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NON-THERMAL

EFFECT OF MILLIMETER-WAVE
RADIATION ON THE FLUORESCENCE
OF THE RHODAMINE 6G AQUEOUS SOLUTIONS

With the help of fluorescence spectroscopy, the effect of millimeter-wave radiation on the aque-
ous solutions of the organic dye rhodamine 6G has been studied. By optimizing the dye concen-
tration, the thermal effects are minimized, and the contribution of non-thermal mechanisms
is identified. The results obtained indicate that millimeter-wave radiation induces structural
changes in the aqueous medium, which, in turn, leads to changes in the fluorescent properties

of the dye.
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1. Introduction

Research on the effects of non-thermal interaction
of millimeter-wave electromagnetic radiation (MMW)
with biological objects has a long history span-
ning more than five decades. Despite the wide use
of low-intensity MMW in biotechnology [1-3] and
medicine [4-6], modern electromagnetic wave safety
standards are mainly based on the assessment of a
thermal influence [7, 8]. Exposure levels that do not
induce a substantial temperature growth in biolog-
ical tissues are considered safe. Thermal interaction
mechanisms are well studied and can be described
quantitatively using such a parameter as the Specific
Absorption Rate (SAR).

Unlike thermal criteria, the non-thermal ones are
focused on potential non-thermal effects on the hu-
man body, in particular, on the nervous, repro-
ductive, and immune systems. The basis for non-
thermal criteria comprises statistical data obtained
from medicobiological studies, namely, epidemiolog-
ical indicators of morbidity, demographic indicators
(for example, the birth rate), and immunological pa-
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rameters. A characteristic feature of non-thermal cri-
teria is their high variability associated with the in-
fluence of numerous socioeconomic, climatic, and en-
vironmental factors. At the same time, the mecha-
nisms of non-thermal effects of MMW at the cel-
lular and molecular levels are not sufficiently stud-
ied today, thus, being a debatable topic of modern
physics [4,7,9-11].

The lack of consensus with respect to the phys-
ical nature of the interaction between low-intensity
MMW and biological systems is associated with the
high nonlinearity and multiparametric origin of bi-
ological processes. The existing physical models can-
not adequately describe the observed effects. This oc-
curs due to the limitations of our understanding of the
molecular mechanisms that underlie biological reac-
tions. The lack of systematic studies of the interac-
tion of MMW with non-biological systems, for which
a more effective physical model can be developed in
principle, complicates the extension of the obtained
results to biological objects.

The unique physical and chemical properties of wa-
ter, which are responsible for its central role in biolog-
ical processes, make it a promising object for study-
ing the non-thermal effects of electromagnetic radia-
tion, especially in the millimeter-wave interval. Expe-
rimental data testify that the influence of microwaves
on water leads to changes in its structural and dy-
namic characteristics that are not reduced to the ther-
mal effect. In particular, reports were made about
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the modification in the solubility of gases [12], the
changes in thermophysical properties, adsorption ca-
pacity, electrical conductivity, and optical character-
istics [13], the parameters of vibrational spectra [14],
and the formation of reactive products such as hydro-
gen peroxide [15].

The results of dynamic molecular simulation make
it possible to describe the mechanisms of interac-
tion of millimeter waves with water at the molecu-
lar level. In those studies, it is assumed that electro-
magnetic radiation induces local energy fluctuations,
which contribute to the development of hydrogen
bonds, the transformation of the electromagnetic field
energy into the kinetic energy of molecules and the en-
ergy of intermolecular interaction, and the violation
of water structure near hydrated ions [16,17]. At the
same time, other authors do not reveal statistically
significant changes [18, 19].

The complicated character of the interaction be-
tween microwave electromagnetic radiation and wa-
ter makes it necessary to perform additional experi-
mental and theoretical research for a comprehensive
analysis of the mechanisms underlying possible non-
thermal biological effects. Our previous studies [20—
24] carried out using fluorescence spectroscopy and
the rhodamine 6G organic dye (R6G) in aqueous so-
lutions revealed a high sensitivity of this technique
to the electromagnetic radiation effects. In particular,
we managed to distinguish the effects of microwave
radiation with the frequency of household devices
from purely thermal effects, which testifies to the
availability of additional, non-thermal mechanisms of
interaction between the radiation and the molecules
in the environment. An analysis of the dynamics of
changes in the spectral characteristics of R6G fluores-
cence during thermal cycling, as well as the dispropor-
tion between the radiation dose and the fluorescence
intensity, confirm the hypothesis about the existence
of non-thermal effects at microwave irradiation.

