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Abstract—Two concentration ranges (from 10−5 to 10−9 and from 10−13 to 10−18 M) corresponding
to enhanced fluctuations of Rayleigh and Raman scattering of second-harmonic (527 nm) pulses of
YVO4:Nd3+ laser are found for aqueous solutions of antioxidant potassium phenosan. A correlation is
revealed between the rise in elastic Rayleigh scattering intensity and its fluctuations and the shift of the
center of OH Raman band of water toward the ice component characteristic frequency (3200 cm−1). The
development of phase-equilibrium instabilities is analyzed based on the model of fluctuations of the number
of hydrogen bonds on the assumption of formation/destruction of ordered hydration layer of phenosan
molecules in water.
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1. INTRODUCTION

Brownian motion and collisions of water molecules
are known to be accompanied by fluctuations of the
number of hydrogen bonds [1] and formation/destruc-
tion of hydrogen-bonded complexes of different con-
figurations [2] at order−disorder transitions. The
fluctuation amplitude increases significantly in the
vicinity of critical water temperature points, e.g., 4◦C
[1], which manifests itself in broadening/deformation
[3, 4] of the OH Raman band envelope at critical
points (4, 19, and 36.6◦C). It is of importance that
the centroid of the OH Raman band, introduced by
us in [3−5] as an indicator of entropy temperature
evolution in water [4], undergoes a sharp shift by
∼150 cm−1 toward the high-frequency wing of the
OH band at the ice−water phase transition [3, 4].
This high sensitivity of the shift of OH band centroid
to a variation in the fraction of ice-like complexes
in water (i.e., to the number of hydrogen bonds)
was used by us for remote measurements of water
temperature by a Raman lidar [6, 7]. In addition,
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processing Raman spectra in this way made it
possible to substantiate the reversion of convection
[8] upon heating or cooling water in the vicinity of
the temperature point corresponding to maximum
density (4◦C) due to the thermally induced transition
between the phases of denser and less dense water
with ice-like frameworks, which is accompanied by
fluctuation of the number of hydrogen bonds [1].

Note that the hexagonal ice structure is most
likely among the large variety of configurations of
hydrogen-bonded complexes in water [2]. We drew
this conclusion based on the analysis of the exper-
imental data obtained by different physical methods
in several laboratories. In particular, small-angle
X-ray scattering [9, 10] showed simultaneous exis-
tence of amorphous complexes, framework ice-like
structures, and H2O monomers in water. Atomic-
force microscopy revealed an ordered structure with
a period of Ih ice lattice in a water layer at room tem-
perature [11]. Further study of the spontaneous ice
growth (which occurred in only three modifications:
amorphous, cubic, and hexagonal) from H2O vapor
on the surface of liquid helium and subsequent ther-
mally induced phase transformations of these mod-
ifications upon heating showed [12] that the dom-
inant ice modification at temperatures above 200 K
is hexagonal ice Ih, the characteristic component
of which (∼3200 cm−1) is always observed in the
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spectra of water [13] up to the boiling temperature
[14]. It is of importance that this component is pro-
nounced in the spectra of large clusters formed in
beams of H2O molecules [15, 16]. Moreover, specif-
ically this component made it possible to reveal for
the first time [15] the size effect in the spontaneous
transition from an amorphous close packing of H2O
molecules to ordered ice-like frameworks. This effect
is induced by thermal fluctuations of the number of
hydrogen bonds in molecular-beam clusters. The
occurrence of a low-frequency shoulder was observed
in the OH band envelope at the characteristic ice
component (3200 cm−1) when, as was suggested in
[2], the number of molecules per cluster exceeded
275, and the pressure in the cluster reduced because
of the decrease in the surface curvature. The de-
crease in pressure is accompanied by an increase in
the amplitude of intermolecular-distance fluctuations
to the hexagonal-ice lattice period and formation of
framework hydrogen bonds. The above facts jus-
tify the existence of ice-like structures with varied
sizes (numbers of hydrogen bonds) in water; these
variations manifest themselves in Raman spectra as
anomalously large fluctuations of the OH-band en-
velope and centroid [17].

At the same time, it is known that elastic Rayleigh
scattering in aqueous solutions is rather sensitive to
variations in the concentration of material during its
hydration. In particular, an analysis of the physics
of aqueous solutions [18] showed the existence of
concentration ranges characterized by a multiple in-
crease in the elastic light scattering amplitude. This
increase is a manifestation of hydration processes
during the formation of large molecular clusters as a
result of phase transitions, which are accompanied by
the formation of an interface (spinodal) between two
liquids [19, 20]. It is of importance that this anomaly
is observed in solutions having unlimited solubil-
ity, for example, alcohols [18]. Moreover, according
to the recent four-wave mixing spectroscopy data
[21], there is a hysteresis in the concentration depen-
dence of the Rayleigh linewidth in water−ethanol and
ethanol−water binary solutions, which is indicative of
nonreciprocity between mixing with the solvent and
hydration of solute molecules.

