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This paper investigates the effects of europium acetate and intensive stirring on the
intermolecular properties of water in solutions. To do this, we studied aqueous solutions of
europium acetate in a wide range of concentrations, which were prepared by serial dilution
using a microfluidic unit. Water and similarly prepared water dilutions were used as
controls. Raman spectroscopy and infrared (IR) spectroscopy were applied to assess
the features of hydrogen bonds formed in the studied solutions. Using Raman
spectroscopy, it was shown that intermolecular binding is stronger in solutions of
europium acetate of 10–1 M and 10–3 M than in water controls. On the contrary,
solutions of europium acetate at a concentration of 10–10 N and some lower
concentrations demonstrate weaker hydrogen bonding than in the respective water
dilutions, which was shown by both methods. Such differences were observed even in
solutions with a calculated concentration of europium acetate below 10–24 M. When
comparing water with control dilutions of water, it was established that intermolecular
binding is different (stronger or weaker) in high dilutions of water than in water not
subjected to the dilution procedure. This indicates that the dilution process itself
significantly influences the properties of water in solutions. Additionally, the paper
discusses the energy state of water molecules in the studied solutions.

Keywords: europium acetate, raman spectroscopy, infrared spectroscopy, solution structure, water
structuredness, high dilutions

1 INTRODUCTION

It is known that the structuredness of water depends on external environmental conditions, the
presence and concentration of impurities, and even mechanical effects thereon [1–7]. The effect of
solutes on water structure is the most difficult factor to study. Many papers demonstrate that the
properties of solutions change nonlinearly with changes in concentration. Even the content of
substances in extremely small amounts leads to changes in the physical-chemical properties and
biological activity of such water [8–11]. In addition, there is research which confirms that ultra-high
dilutions of substances are systems different from both water used as a solvent and similarly prepared
water dilutions [12]. In particular, such systems are characterized by structuredness associated with
the formation of special diverse heterogeneities: nanoassociates, nanobubbles, bubstons, water
domains or submillimeter density inhomogeneities [5, 13–17].
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Currently, the properties of water and aqueous solutions are
being considered from new angles, and new unexpected patterns
are being discovered due to modern research methods. Such
research is now becoming particularly relevant in the fields of
both fundamental and applied sciences.

Lanthanides are an object of research with great prospects for
implementation in various fields of science and technology. They
are used in molecular optical electronics, information display
systems, and energy saving technologies, and also in the
development of solar panels, displays, and lasers. Lanthanides
are also used in sensorics, biosensors, biomedicine, in the study of
biological functions of molecules, the conformation of proteins
and nucleic acids, and also in biochemical research and
biotechnology [18–27]. Such a wide application of use is
related to lanthanides’ ability to form luminescent complexes
with various ligands. Depending on the method of preparation,
complexes can be formed either with or without covalent bonding
[28]. Such complexes have a number of advantages, including
characteristically narrow luminescent bands independent of the
molecular environment, and long-life luminescence [3, 29–32].
This paper concerns the study of solutions of one such
complex—europium acetate—in a wide range of concentrations.

Taking into account the prospects for lanthanides in various
applications, it would seem relevant to study the potential special
properties of aqueous solutions of europium acetate at different
concentrations. Therefore, in this study we analyze the
structuredness of aqueous solutions of europium acetate at a
wide range of concentrations (including ultrahigh dilutions)
compared to similarly prepared dilutions of water or water used
as a solvent. The analysis was performed using vibrational
spectroscopy (infrared and Raman scattering methods), which are
traditionally used in studies of intermolecular binding in water and
aqueous solutions. We evaluated the intermolecular binding energy
characteristics of the solutions using spectral parameters.

2 METHODS

Materials
Europium (III) acetate hydrate (99.99%) (AcEu) (manufactured
by LANHIT LLC, Russia) was used to prepare europium acetate
solutions without further purification. The initial solution
contained 0.1 M AcEu, from which a line of serial 100-fold
dilutions was prepared. Water and a line of 100-fold water
dilutions (from 1 to 30 times) were used as a control. The
water used as a solvent for the preparation of each dilution
was also analyzed. Each AcEu dilution was prepared on the
same day as the respective water dilution. 3 series of each
dilution line were prepared.

100-fold dilutions were prepared using an automated
microfluidic system consisting of an Atlas syringe pump
(Syrris Ltd., United Kingdom), a glass flow microreactor, and
a personal computer with an installed solution preparation
algorithm. Mixing of the two flows in a flow microreactor
(microfluidic chip) was achieved on account of Dean vortices
occurring in the bends of the channel trajectory. Detailed
characteristics of the unit are provided in ref. 4.

Deionized Milli-Q water with an initial specific resistivity of
18 MΩ cm at 25°C was used in the work. All test samples were
stored in sterile glass bottles with lids (Glastechnik Gräfenroda
GmbH, Germany) for no more than a day before the
measurements.

