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Raman scattering has been used to study the influence of 2.45 GHz microwave on the structure of water. It has been shown
that treatment of the distilled water samples by electromagnetic field leads to long-term changes in the vibrational density of
states. It was established that the retention time of structural changes of the water samples depends on the sample volume. The
experimental results have been interpreted on the basis of the percolation model. It has been suggested that the change in the
chemical composition of the water treated by microwaves can lead to a change in the structure of the percolation cluster formed by
the network of hydrogen bonds. The time of the equilibrium structure recovery of the percolation cluster after termination of the
microwaves depends on the cluster size and is much slower than the recovery in the chemical composition of water.

1. Introduction
Electromagnetic waves in the microwave range corresponding to ultrahigh frequency (UHF) of 1–30 GHz are widely
used in various industrial processes at electronic, food,
pharmaceutical, and chemical industry [1]. Microwaves are
efficiently absorbed by a number of substances and therefore
they are used primarily for fast and controlled heating.
At the same time, many researchers are paying attention
to the fact that using the common convective type heater and
a microwave oven at the same temperature increase may lead
to different implications [2, 3]. There are so-called specific
effects of microwaves. The first of them, although they have
a thermal nature, cannot be reproduced in the common
convection heater. These are (a) the effect of overheating, (b)
selective heating, (c) the temperature gradients on the border,
and so forth [4].
The possibility of nonthermal effect of microwaves on the
different processes and substances, despite the considerable
amount of experimental work, is the subject of lively debate
recently [2, 5, 6]. The mechanism of this influence is not
entirely clear. The energy of single microwave photons (e.g.,
3 GHz corresponds to the energy of 10−3 eV) is several orders
of magnitude smaller than the energy of chemical bonds.
Therefore, a direct effect (like photochemical transformation)

seems improbable. The ability of the alternating field to
redirect the interacting polar molecules and to change the
activation energy of a chemical reaction is considered as
more realistic. Theoretically, there may be other mechanisms
of nonthermal exposure, requiring, however, experimental
approval [2].
Due to its fundamental and technological significance,
the reports on the effect of microwaves on the properties
of water and aqueous solutions, which serve as the working
medium or mediator in many industrial processes and are
an essential component of living organisms, are of particular
interest.
The experimental investigations in which the nonthermal
effects of microwaves have been registered can be divided into
two classes. In the first case, the object under study is exposed
with low-intensive waves when a thermal effect, even taking
into account the “specific” influences, can be neglected. In
particular, in [7], it was reported that the conductivity of
the NaCl aqueous solution was changed at the result of
the treatment of various microwaves with the frequency at
2.45 GHz. The amplitude of the electric field component was
about 104 V/m, which eliminates the heating of the sample
more than 0.1∘ C.
In the other type of experimental works, the nonthermal
microwave effects have been observed simultaneously with
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heat or at least with their action but leaded to the significantly
different results. The properties obtained under the influence
of microwaves are commonly observed during long time, but
they are absent in the case of conventional heating (so-called
memory effect). The typical relaxation processes in aqueous
media have a characteristic time of about picoseconds, and it
remains unclear by what processes can be configured as slow
dynamics.
The influence of microwaves on surface tension of the
droplets of water and ethylene glycol was investigated in [8].
During the irradiation, a decrease in the predicted coefficient
associated with heating (about 60∘ C) has been observed for
both samples. After the termination of irradiation, the surface
tension of the ethylene glycol returned to its initial value at a
rate typical for cooling. At the same time, the surface tension
of water remained significantly below baseline for over 1 hour
after the end of irradiation.
In [9], wherein the aqueous KOH solutions were used in
the process of etching of the silicon surface, the concomitant
effect of microwave at 2.45 GHz on the properties of water was
reported. During evaporation, the formation of larger crystals
in the case when solutions were prepared from water heated
by microwaves in comparison with the case of water warmed
by conventional manner has been observed. The preservation
of these properties is also noted in the long term (more than
20 days).
The authors of these papers do not specify the mechanism
of interaction; however, they connected the observed effects
with the change of water structure.
At the moment, an idea of the structure of water as
a continuous network of hydrogen bonds, forming a single macroscopic cluster, is acknowledged. To describe the
features of the vibrational spectra of disordered media, the
ideas of fractal geometry and the theory of percolation are
applied effectively [10]. According to the percolation model
[11], water structure at room temperature can be represented
as an infinite percolation cluster containing smaller clusters,
small groups of molecules, and individual molecules in its
cavities. Low-frequency (1–100 cm−1 ) Raman spectra provide
the information about the structure of the pseudopolymer
network of liquids with hydrogen bonds [12].
In this paper, the facts of long-term preservation of
the structure of water under the influence of 2.45 GHz
microwaves have been checked using the low-frequency
Raman spectroscopic monitoring.