A very interesting fact is the increase in the Bril-
louin shift in the spectrum of aqueous protein solution
with an increase in concentration, which was found
by four-wave mixing [22]. The cubic concentration
dependence of the Brillouin shift toward to the values
characteristic of bulk ice was interpreted by us as
the increase in the solution elasticity because of the
increased number of ice-like frameworks in hydrate
protein layers, like in the case of spontaneous crys-
tallization. This conclusion is consistent with the

correlation (established in [23]) between the struc-
tural quality of lysozyme protein crystals (according
to the X-ray diffraction data) containing up to 70%
water and the increase in the contribution of the Ih
ice component (3200 cm−1) to the OH Raman band
envelope.

Naturally, one would expect the formation of ice-
like frameworks with an effective diameter of several
hundreds of nanometers [24−26]. The size of frame-
works (hydration shells) is comparable with the laser
spectrometer wavelength (527 nm) and may have a
soft [19, 20] interface or spinodal during hydration of
molecules in solutions. Then it should be manifested
in a change in the elastic scattering amplitude at
unshifted probe frequency [18], a fluctuation of this
amplitude, and a shift of the OH Raman band center
[3−6], simultaneously. However, no such measure-
ments have been performed previously. To fill in this
gap, we carried out corresponding experiments with
solutions of potassium phenosan (PP); the properties
of this synthesized antioxidant had been investigated
in a number of studies.

2. EXPERIMENTAL

Potassium phenosan. Aqueous solutions of
many biologically active substances (BASs) are
known to exhibit biological effects (change in various
properties of biological systems treated by BAS aque-
ous solutions) both at conventional (physiological,
therapeutic) solute concentrations (from 10−2 to
10−7 M) and at very low (from 10−10 to 10−20 M)
concentrations [27]. One of these agents is synthetic
antioxidant 3-(3,5-di-tret-butyl-4-hydroxyphenyl)
potassium propionate, or PP (Fig. 1); it was syn-
thesized and characterized at Professor Ershov’s
laboratory (Institute of Biochemical Physics, Russian
Academy of Sciences) [28].

Due to the presence of hydroxyl group (bound to
the phenol ring), PP can easily provide a hydrogen
atom to reduce free radicals and thus interrupt chain
oxidative reactions in lipids. The presence of tret-
butyl groups in the 3,5-positions of the PP phenol
ring makes the perpendicular orientation of the hy-
droxyl group more likely and thus facilitates its break.

Fig. 1. Structural formula of synthetic antioxidant
3-(3,5-di-tret-butyl-4-hydroxyphenyl) potassium
propionate.
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These groups are also involved in delocalization of
spin density of phenoxyl radical [28], thus making this
radical more stable. Undoubtedly, the main physico-
chemical property of PP is its antioxidative activity,
which was revealed both in purely chemical models
and in the lipid peroxide oxidation (LPO) occurring
in biological membranes; in the latter case, the effect
was observed even at ultralow doses (ULDs) [29].
Along with the ability to LPO inhibition, PP was
found to exhibit activity at ULDs in a series of sam-
ples, both in vitro and in vivo. Despite the variety
of experiments and measured values, the PP effect
was most pronounced in the concentration ranges
from 10−4 to 10−6 M and from 10−14 to 10−15 M; it
manifested itself in the activity of membrane-bound
enzymes of acetylcholinesterase, glutathione peroxi-
dase and glutathione reductase of mitochondria, mi-
crosomal and cytoplasmic forms of aldolase and lac-
tate dehydrogenase, and protein kinase C [29]. A
change in the physicochemical properties of the lipid
component leads to modification of the structural and
functional state of membrane-bound proteins, which
is confirmed by experiments on the effect of PP ULDs
on the thermodynamic properties of proteins (change
in the enthalpy and transition temperature) [30].

Thus, the processes occurring in a biomembrane
under PP effect in a wide concentration range can
currently be considered as well-established. How-
ever, the processes causing structural transforma-
tions in aqueous solutions remain unclear. It is im-
portant that, on the whole, the data obtained by us
suggest definitely that specifically water is responsible
for the BAS effect at ULDs (it was experimentally
shown that the BAS effect is absent in the ULD range
when BAS is dissolved in vaseline oil rather than in
an aqueous medium) [31]. It was also found that the
IR spectra of low-concentration aqueous solutions
characterized by biological effect differ significantly
from standard spectra [32]. The study of aqueous
solutions by elastic and Raman scattering was con-
tinued based on the experience gained in the analysis
of PP solutions [29−32] and the data of [26] and other
studies.