Methods
The study was carried out using Raman spectroscopy and
infrared (IR) spectroscopy and measuring the attenuated total
reflectance (ATR). These methods allow spectral characteristics
to be obtained that reflect the properties of vibrations of OH
groups related to the characteristics of H-bonds of solutions.

2.1.1 Raman Spectroscopy
To measure the Raman spectra, an EnSpectr (USA) RamMics
M532 Raman spectrometer was used as part of a EnSpectrR532
Scientific Edition Raman analyser with an Olympus microscope.
The measurements were made using an Olympus LMPlanFL N
50x/0.50 lens, with a measurement interval of 0.9 cm−1. The
Raman spectra were excited at a wavelength of 532 nm (the
2nd harmonic of the Nd:YAG laser), and the exciting emission
power was 30 mW. Spectral peaks associated with various types of
intramolecular water vibrations were analyzed.

Pre-processing of the spectra consisted of subtracting the baseline
inOriginPro (2017) using the interpolationmethod and normalizing
it to the band intensity value with a maximum of 3420 cm−1. This
spectral band is usually called the valence band. It has a rather
complex structure that includes several component bands associated
with the three different intramolecular vibrations: symmetric
stretching vibrations, asymmetric stretching vibrations, and the
first overtone of bending vibrations, the main band of which is
located at 1640 cm−1. Each of the component bands is substantially
broadened due to the wide range of intermolecular interaction
energies in the liquid phase. As a result, one wide band without
any obvious components (Figure 1) can be observed. However,
depending on the intermolecular binding energy spectrum, the
position and shape of this band may significantly change. It is
well known that with a decrease in temperature or in the presence of
additives with positive hydration, the valence band of water shifts
toward smaller wavenumbers (and vice versa) [33–36]. This is due to
an increase (and vice versa, a decrease) in the effective mass of the
vibrational system (O-H bond) as a result of increased binding to
adjacent molecules. Hence, it is possible to study intermolecular
bonding in aqueous solutions based on the analysis of this band
shape. A number of papers [37–39] provide examples of using such
an approach. There is another approach, where the valence band is
conditionally divided into components using the principle applied in
the two-structure model [40, 41], according to which water consists
of weakly bound and strongly bound water molecules. A third
fraction is also often considered, namely free water molecules. This
allows a more accurate decomposition of the spectrum to be
conducted and, above all, provides a more realistic description of
the structure of water that undoubtedly contains free molecules, as
shown by other methods [42, 43].

In this study, we analyzed the position of the maximum of the
following bands: at 3240 cm−1 (due to the presence of strong
hydrogen bonds), at 3420 cm−1 (due to weak hydrogen bonds), at
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3620 cm−1 (due to free water molecules), as well as the ratio of
band intensities I3240/I3420, which correlates to the average
strength of intermolecular hydrogen binding in water, and the
ratio I3620/I3420, which correlates to the number of free water
molecules in the solution. The applicability of the analysis of
intermolecular binding in aqueous solutions based on these
relations was demonstrated, for example, in Refs. [34, 37–39].
To determine the positions of the maxima of the three bands that
make up the valence band in the Raman spectra (namely, at 3240,
3420, and 3620 cm−1), a standard approach was used to search for
the position of the maxima applying the built-in Origin2017
IntegratePeak function.

The number of replicates of measurements for each sample
type was at least 12.

2.1.2 Infrared Spectroscopy
IR spectra were recorded using a FT-801 Fourier-transform
spectrometer (NPF SIMEX LLC., Russia) with a ZnSe crystal
attachment. The device was used with the following units: DTGS
detector, standard source for medium IR, ZnSe beamsplitter,
spectral resolution of 0.5 cm−1, triangular anodisation. Pre-
processing of the spectra consisted of subtracting the baseline
in OriginPro (2017) using the interpolation method and
normalizing them to the value of the maximum band intensity
at 3300 cm−1. This spectral band in the IR spectrum is associated
with stretching vibrations of water molecules, the maximum
position of which is shifted (compared to the band in the
Raman spectrum) due to features of the ATR method. The
peak position was determined using the built-in Origin2017
IntegratePeak function based on the second derivative. It is

known that the position of the maximum of this band can be
correlated with the average binding force of water molecules in
solutions [35], and this was used to interpret the results in
this work.

The number of replicates of measurements for each sample
type was at least 6.

Statistical Analysis
Statistical data processing was performed using RStudio (Version
1.1.463— © 2009–2018RStudio, Inc.) with R package version 3.6.2.
The normality of distribution was assessed using the Shapiro-Wilk
test, and the homogeneity of variance using Bartlett’s test. To
compare the groups, the Kruskal-Wallis test was used; pairwise
comparison was performed using Dunn’s test with the Holm
correction. The null hypothesis was rejected at p < 0.05.

