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PROPERTIES OF POLYCRYSTALLINE ICE

Peculiarities in the temperature dependences of the properties of quasiliquid water films on the
surface of ice crystallites have been studied experimentally under ice premelting conditions.
Viscoelastic properties of polycrystalline ice in the temperature interval from —60 to 20 °C
have been analyzed. Peculiarities in the temperature dependences of the water nanolayer thick-
ness, L(T'), and the imaginary part of the shear modulus (modulus of viscous losses), G2(T),
are found. Quasiequidistant temperature variations of the viscous loss modulus are revealed
for the first time. A comparison of the results obtained with literature data on the temper-
ature dependences L(T), the density of water in nanolayers, and the ice surface roughness
allowed us to associate the observed features with a discrete cluster structure of quasiliquid
water nanofilms. Temperature intervals of the enhanced stability for a cluster structure of
water nanofilms are revealed, which manifest themselves in the form of extrema in viscoelastic
ice parameters in the premelting interval. The interrelation between the phenomena of ice
premelting and temperature discretization at the melting in ice nanolayers is considered for

the first time.
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1. Introduction

Though such phenomena as the ice premelting and
the existence of quasiliquid water nanofilms on the
ice surface are known since Faraday’s and Thomp-
son’s time, this field is actively studied till now [1-
7]. In the modern scientific literature, a considerable
body of experimental results has been accumulated
concerning the researches of properties of quasiliquid
water films on the ice surface at temperatures from
—30 to 0 °C, i.e. lower than the melting tempera-
ture of massive ice. Among the recent results, the
discovery of such a phenomenon as a drastic temper-
ature decrease on the ice surface, when approaching

© M.E. KORNIENKO, N.L. SHEIKO,
O.M. KORNIENKO, T.YU. NIKOLAIENKO, 2013

ISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 2

the melting temperature and in the course of melt-
ing, and the accompanying increase in the electric
conductivity of water nanofilms and the ice antire-
flection in the microwave range [5, 6] should be em-
phasized, as well as an effective draining of quasiliq-
uid films over the ice surface at —20 °C, which is
connected with their anomalously low viscosity [7].
However, the nature of this phenomenon has not
been studied sufficiently, because the collective prop-
erties of liquids — in particular, liquid water—have
been overlooked [8-11], and the true physical mecha-
nisms of melting have not been analyzed at quantum-
mechanical atomic and molecular levels. The collec-
tive properties of vibrational modes become strength-
ened with the growth of cluster-globular water forma-
tions in size. As a result, hydrogen bonds also become
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stronger, which manifests itself in a considerable in-
tensity enhancement for the valence water voy bond
bands in IR absorption and Raman spectra. Ow-
ing to the collectivization of vibrational excitations
in liquids, nonlinear resonance interactions between
vibrational modes start to play a crucial role; they
are accumulated in space and give rise to substantial
effects [12-14]. This situation is well-known in laser
physics and nonlinear optics, but has not hitherto
been taken into account in the physics of quasiliquid
films on the surface.

The nonlinear generation of excited vibrational
states results in an anomalous enhancement of
vibration—electron and intermolecular interactions
[15, 16], which is essential for a change of nanoob-
ject properties — in particular, for a decrease of the
water freezing temperature and an increase of the wa-
ter density in nanolayers. Nanomaterials contain a
considerable fraction of surface particles with an en-
hanced anharmonicity of vibrations. Nonlinear wave
interactions often play a dominating role at that, in
contrast to bulk media, where nonlinear susceptibil-
ities are substantially lower. For instance, with the
use of of vibrational spectroscopy methods, we earlier
found considerable variations in the properties of ad-
sorbed water in disperse and nanoporous silicate me-
dia, which are similar to phase transitions [17]. The
application of disperse media with a substantial sur-
face area allows a weak signal from separate liquid
nanofilms to be considerably amplified for the varia-
tion in the properties of water nanolayers to be reli-
ably observed, when their thickness increases, taking
advantage of spectroscopy techniques [17].