In this article, we present an experimental confir-
mation of the direct registration of non-thermal ef-
fects induced by MMW. The relevant data were ob-
tained using fluorescence spectroscopy methods.

2. The Temperature Effect
on the Fluorescence of Solutions

An increase in the temperature of solutions usually
leads to an increase in the thermal motion of their
molecules, which manifests itself in the growth of the
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frequency and energy of molecular collisions, as well
as in the amplitude growth of intramolecular vibra-
tions. Those factors make higher the probability of
non-radiative processes of electronic excitation deac-
tivation, such as internal conversion and intermolec-
ular energy transfer. As a result, a reduction in the
fluorescence quantum yield is observed.

At the same time, a non-standard temperature
behavior of the fluorescence intensity was revealed,
which manifests itself as the fluorescence intensity
growth with the increasing temperature [25]. This
phenomenon can be explained as a result of the molec-
ular association processes. In particular, the forma-
tion of non-covalent complexes (dimers, trimers, and
so forth) in the solution is characteristic of some or-
ganic molecules (such as rhodamine 6G). As a rule,
the fluorescence quantum yield of associates is lower
than that of isolated molecules. The total fluorescence
intensity of the system is determined by the equilib-
rium between the monomeric and associated forms.
As the temperature increases, the dissociation of the
complexes is observed, which leads to an increase in
the concentration of fluorescent monomers and, as a
result, an increase in the fluorescence intensity.

The proposed research method is based on creat-
ing conditions under which temperature effects lead-
ing to the fluorescence quenching are compensated
by oppositely directed processes associated with the
temperature-induced dissociation of molecular aggre-
gates. By optimizing the solution concentration, we
were supposed to achieve the temperature indepen-
dence of the fluorescence intensity in a certain fre-
quency interval. In this case, any changes in the glow
intensity caused by external factors can be inter-
preted as a result of the non-thermal effects.

3. Equipment and Materials

At the preliminary stage, we analyzed the tempera-
ture, t, dependences of the fluorescence spectral pa-
rameters of the R6G aqueous solutions with various
concentrations. The spectra were registered using a
high-rate spectrometer with video recording at vari-
ous temperatures in the interval ¢ = (20+-30) °C. The
dye concentration in the solution was varied from
1073 to 102 g/l. Fluorescence was excited at a
wavelength of 405 nm. A detailed description of
specimen preparation, methods, and equipment, as
well as the spectra processing algorithms, was given
in work [24].
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The resulting temperature dependencies of the rela-
tive fluorescence intensity change were approximated
by the linear function

Al
o k(t —to),

where t( is the initial temperature, and & is the tem-
perature coefficient. It was found that the tempera-
ture coefficient of the R6G solution depends on its
concentration. At the concentration Cy =~ 0.004 g/1,
the value of k was close to zero (Fig. 1). When
the concentration was varied from above to below
Cy, k changed its sign from positive to negative. An
aqueous solution of rhodamine C (RC) was used
for the temperature calibration because its k-value
weakly depends on the solution concentration, and
this fact made it a popular marker in fluorescent
thermometry.

At the main stage of measurements, a special
waveguide unit was used (Fig. 2, a). A glass capil-
lary 1 mm in diameter and containing the researched
solution was placed in a rectangular waveguide with a
cross-section of 5.20 x 2.60 mm?, parallel to the wider
walls. In order to excite fluorescence, radiation from
a violet laser (405 nm, 60 mW) was directed onto the
capillary through a hole in the wider wall. In order to
heat the solution, infrared laser radiation (808 nm,
100 mW) was directed onto the capillary through a
coaxial hole in the opposite wider wall. To enhance
the temperature response, an area of the outer surface
of the capillary was covered with a special absorbent,
which provided the contact heating. The temperature
regime was controlled by varying the intensity of the
infrared laser beam.

