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Abstract 
Vital cellular processes depend on the controlled transport of metal ions across biological membranes. A biological membrane 
is a complex system consisting of lipids and proteins, that is why simplified systems, in particular monomolecular layers, 
are used to model it. 
This work presents the results of a study of the interaction of zinc ions from the aqueous subphase with the Langmuir 
monolayer of arachidic acid. The study was carried out for the first time and used total external reflection X-ray absorption 
spectroscopy. It considers the influence of the concentration of a ZnCl2 aqueous subphase solution on the local environment 
of zinc ions when interacting with the lipid monolayer immediately after its formation.
The theoretical analysis of experimental XANES spectra showed that one of the interaction ways of arachidic acid molecules 
with zinc ions immediately after the monolayer formation is an intramolecular interaction with the formation of spodium 
bonds between the zinc cation and the OH carboxyl group of arachidic acid.
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1. Introduction
The structure and functioning of biological 

membranes is still one of the most important issues 
in biology and medicine. Biological membranes 
are molecular “shells” that separate the content of 
cells from the external environment. They provide 
barrier, transport, receptor, energy, and other 
functions of cells. They regulate the interaction 
of the cell with the external environment and 
are the medium for many biochemical processes 
[1]. Such diverse functions are impossible 
without a complex structure, which is provided 
by the diversity of the main components of the 
membrane and their interactions. Biological 
membranes consist of two main components: 
lipids and proteins. The structural backbone of 
the membrane is its lipid bilayer, in which various 
proteins are embedded [2].

Simplified artificial models of biological 
membranes are used to better understand the 
interactions between lipids and the cellular 
medium at the molecular level. There are two 
groups of models of biological membranes: 
vesicular and planar. The planar model uses lipid 
monolayers as a model biological membrane. 
Despite the fact that biomembranes have a 
double layer, the molecular monolayer method 
allows modelling some processes occurring in 
lipid bilayers and in the lipid monolayer on the 
water surface [3].

The lipid monolayer model is also suitable 
for studying membrane binding by introducing 
the tested substance into an aqueous subphase 
under the monolayer. In particular, vital cellular 
processes depend on the controlled transport of 
metal ions across the membrane. In these cases, 
Langmuir monolayers at the air-water interface 
are the best model for studying the interaction 
of lipids with metal ions.

Layers of arachidic acid can be used as a model 
of a cell membrane. Arachidic acid is a saturated 
long-chain fatty acid with twenty carbon chains 
containing an aliphatic tail. Zinc is an essential 
microelement for almost all existing living forms 
and at high concentrations can act as a toxic 
agent [4]. Its high biological accumulation in 
organisms and plants is due, among other things, 
to the good solubility of zinc chlorides in water 
[5]. In our work, we considered the interaction of 
arachidic acid with zinc ions from a ZnCl2 aqueous 

solution as a model for the interaction of zinc 
ions from a body fluid with the lipid layer of the 
biomembrane.

Inorganic ions present in the subphase alter 
the arrangement of the monolayer molecules in 
arachidic acid at the air-water interface. Inorganic 
ions of different species differently affect the 
structural organisation of the monolayer and the 
separation of the surface and volume of stearic 
acid monolayers [6].

Currently, there is a big variety of physico-
chemical methods for studying biochemical 
processes in cells. However, the study of the effect 
of microelements on the course of various cellular 
processes is still a challenging task due to their 
presence in the body in trace amounts. Unlike 
other methods, X-ray absorption spectroscopy in 
the near-edge region (XANES – X-ray Absorption 
Near Edge Structure) can be applied to almost 
any kind of atom and any concentration of the 
studied element. X-ray absorption spectroscopy 
is sensitive to the local chemical environment 
of a particular element, the nature of the 
chemical bond, the number and type of ligands, 
metal-ligand distances, and the degree of metal 
oxidation [7, 8].

XANES measurements in fluorescence mode 
under total external reflection (TER) conditions 
on the surface of the liquid subphase is an 
evolving method that opens up new opportunities 
for in situ monitoring of the  structure formation 
processes in two-dimensional monolayers 
and the study of objects with extremely low 
concentrations of the absorbing atom, such as   
metalloproteins monolayers and lipids [9, 10].