In this work, a similarity between the properties
of the thinnest water layers adsorbed on the sur-
face of fine-dispersed SiOs and those of quasilig-
uid water films on the surface of ice crystallites is
used to develop new concepts concerning the for-
mation of quasiliquid nanofilms and their proper-
ties in the premelting temperature region. In con-
trast to the majority of works devoted to studying
the plane water nanofilms, we consider the total sig-
nals related to the viscoelastic properties of poly-
crystalline ice in the premelting temperature inter-
val, similarly to what is made for disperse silicate
media. This enabled us to research the properties
of the thinnest water nanofilms on the ice surface at
the initial stages of their formation in a wider tem-
perature interval (from —60 to 20 °C), which creates
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large difficulties if separate plane water nanofilms are
investigated.

When ice melts, the vibrational instability of
the condensed matter state manifests itself [18, 19].
Therefore, if visible [20, 21] or x-ray [22, 23] radia-
tion with the energy of quanta considerably exceed-
ing the instability threshold is applied for studying
the properties of water nanolayers on the ice surface,
it gives rise to badly controllable strong perturba-
tions in the examined system. In particular, it con-
cerns an anomalously wide spread of obtained results
[21]. Instead, the application of a less perturbative
method of IR spectroscopy in the overtone range [17]
allowed the existence of three discrete quantum states
of adsorbed water on the surface of disperse SiOs to
be established. This discovery is confirmed by a dis-
crete change in the positions of three spectral compo-
nents belonging to the bands of valence mode over-
tones 2vopg and 3vopg, which is associated with the
increasing thickness of adsorbed water nanofilms [17].
The discrete spectral modifications in the absorption
spectrum of adsorbed water can be connected with
the formation of discrete nanostructures, i.e. clusters
of water molecules. These results allow the problem
dealing with the manifestation of discrete properties
of water nanofilms on the ice surface to be tackled in
a different way.

In this work, we carried out a weakly perturb-
ing experimental research of quasiliquid water films.
For this purpose, we analyzed the temperature de-
pendence of the complex shear modulus of polycrys-
talline ice G = G + 1G5 and focused our attention
on its imaginary part, the viscous loss modulus Ga.
An enhanced sensitivity of the applied technique is
connected with the summation of contributions from
plenty of quasiliquid nanofilms on the surfaces of
polycrystalline ice grains and an anomalous strong re-
duction of the G; » magnitude by 8 or 9 orders of mag-
nitude at the ice-to-water transition. The new ide-
ology and experimental technique allowed the emer-
gence of 5 to 7 discrete nanoformations of quasiliquid
water to be registered in the course of growing the
nanofilm thickness at the temperature elevation. For
the analysis of the physical properties of liquid water
nanofilms to be comprehensive, the exposition of orig-
inal results obtained for their viscoelastic properties is
preceded by a consideration and a critical analysis of
known literature data [20-25]. It especially concerns
data on the manifestations of discrete properties of
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Fig. 1. Temperature dependences of the thicknesses of water nanofilms (a) on the ice surface, which is in contact with air [20]
and between ice and SiO2 surfaces [22] (b and the inset in panel a [21]), as well as their resolution into separate temperature-
dependent Lorentzian-like components. In panel b, curve I corresponds to a smooth (d = 15.5 A, o =27 A) and curve 2 to a
rough (d =20.4 A o=4a7 A) surface of SiO2 oxide on the (001) and (111) planes, respectively, of silicon crystal

water nanofilms in the temperature dependences of
their thickness, L(T). These data are necessary to
get a more profound understanding of original results
obtained in this work while studying the viscous loss
modulus. For the first time, we have analyzed the
cluster structure of quasiliquid water nanofilms in the
ice premelting region and the connection of this phe-
nomenon with the temperature digitization of melting
in nanolayers [25].