Phenosan potassium solutions for our experi-
ments were prepared at the Institute of Biochemical
Physics, Russian Academy of Sciences, by succes-
sive hundred-fold dilutions of the initial solution with
as-prepared double-distilled water (having a con-
ductivity of 1.5 μS). Two series of PP solutions were
prepared with a month’s interval. The concentration
of solutions decreased with a step of 10−2 M, from
10−4 to 10−20 M in the first series and from 10−3 to
10−21 M in the second series. The solutions were
poured into identical plastic test tubes (15 mm in
diameter and 100 mm high) and closed with a plug.
The solution column height (90 mm) was the same in

all test tubes. The test tubes filled with solution were
stored for 1 or 2 days in a refrigerator at about 8◦C. All
measurements on solutions were performed at room
temperature.

Spectrometer. The Raman−Rayleigh spectrom-
eter (see [33]) was based on a pulsed YVO4:Nd3+

LCM-DTL-329QT diode-pumped laser (pulse du-
ration 7 ns, power up to 200 μJ) (www.laser-com-
pact.ru) and a frequency doubler (527 nm). Test tubes
with solution were installed in a holder, which pro-
vided their identical position in each session of mea-
surements. The test tubes were inclined at a fixed
angle with respect to vertical (∼10◦ to 15◦) in order to
exclude the uncontrolled contribution of the reflective
glare from the solution surface to the backscattering
signal. The laser beam was directed along the test
tube axis to make the same angle with the normal to
the solution surface (which was open). Under these
conditions, the surface reflective glare did not enter
the aperture of the spectrometer lens, which served
to focus the signal onto the spectrometer input slit.
The spectrometer made it possible to record simulta-
neously a Raman signal at the water OH vibrational
frequency and a Rayleigh (elastic scattering) signal
at the pump frequency. A 2-mm-thick OR-13 glass
filter was installed before the input slit to attenuate the
elastic scattering signal in the solution.

3. RESULTS AND DISCUSSION

The scattering spectrum of each pulse, arriving
with a repetition rate of 12 Hz, was automatically
summed with the spectra of subsequent pulses (a
sample of 100 spectra was set by operator) and
recorded in the data file. Ten files were recorded
for each sample at identical positions of test tubes.
Typical scattering spectra of PP solutions with con-
centrations of 10−11 and 10−17 M (lines 1 and 2,
respectively), obtained by summation over 10 sam-
ples (1000 spectra) and subtraction of the baseline,
are presented in Fig. 2. The frequency scale (X
axis) was chosen in wave number units (cm−1).
The spectra demonstrate a shift of the OH band by
∼3500 cm−1 from the pump frequency toward the
Stokes spectral region. One can clearly see that
the amplitude of the elastic scattering line (0 cm−1)
changes significantly with the solution concentration,
which is accompanied by a decrease in the OH band
amplitude with an increase in the pump loss in the
solution at elastic backscattering.

The concentration dependence of the integrated
elastic scattering line was obtained from experimental
spectra after subtracting the background baseline.
The scattering line was integrated (i.e., the area under
curve was determined) by the trapezoidal method,
and the first and second moments of measured values
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Fig. 2. Typical scattering spectrum of laser pulses in
PP solutions with concentrations of 10−11 (curve 1) and
10−17 M (curve 2).

were calculated. For each concentration, character-
ized by integrated elastic scattering intensity

Ik = Ik ± ΔIk, (1)

where k is the concentration index, we calculated
the mean integral of the elastic scattering line, Ik,
averaged over 10 spectra,

Ik =
1
N

N∑

i=1

Iki, (2)

and the standard deviation ΔIk from the mean or the
error in measuring the line profile over N = 10 spectra:

ΔIk =

√√√√ 1
N

N∑

i=1

(Iki − Ik)2. (3)

The results of the analysis of the fluctuation value
as a function of concentration in the solution of syn-
thesized antioxidant PP are presented in Fig. 3 for
two series of measurements. For convenience of anal-
ysis, the plots were aligned in the vicinity of a concen-
tration of 10−11 M. It can be seen that both depen-
dences are simbatic, with a characteristic minimum
in the concentration range from 10−10 to 10−12 M.
With a decrease in the solution concentration, the
backscattering coefficient twice reaches a maximum
in the ranges of 10−5 to 10−8 and 10−14 to 10−18 M.
This maximum is indicative of second-order phase
transition during structure transformation (change in
the number of hydrogen bonds [1]) of solutions, as
was established previously in [18−20]. The observed
increase in elastic scattering fluctuations (see Fig. 3)
with a simultaneous increase in their amplitude (see

Fig. 3. Nonmonotonic concentration dependence of in-
tegrated elastic scattering profile of 527-nm laser pulses
in PP aqueous solutions with even (curve 1, left ordinate)
and odd (curve 2, right ordinate) degree of concentration.