3 RESULTS

Specific bands with maxima at 1533, 1896, and 2556 cm−1 were
found in the Raman spectra of the AcEu (0.1 M) solution, which
are obviously associated with AcEu luminescence [44]. There is
also a Raman band of stretching vibrations of water in the region
of 3000–3800 cm−1 (Figure 1A). The structure of this vibrational
band overlapped with at least one more Eu (III) luminescence
band at 3390 cm−1 [45] (Figure 1B). At the same time, AcEu
luminescence bands are detected only in a 0.1 M solution, and
they are not observed in solutions of lower concentrations
(Figure 1A). In the 3000–3800 cm−1 region of the 0.1 M AcEu
solution spectra, a shift of all the analyzed vibrational bands to the

FIGURE 1 | (A) Raman spectra of AcEu solutions (red) at different
concentrations and water (blue). The spectra are shifted along the ordinate
axis. (B) an enlarged section of the spectra in the 3000–3800 cm−1 region.
The spectra overlap each other.

FIGURE 2 | (A) IR spectra of AcEu solutions of different concentrations
(red) and water (blue). The spectra are shifted along the ordinate axis. (B) an
enlarged section of the spectra in the 1360–1770 cm−1region. The spectra
overlap each other.
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low-frequency region was detected compared to water
(Figure 1B). Furthermore, an additional 3080 cm−1 peak was
observed in the spectrum of the initial AcEu solution, which may
be due to the stretching vibration of strong C-H bonds of the
europium (III) complex [46].

The IR spectra (Figure 2) of the 0.1 M AcEu solution clearly
show specific AcEu IR bands with maxima at 1411, 1453, and
1553 cm−1 [47, 48] which are no longer visible in the spectra of
solutions with concentrations of 10–3 M and 10–5 M (Figure 2).
In addition, the IR spectra of all AcEu solutions contain bands
associated with intramolecular vibrations of water molecules:
1630 (bending vibrations), 2190 cm−1 (combined libration +
bending vibrations), as well as a wide band of stretching
vibrations with a maximum at 3300 cm−1.

Table 1 shows the values of all the analyzed parameters of the
spectral bands for the initial AcEu solution (0.1 M) and its
dilutions up to concentrations of 10–3 and 10–5 M (the 1st and
2nd dilutions of the initial solution) compared to the water
solvent. Figures 3–5 show the dependences of the values of all
analyzed parameters of the spectral bands on the degree of
dilution of the initial AcEu solution or water. In addition, the
respective values are observed for the water used as a solvent in
the dilution process. A discussion of the data obtained is provided
in the ‘Discussion’ section.

4 DISCUSSION

Based on the data in Table 1, the following patterns can be traced.
The position of the 3240 cm−1 band maximum is shifted toward
smaller wavenumbers compared to water in the spectra of the 0.1 M
and 10–3M solutions.Moreover, the peak shift is stronger for amore
concentrated solution. This indicates a more strongly bound water
structure in the presence of AcEu, which is quite natural since
europium is an ion with a strong positive hydration, and acetate is
able to form hydrogen bonds. We also have additional evidence of a
stronger intermolecular bonding of the AcEu 0.1M solution based
on the IR spectrum (Table 1), which shows that the valence band in
the analysis of this solution is shifted toward smaller wavenumbers
compared to water. There is no reason to rely on data related to the

TABLE 1 | Characteristics of spectral bands of solutions associated with vibrations of bonds in water molecules (data are presented as mean ± se).

Analyzed Raman
band

Characteristic Initial AcEu
solution

1st dilution 2nd dilution Water

0.1 N 10–3 N 10–5 N

IR band 3300 Position of the peak maximum 3304.59 ± 3.59 3312.39 ± 1.83 3311.42 ± 1.40 3309.81 ± 0.61
Raman band 3240 Position of the peak maximum 3354.28 ± 0.80a 3371.11 ± 3.32a,b 3397.32 ± 0.09 3397.44 ± 0.10
Raman band 3420 Position of the peak maximum 3394.72 ± 0.43a 3419.01 ± 1.34 3418.57 ± 0.51 3418.51 ± 0.70
I3240/I3420 0.3877 ± 0.0071a 0.7966 ± 0.0007a,b 0.8026 ± 0.0018 0.8064 ± 0.0012
I3620/I3420 0.2103 ± 0.0029a 0.2744 ± 0.0019 0.2817 ± 0.0023 0.2805 ± 0.0009

aStatistically significant difference from water (used to prepare the respective solution and measured on the same day).
bStatistically significant difference from the respective water dilution (prepared with the same solvent water and measured on the same day as the respective AcEu solution).