A G-141 millimeter-wave generator with an oper-
ating frequency range of 37.50-53.57 GHz was con-
nected to one end of the waveguide section. The ra-
diation frequency of 49.80 GHz was selected experi-
mentally and corresponded to the resonance in this
configuration of the waveguide line and the absorb-
ing element [22] (Fig. 2, b). The output power of the
generator was 20 mW. The absorbed wave power in
the capillary was calculated as the difference between
the incident power, on the one hand, and the sum
of the reflected and transmitted powers, on the other
hand. It was equal to 10 mW, which was enough to
locally heat the aqueous solution by 3-4 °C [20]. Ac-
countng for the size of the heated capillary region, the
thermal relaxation time was estimated to be several
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Fig. 1. Temperature dependences of fluorescence intensity of
P6G solution at various concentrations close to the critical one
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Fig. 2. Schematic diagram of measurement unit (a): violet

laser (1), infrared laser (2), focusing lenses (3), capillary with
solution (4 ), waveguide section (5).Transmission characteristic
of the waveguide section with the capillary (b)

seconds [20]. The fluorescence spectra were registered
through the open end of the waveguide with an inter-
val of 1 s.

The fluorescence of R6G solutions with concentra-
tions close to the critical one was studied under the
influence of millimeter waves and the contact heating.
The experiments were carried out in three stages: us-
ing the sequential influence of the infrared heating,
microwave irradiation, and infrared heating again.
The duration of each stage was 60 s, and the same
interval was held between the stages. For the sake of
comparison, an aqueous RC solution with a concen-
tration close to Cy was subjected to a similar action.

4. Results and Discussion

An analysis of the R6G solution reaction to the com-
bined action of the contact heating and MMW at var-
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Fig. 3. Scenarios of the fluorescence reaction of R6G solu-
tions with various dye concentrations to IR and MMW (a).
Examples of corresponding fluorescence signals (b)
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Fig. 4. Non-thermal effect manifestations at various dye con-
centrations

ious solution concentrations made it possible to iden-
tify five different behavioral models (Fig. 3, a). Expe-
rimental data (Fig. 3, b) demonstrate that, at concen-
trations that substantially differ from the critical one
(scenarios A and E), the thermal mechanism of inter-
action dominates, and MMW does not make an addi-
tional contribution to the observed effects. The esti-
mation of the heating level carried out using the tem-
perature calibration gave a value of (3 £ 1) °C. Sce-
nario E was found characteristic of all examined con-
centrations of the RC dye (Fig. 2, b, lower diagram).

In an immediate vicinity of the critical concentra-
tion (scenarios B and D), some differences in the sys-
tem dynamics were revealed; namely, reactions of the
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same sign, but with different amplitudes were ob-
served, which can be considered as a manifestation
of non-thermal effects. In our previous study [22], the
fluorescence reaction of the solution to the MMW ac-
tion corresponded exactly to scenario B. The exper-
imentally determined temperature equivalent turned
out to be higher than the calculated one, which gave
us grounds to suggest the availability of additional
non-thermal processes.

Scenario C (with C' =~ Cj) is characterized by an
unusual behavior of the system, which manifests itself
either in the absence of the reaction to either of the in-
fluences, but with the reaction to the other influence,
or in the availability of the reactions with opposite
signs. Such a contrast of reactions contradicts the ex-
pected thermal effects and testifies to the existence of
complicated, potentially non-thermal mechanisms of
the interaction between MMW and the solution. For
the quantitative evaluation of the experimental data
set, the dimensionless quantity

B ‘AIIR — Alvw
o Algr + Alyw

was introduced. This parameter characterizes the am-
plitude of the non-thermal component of system’s re-
sponse to a microwave disturbance, similarly to how
the contrast coefficient determines the signal modu-
lation amplitude. The dependence of the coefficient n
on the solution concentration is plotted in Fig. 4. In
scenario C, and partially in scenarios B and D, the
signal turned out to be close to the level of noise fluc-
tuations, which limited the accuracy of the quanti-
tative evaluation of the parameter 7. However, the
general trend of the dependence is statistically signif-
icant and testifies to the availability of non-thermal
effects.

Despite a substantial level of noise interference, a
detailed analysis of the most representative exper-
imental data made it possible to reveal additional
aspects of the interaction of MMW with the re-
searched specimen. In particular, the data presented
in Fig. 5, a corresponding to one of the implementa-
tions of scenario C, testify to the presence of a two-
stage fluorescence reaction to the MMW action. At
the initial stage, a reduction in the fluorescence in-
tensity, which is characteristic of thermal quenching,
is observed. However, later, the non-thermal mecha-
nism becomes dominant, which leads to an increase
in the glow intensity.