2. Low-Frequency Raman Spectrum of Water
Raman spectrum of water is rather complicated and consists
of a set of the bands with different intensities and widths.
In the field of even more low frequencies (<100 cm−1 ), the
Raman spectrum of water is hidden by intense wing of
Rayleigh scattering. In order to find a useful unstructured
signal, usually perform spectrum transformation [13]:
𝐼red (]) =

𝐼 (]) ⋅ ]
,
𝑛 (]) + 1

(1)

where 𝐼red (]) is the reduced spectral distribution of intensity;
𝑛(]) = (𝑒ℎ]/𝑘𝑇 − 1)−1 is Bose-Einstein factor. For the analysis
of vibrational spectrum, the density of states function 𝑔(]) ∼
𝐼red (]) is used.
At low frequencies, the homogeneous media and the
crystals are characterized by a power law, that is, 𝑔(]) ∼ ]𝛼 ,
where 𝛼 = 2, which corresponds to the classical Debye
dispersion law. At the same time, for some liquids and
amorphous substances, the exponent is less than 2. Within the
percolation model for partially ordered media, such deviation
can be interpreted as a manifestation of an intermediate
between acoustic and optical types of vibrational excitations.
Since these excitations are localized in the lattice of the
percolation fractal clusters, they are called “fractons” [14].
The measurements of low-frequency vibrational spectrum of water in the range of 0.1–50 cm−1 [15] indicate
the existence of anomalies in the spectrum density at ∼
1 cm−1 . This frequency is called crossover frequency ]co and
corresponds to the transition from phonon (𝛼 = 2) to fracton
(𝛼 < 2) section of the dispersion curve. In the presence
of multiscale inhomogeneities, which are typical of fractal
objects, it is directly related to the fractal dimensionality of
the medium. The crossover frequency ]co determines the
maximum size of the heterogeneity of the percolation cluster
in tetragonal network of hydrogen bonds, and for water this
value is about 10 nm [15]. That is, according to the percolation
model, the water should be considered as an inhomogeneous
medium in the nanometer scale.
Experimentally, the parameter 𝛼 can be determined from
the spectral distribution of the Raman intensity, converted
using formula (1). The density of states function 𝑔(]), built
in double logarithmic scale, on a portion of the spectrum will
be a straight line with the slope equaling 𝛼.

3. Experimental Procedure
We investigated the low-frequency Raman spectra in the
region of 15–100 cm−1 of standard water for injection in glass
ampoules of 2, 5, and 10 mL (conductivity < 1.1 𝜇S⋅cm−1 , the
dry residue concentration < 0.001%). Water in the unsealed
ampoules was heated to boiling in a microwave oven with
adjustable power of microwave radiation and, separately, on
a hotplate. The operating parameters in each case have been
chosen to provide the same heating time, ∼1 min.
Subjected to single heating, samples were stored in a
refrigerator and have been removed for short (about 20
minutes) time for sequential recording of 4-5 spectra at
room temperature (∼20∘ C). This number of records was
chosen for the detection of possible trend. The first cycle
of measurements was carried out in 1 hour after treatment.
During this time, the water in all ampoules cooled to room
temperature. One unsealed 5 mL ampoule was used as a
control during the entire experiment for 10 days. The unsealed
ampoules during all storage period were closed by caps
(unhermetically) that prevent contamination.
Unpolarized Raman spectra of water have been recorded
at automated double-grate spectrometer DFS-24. Spectra
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were excited by line at 514 nm Ar+ laser (output power
∼80 mW). The focused by lens laser beam was passed
vertically along the axis of the ampoule with water. The area
has been focused on the entrance slit of a monochromator
with an average middle slit about 200 microns. Each time
before the main experiment, we tested the spectrometer
detecting the signal from control sample (vacuum-sealed
ampoule).