FIGURE 3 | Dependence of the position of the IR band maximum of the
OH groups’ stretching vibrations on the number of dilutions of the initial AcEu
solution and water. Daily water monitoring is also shown. * — statistically
significant difference between the AcEu dilution and the respective water
dilution, # — statistically significant difference between the AcEu dilution and
water, $— statistically significant difference between water dilution and water.
The data are presented as mean ± se.

FIGURE 4 | Dependence of the position of the maxima of Raman bands
3240 cm−1 (A)and3420 cm−1 (B)on thenumberofdilutionsof the initialAcEusolution
and water. Daily water monitoring is also shown. *— statistically significant difference
between AcEu dilution and the respective water dilution, # — statistically
significant difference between AcEu dilution and water, $ — statistically significant
difference between water dilution and water. The data are presented as mean ± se.
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3420 cm−1 band from the Raman spectrum for a 0.1M solution,
since the vibrational spectrum in the region of this band overlaps
with the AcEu luminescence band at 3390 cm−1, as indicated above.
At the same time, for a solution of 10–3 M, the valence band no
longer shows distortion and can be analyzed based on all the
parameters of Table 1, including those related to the 3420 cm−1

band. A lower value of the I3620/I3420 parameter for a solution of
10–3M compared to water indicates a lower proportion of free water
molecules at this concentration. The latter conclusion is consistent
with the previous conclusion of greater water bonding in the
presence of AcEu at concentrations of 0.1M and 10–3M.

When considering the dependence of I3240/I3420 on the number
of dilutions of the initial AcEu solution (Figure 5A), it was found
that the value of I3240/I3420 was statistically significantly reduced
compared to water in most samples obtained using multiple
dilution of the initial AcEu solution (0.1 M) (namely, the 5th-7th,
14th-15th, 17th-28th and 30th). Hence, it could be concluded that
the water molecules in the studied AcEu solutions are less bound
than in water. This is also observed at a concentration calculated at
below 10–24M, i.e., in solutions where AcEu molecules are not
expected to be present, although it is possible that they may remain
there [49]. This conclusion is confirmed by the results obtained
when analyzing the position of the IR band 3300 cm−1 maximum:
most of the samples obtained by multiple dilution of the initial
AcEu solution (0.1 M) (namely, the 4th-11th, 14th-15th, 19th,
25th-30th) were shown to be statistically significantly different
from the respective water dilutions. Thus, although neither the

Raman nor IR spectra of the low-concentration AcEu solutions
contain specific bands of the substance and the shape of the spectra
is visually indistinguishable from the spectrum of water (Figures 1,
2), in terms of the I3240/I3420 spectral characteristics (Figure 5A)
and the position of the IR band 3300 cm−1 maximum (Figure 3)
reflecting the structural state of water, the AcEu solutions clearly
differ from the control dilutions of water and water solvent.

In addition, both according to the position of the IR band
3300 cm−1 maximum and the I3240/I3420 ratio, we noticed a more
pronounced structuredness in all water dilutions compared to
water, and such differences are statistically significant in a
number of dilutions (this is true for the 5th, 7th, 15th, 25th
and 30th dilutions—I3240/I3420) (Figure 5A). Furthermore, the
7th water dilution is characterized by an increased content of free
water molecules (according to the I3620/I3420 ratio) (Figure 5B),
and the 6th water dilution also shows reduced bonding of water
molecules at the peak position 3240 cm−1 (it is shifted toward the
larger wavenumber region). However, analysis of the 3420 cm−1

peak position revealed reduced bonding of water molecules in the
20th and 26th dilutions of water. Thus, in a series of 100-fold
dilutions of water, the properties of the obtained samples are not
identical and may differ radically from each other. This confirms
the ideas we expressed earlier of complex processes occurring in
water during dilution with mechanical stress, as well as the
significant impact of this process on the properties of water [4, 7].

5 CONCLUSION

Using Raman and IR spectroscopy methods, it has been shown that
the addition of europium acetate (0.1 M) to water increases the
bonding of its molecules and reduces the proportion of free water
molecules in the solution—in other words it changes the structure
of water. Differences were found between certain dilutions of
europium acetate (AcEu) (including ultra-high dilutions) and the
respective dilutions of water (or untreated water used as a solvent).
This indicates the applicability of the methods used to finding
qualitative differences between high dilutions of a substance and
water, even at such high dilutions that theoretically no molecules of
the initial substance should be present in them. Moreover,
differences have been shown between certain dilutions of water
and untreated solvent water, indicating that multiple serial dilution
withmechanical stress leads to a significant change in the properties
of the liquid which can be detected by Raman and IR spectroscopy.
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molecules). * — statistically significant difference between AcEu dilution
and the respective water dilution, # — statistically significant difference
between AcEu dilution and water, $ — statistically significant difference
between water dilution and water. The data are presented as mean ± se.
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