This work is devoted to the study of the 
interaction of zinc ions from the aqueous 
subphase with the Langmuir layer of arachidic 
acid by X-ray absorption spectroscopy XANES. It 
analyses the changes in the local environment 
of zinc ions depending on the concentrations of 
a ZnCl2 solution. It presents the results of the 
theoretical analysis of experimental spectra, 
which were used to study one of the ways of 
interaction of the monolayer with zinc ions.

2. Experimental and theoretical methods
Sample preparation. Arachidic acid was 

purchased from Sigma-Aldrich Co. A ZnCl2 
aqueous solution was used as a subphase in the 
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Langmuir bath. Measurements were made for 
three concentrations of ZnCl2 in the solution: 
6·10–4, 6·10–5, 3·10–6 M. A solution of arachidic 
acid was applied to the subphase surface. The 
layers were compressed to a surface pressure of 
p = 20 mN/m, the pressure was constant during 
X-ray measurements.

The  XANES measurements  on the arachidic 
acid monolayer at the air/liquid interface 
were performed in the Kurchatov Center for 
Synchrotron Radiation on the LANGMUIR 
bending magnet line. The zinc K-edge XANES 
spectra were recorded in fluorescence mode under 
total external reflection conditions using a Si(111) 
monochromator with a spectral width of ~2 eV. 
The X-ray beam was directed to the surface of the 
liquid using two flat mirrors. XANES spectra were 
measured at a fixed incident angle of 0.8 critical 
angle qC. The X-ray penetration depth, which 
determines the sensitivity of the measurements, 
was approximately 85 Å.

Theoretical analysis of the zinc K-edge X-ray 
absorption spectra was carried out by the finite-
difference method at full potential using the 
FDMNES code [11]. The size of the clusters for 
the calculation was selected so that all atoms 
of the studied model were included. Lorentzian 
convolution was performed for the obtained 
spectra to determine spreading effects.

3. Results and discussion
Arachidic acid (C20H40O2) has a hydrophilic 

carboxyl group and hydrophobic hydrocarbon 
chains in its composition. The structure of 
arachidic acid determines the location of these 
molecules in the composition of the monolayer 
on the surface of the aqueous subphase of the 
ZnCl2 solution in the Langmuir bath. Polar 
carboxyl groups are immersed in the liquid phase, 
while non-polar hydrocarbon chains face the air 
medium (Fig. 1).

The surface pressure of the lipid monolayer 
is an important parameter for the analysis of the 
dynamic and structural properties of monolayers 
[12]. To investigate lipid binding, the studied 
bioactive substance is introduced into the 
aqueous subphase under the lipid monolayer. Its 
penetration into the lipid layer can be controlled 
by recording changes in the surface pressure or 
changes in the monolayer area at certain pressure 

values [13]. During our experiment, changes in 
the monolayer area were used to control the 
dynamics of the ongoing processes.

The measurements of the zinc K-edge 
XANES spectra in the system of a monolayer of 
arachidic acid on the surface of a ZnCl2 solution 
(indicated in the figure as AA+ZnCl2) began almost 
immediately (about 7 minutes) after the surface 
pressure reached the value of 20 mN/m. The 
measurements were taken for 3 concentrations of 
ZnCl2 in the solution: 6·10–4, 6·10–5, 3·10–6 M. For 
all concentrations, the pressure in the monolayer 
was constant during the measurements.

The general trend for changing spectra 
for the system (AA+ZnCl2) with an increase in 
the concentration of ZnCl2 in the solution was 
the shift of the absorption edge by ~  1.1  eV, 
a decrease in the intensities of peak A and C 
with a simultaneous increase in the energy 
distances between them, as well as an increase 
in the intensity of peak B (Fig. 2, the direction 
of changes is shown by arrows). The observed 
differences in spectra reflect changes in the 
local environment of zinc ions in the presence 
of arachidic acid depending on the concentration 
of the ZnCl2 solution. As can be seen from Fig. 2, 
the spectra for the AA+ZnCl2 system coincided in 
shape (the same set of maxima and redistribution 
of intensities between peaks) with the spectrum 
of the ZnCl2 solution (in the absence of arachidic 
acid) [10], however, they differed in intensity 
and energy distances between the peaks. This 
indicates differences in the local environment 
of zinc ions in the pure solution and in the 
presence of arachidic acid. The spectrum of the 