4. Results
In Figure 1(a), the Raman spectra of three samples (control
water and water heated by convectional method and by
microwaves in 1 hour after treatment) in the range of 15–
100 cm−1 are shown.
Figure 1(b) demonstrates in a double logarithmic scale the
density of states functions derived from the corresponding
spectra by means of transformation (1).
It is seen that part of the spectrum in the range of 15–
50 cm−1 is linear in a logarithmic scale; hence the dependence
of the density of states on frequency is described by a power
function 𝑔(]) ∼ ]𝛼 . The slope of the linear trends (coefficient
𝛼) and standard error of the estimate for the control sample is
1.051 ± 0.001, 1.044 ± 0.002 for water heated by convectional
method, and 1.123 ± 0.002 for microwave heating.
Figure 2 shows the results of measurements of the
structural parameter 𝛼 held within 10 days for water samples
subjected to microwave irradiation and conventional heating.
Each point on the plot corresponds to an average of 4-5
values of 𝛼 resulting from several consecutive recordings
of spectrum. The standard errors have been calculated for
confidence level of 0.99.
To visualize the error intervals reflecting the spread of
data in each cycle of measurements, the points in the diagram
are shifted slightly relative to each other along the timeline.
Previously [12], it was found that the structural parameter
𝛼 depends on the temperature of both the sample and the
environment, the method of preparation, and storage time of
the investigated substance. In the long series of measurements
for the same sample, the parameter fluctuations about 2%
are detected. Its value is also influenced by the presence of
dissolved air in nonpressurized water sample.
Figure 2 shows that, for the control sample, the fluctuations of parameter 𝛼 do not go beyond the range of
statistical error over a long time (10 days). Heated to boiling
by convectional method and cooled to room temperature
water is characterized by several large statistical spread of the
primary data, but the parameter also does not extend beyond
2% of fluctuations.
Heated in a microwave oven to boiling and then cooled to
room temperature samples are characterized by a statistically
significant increase in the parameter 𝛼 in comparison with
control water and water heated in the usual manner. This
difference persists for a long period of time, depending on
the volume of the treated sample. The parameter 𝛼 returns to
the control value: sample with volume at 2 mL, 5 days (120 h);
5 mL, 10 days (240 h); and 10 mL, after about 20 days.
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5. Discussion
The results of our experiments show the influence of
microwave frequency at 2.45 GHz on the low-frequency
spectrum of water.
It is well known that the Raman spectrum of water in
a wide frequency range is very sensitive to temperature. In
low-frequency spectral range [15], the frequency of crossover
changes ]co ≈ 1cm−1 at 𝑡 = 20∘ C to ]co ≈ 3 cm−1 at
𝑡 = 80∘ C, indicating a corresponding reduction in the size
of irregularities. In [12] it was noted that heating leads to the
gradual destruction percolation cluster and at a temperature
above 𝑡 = 50∘ C in the low range of the function 𝑔(]) ceases
to obey a power law.
Our results suggest the existence of additional (not only
caused by heating) perturbations introduced by microwaves
and influencing the structure of water.
The structure of the hydrogen bond network and the
fractal dimension of the percolation cluster may change as a
result of the tetrahedral coordination disorders caused by the
presence of defects, such as those associated with the change
of the number of hydrogen bonds of the molecule or change
in the local charge of the group of molecules.
The structural organization of oxygen and hydrogen
atoms in a network of hydrogen bonds is described by the
known Bernal-Fowler rules. According to these rules, (1) each
oxygen atom has two nearest neighboring hydrogen atoms
and (2) only one hydrogen atom is present on each O-O
linkage.
The dissociation of water molecules in the liquid water
or autoprotolysis extending the scheme 2H2 O → OH− +
OH3 + leads to the presence of some equilibrium level of
hydroxyl ions and hydronium ions. The appearance of OH−
and OH3 + ions breaks rule (1), resulting in so-called ion
defects in the structure of water. Their concentration depends
on the temperature. At 𝑇 = 300 K, their equilibrium
concentration is equal to 10−7 mol⋅dm−3 , which corresponds
to pH = 7. The temperature change, among other things, by
absorption of microwaves, leads to corresponding change in
the equilibrium concentration of the ion defects.
However, the microwaves could give further influence
on the reaction of autoprotolysis by the reorienting of the
interacting polar molecules and a corresponding change in
the activation energy. This possibility is indicated by the
results of [16], where low intensity microwave radiation led
to a change in pH.
There are also defects due to violation of rule (2). They
are called the orientational defects: D-defect corresponds
to two protons on the line O-O and L-defect corresponds
to a lack of protons on the line O-O. The concentration
of the orientational defects depends on the stoichiometric
composition of the water which follows from rule (2). The
ability of the stoichiometry to locally change under the
influence of microwaves due to mechanochemical reactions
of the radical dissociation of water is confirmed by the data
of [17], which recorded the appearance of the trace amounts
of hydrogen peroxide (H2 O2 ) in water.
Hydrogen peroxide, acting as an orientational defect, not
only could modify the structure of water but also affect
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Figure 1: Raman spectra of three samples: control water and water heated by convectional method and by microwaves (a); the density of
states functions of corresponding spectra (b). The slope and standard error of the estimate for each sample are shown in parentheses.
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Figure 2: Dynamics of changes in the structural parameters of water
samples within 10 days. The standard errors have been calculated for
confidence level of 0.99.

