAI, 
filtered), chloride nickel powder [NiCl2×6H2O, 
99.9%], sodium citrate [Na3C6H5O7×2H2O], and 
citric acid [C6H8O7×H2O] were purchased from 
Sigma Aldrich. Deionized water (electrical resistivity 
of  18 MΩ·cm) was obtained by means of  ultrapure 
water purification system Milli-Q plus (Millipore 
Corp.).

All LB monolayers were produced with an 
automated LB KSV NIMA 622 (KSV Instruments 
Ltd., Finland) with a work square of  1200 cm2. An 
aqueous solution of  NiCl2 (4 mM) was used as a 
subphase. The pH value of  the subphase was fixed 
at pH = 5.8 to prevent the creation of  Ni(OH)2 
and nickel-based tetranuclear hydrocomplex. The 
formation process of  these compounds was a pH-
dependence process that took a flow at pH value of  
more than 7 [27]. An acetate buffer (0.1 M; 22.67 g 

sodium citrate and 4.402 g citric acid ratio per liter 
of  water) was used to adjust the acidity.

In the Langmuir-Blodgett technology, a 
continuous monomolecular layer is preliminarily 
formed on the subphase surface. Then, using a 
movable barrier, the monolayer is compressed 
to obtain a continuous film with close packing 
of  molecules. Here the molecule mean area A is 
approximately equal to the cross-sectional area of  
the molecule, and hydrophobic hydrocarbon chains 
are oriented almost vertically. At the final stage, the 
formed monolayer was transferred onto the surface 
of  the substrate at a constant surface pressure of  
35 mN/m by using the Langmuir-Schaeffer method. 
The transferring ratio was equal to 0.9.

The influence of  time on the process of  nickel 
ion binding with an arachidic acid monolayer 
was studied in [19]. It has been shown that the 
incorporation of  Ni2+ ions into the AA monolayer 
occurs even in the gas phase before the barriers 
begin to move. In the present work, the formation 
time of  NiArch clusters was constant for each of  the 
chosen temperatures and amounted to 75 minutes. 
In particular, the solvent evaporated from the water 
surface for 15 minutes, and then, for 60 minutes, the 
monolayer was compressed until a transfer pressure 
of  35 mN/m was reached.

A solution of  arachidic acid (1 mM) in chloroform 
was used to form a monolayer. An aliquot of  the 
solution (50 μL) was dropped onto the surface of  
the subphase, kept for 15 min, and compressed by 
movable barriers at a constant compression rate. 
The barrier compression rate was 20 cm2/min. 
The influence of  temperature on the properties of  
the Langmuir monolayer was studied in the range 
from 10 to 30°C with a step of  4°C. The subphase 
temperature was controlled by a Brinkmann Lauda 
RC6 RCS thermostat with an accuracy of  ± 0.1°C.
2.2. analysIs oF the CompressIon Isotherms

In the Langmuir-Blodgett technology, the state of  
the monolayer is described by the compression 
isotherm π-A, which reflects the ratio between the 
surface pressure of  the barrier π and the molecule 
mean area A at a constant temperature T. It should 
be noted that the phase state of  the amphiphilic 
substance monolayer localized at the "subphase-gas" 
interface is determined by the adhesive-cohesive 
balance of  forces in the "subphase-monolayer" 
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system and depends on the nature of  the substance 
and the structure of  its molecules, temperature T, 
and subphase composition [28]. The linear sections 
on the π-A compression isotherm, corresponding to 
the compression of  the monolayer in different phase 
states, are characterized by the area per molecule in 
the monolayer obtained by extrapolating the linear 
section to the abscissa axis (π = 0 mN/m). Thus, 
gaseous, liquid-expanded, tilted-condensed, and 
untilted-condensed phases of  the monolayers are 
distinguished on the compression isotherm. These 
monolayers are in different states of  aggregation.

The next parameters were used to assess the 
effect of  temperature on the compression isotherms 
[15,29]:

AC0 and AL0 are the molecule mean area of  
AA molecule in the untilted-condensed, and tilted-
condensed phases of  a pure monolayer, respectively, 
and AC0 = 20.1 Å, AL0 = 23.5 Å at T = 22°C;

ACN and ALN are the molecule mean area 
of  AA molecule in a monolayer formed on 
a subphase with dissolved Ni2+ ions in the 
untilted-condensed, and tilted-condensed phases, 
respectively, and ΔAd = ACN – AC0;

ΔA0 is the length of  the area of  the tilted-
condensed phase of  the AA monolayer on the 
compression isotherm. It is determined as ΔA0 = 
AL0 – AC0, ΔAN = ALN – ACN;

kC and kL are the compression modulus of  the 
monolayer in the untilted-condensed, and tilted-
condensed phases, respectively.