ISSN 2071-0194. Ukr. J. Phys. 2024. Vol. 69, No. 12
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A similar biphase fluorescence dynamics was regis-
tered in an experiment with a modified time profile of
the exposition, whose results are depicted in Fig. 5, b.
In this case, the duration of IR radiation pulses and
subsequent pauses was shortened to 30 s, and the du-
ration of MMW pulses and subsequent pauses was in-
creased to 120 s. The obtained data demonstrate that
the initial reaction of fluorescence to the MMW action
has mainly a thermal character, which is evidenced
by a reduction in the glow intensity during the first
few seconds. However, a change in the reaction sign
is observed afterwards, which leads to an intensity
growth with some saturation signs. After the MMW
was switched-off, the fluorescence intensity slowly de-
creased, and against the background of this fading, a
faster process of temperature-induced quenching was
observed. It should be noted that the characteristic
time scale of fluorescence relaxation in response to
the MMW exposition substantially exceeds the cor-
responding value for IR radiation and can be roughly
evaluated to several tens of seconds.

Two alternative mechanisms can be proposed to ex-
plain the observed phenomenon. The first mechanism
assumes a direct catalytic effect of MMW on the ac-
tivation energy of dimerization reaction, and this sce-
nario is consistent with the data of microwave chem-
istry [15]. However, taking the low intensity of the
microwave field used in the experiment into account,
such a mechanism seems less probable. The second
mechanism consists the mediated effect of MMW on
fluorescence through the aqueous medium. An anal-
ysis of previous studies testifies to the occurrence of
considerable structural changes in water and aque-
ous solutions under the influence of microwave radi-
ation. The mechanism of corresponding changes con-
sists in the interaction of an ac electromagnetic field
with the constant dipole moments of water molecules,
which is accompanied by the reorientation of the
dipoles and the modification of the hydrogen bond
network. According to the percolation model of wa-
ter structure [26], low-intensity microwave radiation
induces the cumulative energy accumulation in the
system, which gives rise to a gradual restructuring of
the percolation cluster [27]. In this case, the charac-
teristic relaxation time of the system demonstrates
a substantial dependence on the specimen geometry.
Namely, a considerable reduction of the relaxation
time is observed, if changing from a bulk specimen (a
standard cuvette) to capillaries, which testifies to the
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Fig. 5. Representative implementations of experiments with

manifestations of non-thermal MMW effects

strengthening of the role of surface effects and dimen-
sionality limitations. The results of dynamic molecu-
lar simulation confirm the possibility of the formation
of long-term non-equilibrium states induced by collec-
tive fluctuations of the percolation cluster [17].

5. Conclusions

The existence of the non-thermal effect of millimeter-
wave radiation on fluorescence in the rhodamine 6G
aqueous solutions has been experimentally proven.
When comparing the effects of the contact heating
and millimeter-wave irradiation on the solutions with
certain fluorophore concentrations, the opposite di-
rections of fluorescence changes were revealed. A ki-
netic analysis of the fluorescence response to MMW
showed that non-thermal effects develop more slowly
than thermal ones, which testifies to the availability of
complicated multistep processes induced by MMW in
the aqueous environment. The obtained results open
perspectives for the development of the physical mod-
els for the non-thermal interaction of MMW with bi-
ological systems and the identification of molecular
targets for such an interaction.
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HETETIJIOBUN BILJIUB MUIIMETPOBOTO
BUITPOMIHIOBAHHS HA ®JIVOPECIIEHIIIIO
BOJHOI'O PO3YMHY BAPBHUKA POJAMIH 6G

3a gonoMororn ¢JIyopeciieHTHOI CIEeKTPOCKOIIT JI0CIIiIXKEHO
BILJIUB MiJIiMETPOBOT'O BUIIPOMIHIOBaHHS HA BOJIHI PO3YUHU OP-
rarigyaoro 6apeHuka pojamin 6G. Ilasxom onrumizarii KoH-
neHTparil 6apBHUKa BHajoca MiHiMisyBaTn TerioBi edexTu i
BUJILJINTA BHECOK HETEIIOBUX MexaHizMiB. OTpumaHi pe3yiib-
TaTH CBi9aTh HpPO Te, IO MLJIIMETpPOBE BUIIPOMIHIOBAHHS iH-
IOyKYy€ CTPYKTYPHI 3MiHM Yy BOJHOMY CEPEIJOBHIIi, IO, CBOEIO
9eproo, MPU3BOIUTH JO 3MIHU (DIIYOPECHEHTHUX BIACTHBOCTEH
OapBHUKA.

Katowoei caoea: MimMeTpoBi XBuUIIl, HETEIIOBHN edEKT,
dayopecuennisi, pogamin 6G.
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