Fig. 2) is an additional manifestation of phase transi-
tions in the solutions under study [18−20].

Note also that the concentration ranges charac-
terized by the strongest elastic scattering correlate
well with the increase in the effective diameter of
nanoassociates [25, 26] and with the extrema of other
parameters of ULD solutions: conductivity [25] and
bioactivity (exhibiting a maximum) [26]. The cor-
relation obtained by us and the bimodality of the
concentration dependence of elastic scattering co-
efficient expands the instrumental base for studying
this phenomenon and increases the reliability of pre-
vious results. The observed nonmonotonicity and
asymmetry (Figs. 3 and 4) of the bimodal depen-
dence (the amplitude of Rayleigh backscattering and
its fluctuations are larger by a factor of 1.5 to 2
in the low-concentration range) indicate a change
in the dominant mechanism the nature of which is

Fig. 4. Dependence of the fluctuation of elastic-scattering
coefficient in a PP aqueous solution on its concentration
at even (◦) and odd (�) degree of dilution.
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Fig. 5. Nonmonotonic concentration dependence of the
shift of OH-band center in the Raman spectra of PP
aqueous solutions exposed to 527-nm laser pulses.

still unknown [26]. The difference in the formation
mechanisms of bimodal dependence is also evidenced
by the smoothed response in the low-concentration
range which is observed when samples are put in a
permalloy container to shield magnetic fields [34].

In accordance with the proposed model, we allow
for the formation of hydrate layers (increase in diame-
ter [26]) with a hexagonal ice structure [22, 23] around
PP molecules (as crystallization centers, especially
in the low-concentration range, characterized by a
large intermolecular distance). The existence of this
structure is evidenced, for example, by the increased
coefficient of elasticity of aqueous solutions, which
was observed by us previously for hydration of α-
chymotrypsin [22], as well as the correlation between
the structural quality of ice-like structures of hy-

Fig. 6. Concentration dependence of the OH Raman
band width for PP aqueous solutions.

drated lysozyme molecules and the increase in the
3200-cm−1 component of hexagonal ice in the OH-
band envelope [23]. These facts give grounds to
expect asymmetric deformation of the OH band or
shift of its center in our case.

The measured values of the shift of the OH band
center in the Raman spectra recorded with 527-nm
laser pulses and the OH band width as an indicator
of the number of OH oscillators (number of hydrogen
bonds [1]) in PP aqueous solutions are presented in
Figs. 5 and 6, respectively. Indeed, one can see a
bimodal dependence of the redshift of the OH-band
center (ice component at 3200 cm−1) in the concen-
tration ranges from 10−5 to 10−8 M and from 10−14

to 10−18 M and the increase in the bandwidth. The
large spread in the values of the center shift (see
Fig. 4) and band width (see Fig. 5) can be explained
by the occurrence of intrinsic spontaneous thermally
induced fluctuations of the number of hydrogen bonds
[1] and structures [10−16, 23] in water, as well as
the nonoptimal size (100) of the averaging sample of
spectra in measurements.

4. CONCLUSIONS

Thus, we revealed a bimodal concentration depen-
dence of laser pulse scattering in potassium phenosan
aqueous solutions. In particular, we found that the
elastic-scattering coefficient increases (see Fig. 3),
and the center of the OH Raman band (see Fig. 5)
shifts toward the low-frequency wing with simulta-
neous band broadening (see Fig. 6) in the concen-
tration ranges from 10−5 to 10−9 M and from 10−13

to 10−18 M. In addition, the fluctuations of measured
values were found to increase at the aforementioned
concentrations; this increase was multiple for the
elastic-scattering coefficient (see Fig. 4).

Based on the set of measured data, with regard to
the increase in OH band fluctuations in IR spectra
(the imaginary part of permittivity) of aqueous solu-
tions in the same concentration ranges [32, 35], one
can conclude that the observed features are indicative
of a second-order phase transition [18−20] to ordered
structures during hydration of potassium phenosan
molecules in aqueous solutions. Note that multiple
changes in the elastic scattering intensity (see Fig. 3)
and, especially, its fluctuations (see Fig. 4) are more
sensitive (in comparison with Raman spectra) to the
formation of large hydrogen-bonded complexes. Un-
doubtedly, the development of the physics of soft
media, to which aqueous solutions belong, with ap-
plication of surface tension fluctuations at the inter-
face (bimodal, spinodal) between two liquids [19, 20]
and self-organization in polymer systems with mi-
crophase layering, expands the applicability of the
model of fluctuation of the hydrogen bond number [1]
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at the boundary of structured hydration layers [22]
of molecules that manifests itself in an increase in
the amplitude and fluctuation of elastic scattering
intensity.
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