The approach proposed by Vollhardt and 
Feinerma was used for quantitative assessment of  kC 
and kL [28]. This approach is based on the assumption 
that the change in the slope of  the linear sections 
of  the compression isotherm corresponds to phase 
transitions in the monolayer. In this case, the change 
in compression modulus (k) of  the monolayer can 
be estimated from:

0 .dk A
dA
π

= −  (1)

Here A0, A, π, are the area occupied by the 
molecule in the corresponding phase, the molecule 
mean area, the surface pressure, respectively.

The phase transition points appearing at the 
formation of  a monolayer and the values of  the 
corresponding molecule mean areas per molecule 
are usually determined using the dependence of  the 
change in k versus A [30].

2.3. morphology studIes oF the monolayers 
transFerred onto the solId surFaCe

Monolayers formed at a surface pressure of  35 
mN/m were transferred using the Langmuir-
Schaeffer method onto the surface of  a hard 
glass coverslip with a size of  24 mm×24 mm and 
a roughness of  ~0.6 nm (Carl ROTH Gmbh & 
Co, Germany). In this case, the monolayer is in 
the untilted-condensed phase at any temperature. 
Atomic force microscopy (AFM) Integra Spectra 
probe station (NT-MDT, Russia) was used to study 
the morphology of  AA monolayers modified with 
NiArch clusters. Before AFM measurements, the 
samples were stored in a desiccator for 24 h at 
room temperature to evaporate water. AFM scans 
of  40 µm×40 µm and 5 µm×5 µm were used for 
the estimation of  the NiArch cluster average area 
and its thickness, respectively. AFM images were 
analyzed using the ImageJ v.1.53e and Gwyddion 
v.2.61 programs. It allowed to perform statistical 
processing and determining the average geometric 
parameters of  the cluster.

3. RESULTS AND DISCUSSION
3.1. InFluenCe oF nI2+ Ions

Compression isotherms of  AA monolayers formed 
on the surface of  the aqueous subphase at T = 
22°C in the presence and the absence of  dissolved 
Ni2+ ions are shown in Fig. 1. Adsorption of  
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Fig. 1. Typical compression isotherms of  AA monolayer 
on the surface of  aqueous subphase consisted of  (1) 
pure water and (2) aqueous solution of  NiCl2 (4mM) 
obtained at T = 22°C. Points (I) and (II) indicate the 
phase transitions from coexisting of  the gaseous and 
liquid-expanded phases to tilted-condensed phase (I) and 
from tilted-condensed to untilted-condensed phase (II) of  

the film, respectively.
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Ni2+ ions from the subphase with a NiCl2 powder 
concentration not exceeding 1 mM affects the 
behavior of  compression isotherms but does not 
lead to significant changes in the morphology 
of  AA monolayers at any temperature of  the 
subphase [30,31]. In this regard, the concentration 
of  Ni2+ ions in the subphase was fixed at the 
level of  4 mM. It is necessary to note that the 
incorporation of  nickel ions into the monolayer is 
as follows. The water-soluble salt NiCl2 dissociates 
into Ni2+ and 2Cl- ions. This process leads to the 
formation of  water-insoluble hydroxide Ni(OH)2 
at an acidity above 7 [32]. At lower acidities, the 
complex compound Ni(OH)2 is formed, which was 
observed in the present work. Negatively charged 
AA-ions are formed as a result of  the polarization 
of  the hydrophilic parts of  AA molecules at their 
interaction with water molecules. This leads to 
the formation of  a nickel arachinate salt (NiArch) 
and an increase in the area occupied by one AA 
molecule in the untilted-condensed phase (A0) [32]. 
For this reason, Ni can be attributed to the group 
of  metals, the use of  which has an expanding effect 
when it is adsorbed by a Langmuir monolayer.

Points (I) and (II) correspond to the phase 
transitions in the AA monolayer coexisting of  
the gaseous and liquid-expanded phases – "tilted-
condensed phase" (I) and "untilted-condensed 
phase" (II). The adsorption of  Ni2+ ions in the 
LB film from the subphase leads to an increase 
in the area occupied by the AA molecule by 
3.6% (from 20.1 Å2 to 20.9 Å2) and decrease in 
the length of  the tilted-condensed phase region 
by 32%. The decrease in the length of  the liquid 
phase region on the compression isotherm during 
the adsorption of  Ni2+ ions agrees with the results 
of  [18,30]. 