Fig. 1. Schematic representation of the arrangement 
of the molecules of arachidic acid on the surface of a 
ZnCl2 solution (blue plane)
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solution with a concentration of 10–3 M almost 
completely coincided with the spectrum from the 
work [14] (Fig. 2, dotted line), where Zn2+ was in 
the octahedral environment. It should be noted 
that the spectra of the solution were obtained by 
the same registering method as in the AA+ZnCl2 
system, however, from the subphase volume, i.e. 
at the X-ray beam incidence angle greater than 
critical angle qC.

Theoretical modelling of XANES experimental 
spectra was used to study the changes in the 
local structure of Zn2+ when zinc ions came into 
contact with the monolayer. Zinc chlorides in an 
aqueous solution can form complexes of different 
types with the different number of bound water 
molecules in different geometric environments 
[15]. At low concentrations of < 1 M, one of 
the dominant roles in the solution is played by 
Zn(H2O)6

2+ complexes [16]. The theoretical zinc 
K-edge XANES spectra were calculated for this 
complex (Fig. 3a). According to various sources, 

Zn-O interatomic distances in the Zn(H2O)6
2+ 

complex range from 2.05 to 2.14 Å. Figure 3 shows 
the sensitivity of the XANES spectra to changes 
in the closest symmetry of the Zn2+ environment. 
The deviation from the octahedral geometry of 
the zinc environment with H2O ligands towards 
the distorted octahedron resulted in a more 
pronounced peak B in the spectrum and a change 
in the shape of the main peak. The distortions 
in the octahedron included elongation of the 
axial distances to 2.7 Å as compared to distances 
typical of the Zn(H2O)6

2+ aqueous complex. Next, 
calculations were made for a structural model 
in which the OH hydroxyl group of the carboxyl 
group of arachidic acid replaced the water 
molecule at the octahedron’s vertex (Fig. 3b). 
In this case, the Zn–ОН interatomic distances 
were also 2.7 Å. This model was used to consider 
the possibility of forming intramolecular Zn···O 
spodium bonds between the zinc cation and the 
OH group of arachidic acid when the interatomic 
distances exceed the sum of the covalent 
radii. This type of interaction is an alternative 
to hydrogen bonding and was observed in 
Zn2+ complexes [17]. This model was in good 
agreement with the experiment. It should be 
noted that a longer interaction of arachidic acid 
with a ZnCl2 solution resulted in an increased 
trend of changing XANES spectra in the AA+ZnCl2 
system, which may indicate the presence of other 
types of binding in this system [18].

4. Conclusions
For the first time, zinc K-edge total external 

reflection X-ray absorption spectra were obtained 
for the system of a   arachidic acid monolayer on the 
ZnCl2 solution surface of various concentrations 
(6·10–4, 6·10–5, 3·10–6 M). The analysis of the XANES 
spectra indicated that the local environment of 
zinc ions changed immediately after the formation 
of the Langmuir monolayer and depended even on 
minor changes in concentration. The analysis of 
theoretical XANES spectra allowed assuming that 
one of the ways of interaction of arachidic acid 
with aqueous Zn2+ complexes is an intramolecular 
interaction resulting in the formation of spodium 
bonds between the zinc cation and the OH 
carboxyl group of arachidic acid. In this case, the 
symmetry of the zinc environment changes from 
an octahedron to a distorted octahedron with an 
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Fig. 2. Experimental zinc K-edge XANES spectra: (a) 
of a ZnCl2 solution with a concentration of 10–3 M as 
compared with the spectrum from work [15]; (b) mono-
layer of arachidic acid (AA) on the surface of ZnCl2 
solutions with concentrations of 6·10–4, 6·10–5, 3·10–6 M
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increased Zn–OH axial distance. Differences in 
the degree of changes in the local structure of zinc 
in the system “the monolayer of arachidic acid - 
a ZnCl2 solution” at different concentrations can 
be due to the number of the interacted molecules 
of arachidic acid or to another type of interaction.
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