the slow relaxation processes. Whether this contribution is
quite significant at extremely low concentrations so far is not
known. Here, additional studies are needed.
In [12], it was shown that small additions of impurities
significantly change the structure of the percolation cluster
and, accordingly, its fractal dimension. The main source

of impurities in our case is atmosphere. The influence of
atmospheric gases on the low-frequency range of spectra
of water contacting with the atmosphere is reflected as a
small (about 2%) increase of the structural parameter to
some equilibrium value. The heating of water accelerates
the diffusion process. When cooling, the concentration of
atmospheric gas molecules is restored to equilibrium.
In our experiments, we compared the effect of microwave
and convection heating to identical (from the same lot)
samples of water, the content of the gases in which is
negligible taking into account the technology of preparation.
The vials were unsealed immediately before treatment. During the cooling process of water, the concentration of the
atmospheric gas molecules due to diffusion increases to some
equilibrium value.
Microwave treatment of water can lead to a change in
the equilibrium concentration of impurities due to a specific
effect of microwaves on the border “water-air,” where a
large temperature gradient occurs and hence the diffusion
processes intensify [4].
Thus, the chemical composition of the initially clear
water can markedly change after processing by microwaves
compared with conventional heating.
The data of our experiments suggest that structural
changes in the water treated by the microwaves are stored
for several days and only then relax to their original settings.
Moreover, the time of metastable state depends on the volume
of the treated sample. It may be assumed that this dependence
is due to the slower diffusion of impurities in a larger
volume. However, the characteristic time for installing the
equilibrium concentration would have the same order as the
sample subjected to ordinary heat. In the last case, as follows
from our experiments, the equilibrium is reached not later
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than 1 hour. Thus, the existence of a slow process of change of
structure should be assumed.
In [18, 19], using cellular automata realized on a twodimensional square lattice, the authors modeled the dynamic
processes in the water like a molecular and supramolecular
level.
It was found that after pulse temperature perturbation the
average number of hydrogen bonds per molecule relaxes to
an equilibrium value regardless of the size of the system at a
time about 10 𝜏. Here 𝜏 is a “quantum of time” of the cellular
automata and is interpreted as the life time of the hydrogen
bond (∼10 ps). At the same time, the fractal dimension of 2D
cluster relaxes to equilibrium dimension with time constant
𝜏𝐹 ∼ 𝑁1/2 , where 𝑁 is the total number of elements
(molecules) of the system. In the case of macrosystems with
𝑁 >>> 1, 𝜏𝐹 may have an arbitrarily large value, thereby
ensuring infraslow dynamics of structural changes.
Thus, it can be assumed that the changes of the chemical composition of the water caused by the action of the
microwaves lead to a change in its structure in macrovolume.
Within the percolation model, this change is reflected as the
increasing of the fractal dimension of the percolation cluster
formed by hydrogen bonds and the corresponding increase
of the exponent in the density of states function (structural
factor). The time for establishing the equilibrium structure of
the percolation cluster, after termination of the microwave,
depends on its size and is much slower than the recovery in
the chemical composition of water.
Note that the ultraslow dynamics of percolation cluster
may underlie the mechanisms that form the so-called water
memory: the long-term preservation of the properties is
acquired as a result of any (usually weak) influences.

6. Conclusions
The obtained experimental data allow concluding the longterm changes of the structure of water after the microwave
treatment. It is assumed that change in chemical composition
of water treated by microwaves may lead to the changes of the
percolation cluster formed network of hydrogen bonds. The
recovery time of the equilibrium structure of the percolation
cluster after termination of the microwave action depends
on the cluster size and is much slower than the recovery of
chemical composition of water.
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