The presence of  Ni2+ ions affects the average 
area occupied by an AA molecule in the untilted-
condensed phase of  a monolayer (AC0). This 
change is more noticeable than the change in 
the molecule mean area in the tilted-condensed 
phase of  the monolayer (AL0). The change in 
the areas occupied by the AA molecule in the 
pure monolayer and the monolayer modified 
with NiArch clusters is 0.8 Å2 and 0.2 Å2 for the 
untilted-condensed and tilted-condensed phases 
of  the AA monolayer, respectively.

3.2. InFluenCe oF temperature on the 
Isotherms

Compression isotherms of  AA monolayers formed 
on the subphase without dissolved Ni2+ ions at 
different subphase temperatures are shown in 
Fig. 2. It can be seen that a change in the subphase 
temperature from 10°C to 26°C leads to a change 
in the monolayer collapse pressure from 60 to 52 
mN/m, and the molecule mean area (A0) does not 
change. An increase in temperature to 30°C leads 
to a decrease in A0 to 20.0 Å2 and an increase in 
the length of  the tilted-condensed phase of  the AA 
monolayer from 1.9 Å2 to 4.4 Å2. A similar effect 
of  decreasing the monolayer collapse pressure and 
the A0 value was described earlier for monolayers of  
CdSe quantum dots stabilized with oleic acid. This 
effect was explained by a decrease in monolayer 
stability due to an increase in the thickness of  the 
quiescent layer [33].

Compression isotherms of  AA monolayers 
formed on the subphase in the presence of  Ni2+ 
ions (a) and the dependences of  changes in their 
compressibility modulus on the area occupied by 
one AA molecule (b) at various temperatures are 
shown in Fig. 3. Two linear segments corresponding 
to the transition of  the AA monolayer from the 
coexisting of  the gaseous and liquid-expanded 
phases to the tilted-condensed phase (I-II) and 
from the tilted-condensed to the untilted-condensed 
phase (III-IV) are shown in Fig. 3b. The line segment 
II-III in Figures 3a and 3b has corresponded to the 

NANOSYSTEMS

Fig. 2. Compression isotherms of  arachidic acid monolayers 
formed at the different subphase temperature in the absence of  

dissolved Ni2+ ions.
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tilted-condensed phase of  the AA monolayer. The 
temperature influence on the AA monolayers with 
embedded NiArch nanoparticles is presented in 
Table 1. It is possible to see that an increase in the 
subphase temperature reduces the length of  the 
tilted-condensed phase region and the difference 
between the molecule mean areas of  AA molecules 
in the monolayer. In this case, the compression 
modulus of  the tilted-condensed and untilted-
condensed phases of  the AA monolayer increases.

From Fig. 3b it is possible to see that an increase 
in the temperature of  the subphase leads to an 
increase in the slope of  the section of  the II-III 

compression isotherm at the T = 30°C. This is due 
to the change of  the monolayer phase from the 
tilted-condensed phase of  the AA monolayer at the 
subphase temperature T = 10°С and 22°С to the 
liquid-expanded phase at T = 30°С. Such behavior 
can be associated with an increase in the contribution 
from the interaction of  the head groups of  surfactant 
molecules with each other to the intermolecular 
interaction in the monolayer during its compression 
[34-36] and a decrease in the length of  the tilted-
condensed phase region of  the monolayer on the 
compression isotherm (ΔA0) [37,38]. The described 
effect is associated with the appearance of  NiArch 
clusters under the AA monolayer [39]. Compression 
of  the AA monolayer leads to a change in the distance 
between Ni clusters and the formation of  their 
aggregates under the surface of  the subphase. This, 
in turn, leads to the appearance of  inhomogeneity in 
the distribution of  surface pressure. As a result of  
the subphase heating, the number of  new points of  
NiArch clusters growth increases, and the type of  
the liquid phase of  the AA monolayer changes.

A change in the temperature of  the subphase 
also affects the untilted-condensed phase of  the AA 
monolayer. Thus, an increase in the temperature of  
the subphase leads, on the whole, to a change in the 
properties of  the AA monolayer itself. It can be seen 
that the ACN reaches the maximum value at 30°C and 
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Fig. 3. (a) Influence of  the subphase temperature on the compression isotherms of  AA monolayer in the presence of  Ni2+ 

ions in the subphase (4mM). (b) The compression isotherms were obtained using the subphase with 10°C, 22°C, and 30°C 
temperatures. The segments I-II and III-IV in Fig. 3b are corresponded to the transition of  the AA monolayer from the 
phase of  coexisting of  the gaseous and liquid-expanded phases to the tilted-condensed phase and from the tilted-condensed to 
the untilted-condensed phase, respectively. The linear segment II-III in Figures 3a and 3b is corresponded to the tilted-condensed 

phase of  the AA monolayer.

Table1
The temperature influence on the AA monolayers 

with embedded NiArch nanoparticles: the difference 
between mean area of AA in the pure monolayer and 
in the monolayer modified by NiArch (ΔAd), length of 

liquid phase (ΔA0), monolayer compressibility modulus 
in untilted-condensed (kC) and tilted-condensed (kL) 

phases.

Tempe-
rature,

°С

Condensed phase Liquid phase
∆A0, Å

2 ∆Ad, Å
2

ACN, Å2 kC×10–3mN/m ALN, Å2 kL×10–3mN/m

10 20.2 0.4 22.3 5.5 2.1 0.8

14 20.4 0.5 22.5 5.9 2.1 1.0

18 20.6 0.7 22.7 6.7 2.1 1.2

22 20.9 0.8 22.9 6.7 2.0 1.5

26 20.9 0.6 21.6 3.5 0.7 1.6

30 21.0 0.4 21.5 2.5 0.5 1.6
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kC reaches the minimal value at 22°C (Table 1). For 
the untilted-condensed and tilted-condensed phases, 
the values of  kC and kL take maximal values at 
temperatures of  10°C and 30°C (Table 1). This can be 
explained as follows. It is well known that the rate of  
a chemical reaction has an exponential temperature 
dependence [40]. In our case, a decrease in the 
temperature of  the subphase leads to a slowdown 
in the reaction rate of  the formation of  NiArch. In 
this regard, the properties of  the NiArch monolayer 
slightly differ from the properties of  the AA 
monolayer. An increase in the subphase temperature 
leads to an increase in the efficiency of  the exchange 
reaction and an increase in the homogeneity of  the 
monolayer due to the appearance of  new centers of  
growth of  NiArch clusters [34,41].
3.3. morphology oF lB FIlms Based on aa 
monolayers wIth nIarCh Clusters

The images of  the AA LB film and its profile 
line height are shown in Fig. 4. The film has a 
homogeneous morphology with alterations in 
profile height close to 2 nm that is comparable 
with the length of  the AA molecule 2.25 nm. The 
defects in the film are explained by the structural 
rearrangements in the film during its drying.

The length of  the tilted-condensed phase 
region on the compression isotherm (ΔA0) is 
one of  the most important parameters of  a 
monolayer. Its analysis makes it possible to judge 
the intensity and efficiency of  the salt formation 

reaction in the monolayer. From Table 1 it can be 
seen that the most dramatic change in ΔA0 occurs 
at a subphase temperature above 26°C. This may 
be related both to the appearance of  new growth 
centers of  NiArch clusters and to a change in their 
size with an increase in the subphase temperature. 
The investigation of  the surface morphology 
of  LB films based on AA with NiArch clusters 
formed at different subphase temperatures was 
performed to this effect study.

The typical images of  the surface of  the 
obtained LB films based on AA monolayers with 
NiArch nanoparticles formed at different subphase 
temperatures are shown in Fig. 5a. The right part 
of  Fig. 5a shows an enlarged image of  a group of  
NiArch clusters. The inset of  Fig. 5a shows the 
surface profile of  one NiArch cluster. The NiArch 
cluster is a cylindrical particle with a large aspect 
ratio between height and width.

An increase in the subphase temperature leads 
to an increase in the total number of  NiArch 
clusters (Fig. 5b). The series of  7 images of  the 
film surface morphology with dimensions of  
40×40μm were obtained to construct a histogram 
of  the distribution of  the number of  particles by 
size. Series were obtained for the films formed 
at subphase temperatures of  10°C, 14°C, 18°C, 
22°C, 26°C, and 30°C. The histograms were 
constructed by using mathematical processing 
each of  the obtained images. Such a histogram 
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Fig. 4. An AFM image of  AA LB film formed at 22°C on the water subphase in the absence of  Ni2+ ions (a) and the 
film profile line (b).
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for T = 22°C is shown in Fig. 5c. There are two 
peaks corresponding to NiArch clusters with an 
area of  1 and 0.01 µm2. The number of  particles 
with an area of  more than 1 µm2 and less than 
0.01 µm2 was less than 0.05%.

In this regard, NiArch clusters with an area 
of  only 1 µm2 and 0.01 µm2 were analyzed. The 
histograms were fitted with a Gaussian distribution 
(Fig. 5d). It can be seen that at a subphase temperature 
of  10°C, the number of  NiArch clusters with an area 
of  1 µm2 and 0.01 µm2 is the same. An increase in 
the subphase temperature leads to an increase in the 
number of  NiArch clusters with an area of  0.01 µm2 
and a decrease in the number of  NiArch clusters 
with an area of  1 µm2. At a subphase temperature of  
30°C, the number of  NiArch clusters with an area of  
1 µm2 becomes minimal.

The temperature dependences of  the geometric 
dimensions and areas occupied by NiArch 
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clusters in the formed LB films are presented in 
Fig. 6. Despite an increase in the number of  the 
NiArch clusters upon subphase heating (Fig. 5b), 
the area occupied by NiArch clusters decreases 
(Fig. 6a). As the subphase temperature increases, 
the average thickness of  the NiArch cluster first 
increases, reaches a maximum at 22°C, and then 
decreases (Fig. 6b). The average area of  NiArch 
clusters also decreases monotonically with 
temperature increasing (Fig. 6c).

The change in the number and average size of  
NiArch clusters with an increase in the subphase 
temperature can be explained by the next reasons. 
As the temperature rises, the efficiency of  the 
exchange reaction between the Ni2+ ions in the 
subphase and the polar part of  the AA molecule 
(carboxyl group) increases. Consequently, the 
number of  new cluster growth centers increases. 
In this case, the dissolution rate of  clusters also 

Fig. 5. (a) An example of  AFM image of  LB film with NiArch clusters formed at the subphase temperature of  22°C; (b) 
influence of  subphase temperature on numbers of  particles per one area init; (c) typical histogram of  particles size distribution; 

(d) Changing of  the relative number of  NiArch clusters with an occupied area of  0.01 μm2.
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increases at high temperatures, which leads to 
a decrease in their average area. The subphase 
heating leads to decreasing cluster sizes (area 
and thickness). It was found that the horizontal 
and vertical dissolution rates of  the cluster are 
different. During growth, the cluster is assembled 
from nuclei of  different sizes; therefore, the 
cluster assembled from them will have a dendrite-
like structure with a non-uniform thickness. For 
this reason, when a cluster is dissolved, the fine 
fractions located on its periphery first dissolve. 
This explains the decrease in the area of  clusters 
and the change in the ratio of  the number of  
clusters with areas of  0.01 µm2 and 1 µm2. The 
dissolution rate of  the cluster in thickness is lower, 
which is explained by the presence of  a highly 
porous dendrite-like structure of  the cluster.

These effects can be described by the theory of  
homogeneous nucleation, which is used to analyze 
the growth of  clusters [36]. This approach implies 
the existence of  a minimum lifetime of  clusters 
during which they dissolve or aggregate to form a 
stable particle. In this work, the concentration of  
Ni2+ ions in the subphase is far from the saturated 
concentration. This leads to an insignificant 
probability of  the appearance of  nickel derivatives 
in the volume of  the subphase. At the same time, 
the change in the concentration of  Ni2+ ions in the 
interfacial layer occurs as a result of  the compression 
of  the AA monolayer with NiArch clusters by 
movable barriers. This process leads to the formation 
of  NiArch aggregates at the layer boundary. The 
described effect allows us to consider the system 
"Langmuir monolayer – the surface layer of  the 
interface" as a supersaturated solution (Fig. 7) [40].

In the near-surface layer, due to the adsorption 
of  Ni2+ ions by an AA monolayer and its further 
compression, conditions for an increase in the local 
concentration of  nickel are created. Due to this 
effect, surface NiArch aggregates are formed at the 
water-air interface. These aggregates are the seeds for 
the further growth of  clusters. The reaction of  the 
formation of  NiArch clusters proceeds continuously 
from the moment the solution of  AA is placed on 
the surface of  the aqueous subphase. At that, an 
increase in the temperature of  the subphase leads to 
an increase in the rate of  the above reaction. In this 
regard, there is an increase in the number of  points 
of  growth of  NiArch clusters.

Fig. 6. The dependencies of  (a) film area covered by NiArch clusters, (b) average thickness of  NiArch clusters, and (c) 
average NiArch clusters area (c) on subphase temperature.

Fig. 7. Schematic illustration of  volume and interfacial 
layer of  water subphase. "a." is an interfacial layer, "b." is a 
volume of  subphase, 1 are Ni2+ ions that were reacted with 
AA molecule and formed a NiArch cluster, 2 are Ni2+ ions 
that were not reacted with acid molecules and could diffuse 

from interfacial layer to the subphase.

TEMPERATURE INFLUENCE ON FORMATION OF LANGMUIR 
MONOLAYERS WITH NI ARACHIDIC ACID AND NI ARACHIDATE CLUSTERS



304

No. 3 | Vol. 15 | 2023 | RENSIT

NANOSYSTEMSILIYA A. GORBACHEV, ANDREY V. SMIRNOV, 
IREN E. KUZNETSOVA, VLADIMIR V. KOLESOV

A decrease in the temperature of  the subphase 
leads to a decrease in the limiting solubility of  
the nickel chloride salt and a decrease in the 
dissolution rate of  nickel arachidate in the 
subphase. In this case, the compression of  
barriers leads to an increase in the average area 
of  NiArch clusters due to their aggregation. The 
simultaneous influence of  these factors leads to 
the achievement of  the critical size of  NiArch 
nuclei when the dissolution process stops.

4. CONCLUSION
The process of  formation of  clusters of  nickel 
salts under a Langmuir monolayer of  arachidic acid 
(AA) at different temperatures was studied, and 
the morphology of  the corresponding LB films 
transferred onto a solid substrate was analyzed. It 
was shown that the change in the number of  growth 
centers of  nickel arachidate (NiArch) clusters under 
the Langmuir AA monolayer can be controlled by 
the subphase temperature change. It was found that 
an increase in the subphase temperature in the range 
from 10°C to 30°C leads to a change in the type of  
the liquid phase of  the AA monolayer with included 
NiArch clusters and to a decrease in the length of  
the liquid phase region of  the AA monolayer on 
the compression isotherm. An AA monolayer with 
incorporated NiArch clusters is in a tilted-condensed 
phase at a subphase temperature of  10°C. An increase 
in the temperature of  the subphase to 30°C leads to 
a change in the monolayer phase condition from the 
tilted-condensed phase to the liquid-expanded phase. 
This effect can be associated with an increase in the 
number of  growth points of  NiArch clusters under 
the AA monolayer with an increase in the subphase 
temperature to 30°C.

It was found that an increase in the subphase 
temperature leads to an increase in the number of  
NiArch clusters in the LB AA film and a decrease 
in their size. An increase in the number of  NiArch 
clusters can be associated with an increase in the 
number of  points of  their growth with an increase 
in the temperature of  the subphase. Reducing 
the cluster size, i.e. its average area and thickness 
is associated with an increase in the dissolution 
rate of  NiArch nuclei in the subphase during its 
heating. The process of  changing the size of  a 
cluster can be described in terms of  the theory 
of  nucleation in colloidal solutions. This theory 

can be applied to our case, taking into account 
that the nucleation process was localized directly 
under the monolayer. The factor initiating the 
process of  cluster formation is the change in the 
intermolecular distance upon compression of  the 
monolayer by barriers. This leads to a change in 
the local concentration of  NiArch molecules in 
the surface layer and the appearance of  NiArch 
clusters with different sizes. Some of  these 
clusters do not dissolve completely, because their 
size is large enough and they can to absorb smaller 
clusters. In general, this leads to an increase in 
the number and average size of  NiArch clusters. 
However, an increase in the subphase temperature 
accelerates the dissolution of  both large and small 
clusters. The distribution of  NiArch clusters in 
the formed film was random. However, using 
the magnetic properties of  nickel, they can be 
structured using external magnetic fields. Using 
the magnetic properties of  NiArch clusters will 
make it possible to purposefully control the 
distribution of  NiArch clusters in a Langmuir 
monolayer by an external magnetic field during 
its formation.

The results obtained are of  great importance for 
the creation of  multilayer composite coatings with 
controlled properties. These coatings can be further 
used as sensitive coatings for acoustic and electronic 
sensors.
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