2. Discrete Properties of Quasiliquid
Nanofilms on the Ice Surface

The dependence L(AT) of the thickness of a sin-
gle water nanofilm on the surface of ice contact-
ing with water vapor on the temperature difference
AT =T — T,,0, where Ty, is the melting tempera-
ture of ice, was obtained in works [20, 21] with the
use of the optical reflection method and is shown in
Fig. 1,a. In Fig. 1,b and in the insets in Figs. 1,a
and b, the similar dependences for quasiliquid wa-
ter nanofilms between the surfaces of ice and SiOq
layers on the (001) and (111) planes of crystalline
silicon are depicted. The results were obtained by
reflecting hard x-ray radiation with a wavelength of
0.174 A and an energy of about 71 keV [21, 22]. In
the cases of clean ice surface and its contact with
H>O vapor, the quasiliquid water nanofilm exists in a
temperature interval from about —4 to 0 °C. In the
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absence of water vapor, the interval of existence for a
quasiliquid water film gets narrowed to —1.3 -0 °C
[21]. Quasiliquid water films between ice and SiO,
surfaces exist in a wider temperature interval from
—30 °C (and even lower) to 0 °C [22,23]. This phe-
nomenon can be induced by the rough SiO, surface,
which is characterized by an enhanced anharmonic-
ity of atomic vibrations and, therefore, promotes the
process of surface melting. Alternatively, it can be a
result of the application of high-energy x-ray quanta,
which increases the vibrational instability of ice in its
near-surface regions.

According to the data shown in Fig. 1, the thick-
ness of water nanofilms reaches a value of 4-6 nm and
drastically increases in a close vicinity of the phase
transition temperature 7T,o. In particular, according
to the optical reflection and ellipsometry data, the
thickness of quasiliquid water films can attain 200—
1000 nm at |AT| < 0.1+0.3 °C [21]. Generally speak-
ing, we should emphasize considerable variations in
the thickness of quasiliquid water layers on the ice
surface. For instance, according to the optical reflec-
tion data [21] (see Fig. 1,a), the thickness of water
nanofilm amounts to L ~ 2 nm at AT = —2 °C. At
the same time, the researches with the use of x-ray ra-
diation scattering at grazing incidence angles give rise
to L & 20 nm [21], whereas the value of L can reach
45 nm at the same temperature according to the data
of atomic power microscopy [24]. Hence, providing
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identical AT-values, the thickness of quasiliquid wa-
ter layers can change by more than an order of mag-
nitude, which testifies to an extremely high lability of
their properties and a substantial influence of high-
energy experimental techniques on the results of mea-
surements, which was already mentioned above. A
specific sensitivity of the properties of quasiliquid lay-
ers on solid surfaces to external factors follows from
the resonance nonlinear-wave mechanisms of phase
transitions [26, 27]. According to the nonlinear-wave
concept of phase transitions, the latent melting heat
is connected with the nonlinear generation of higher
vibrational modes, which results in the vibrational
instability of the substance and a transformation of
its electron states. At the same time, nonlinear wave
interactions are known to induce extra variations of
physical quantities.

The influence of the rough character of SiOq
nanolayers covering the (001) and (111) planes of Si
on the properties of quasiliquid nanofilms can be il-
lustrated on the basis of data exhibited in Fig. 1,b.
Lower curve 1 of the dependence L(AT) corresponds
to a smoother SiOy nanolayer with the thickness
d = 1.55 nm and the characteristic dimension of
roughnesses o = 2.7 A [23], which corresponds to the
size of HoO molecule. Upper curve 2 corresponds to
a rougher surface of the SiOy nanolayer with the av-
erage thickness d = 2.04 nm and the average rough-
ness o = 4.7 /OX, i.e. the size close to that of two
water molecules. While approaching the temperature
Tno = 0 °C, the enhanced nonlinearity of the rougher
SiOs layer brings about an approximately two-fold in-
crease in the thickness of water nanofilms.

All L(AT) dependences in Fig. 1 demonstrate well-
pronounced shoulders, which correspond to certain
features in the structure of the water nanofilms under
study, and even some nonmonotonicities in the depen-
dence L(AT) are observed. In particular, in Fig. 1,a,
one can see a shoulder at about —1.5 °C, whereas the
both insets in Fig. 1 illustrate the existence of the
intervals of weak temperature-induced variations of
the nanofilm thickness at about —10 °C. In Fig. 1,b,
one can see that, after a “plateau” L = const in the
interval from —20 to —5 °C, where different rough-
nesses of SiOs nanolayers weakly manifest themselves,
a “quasiplateau” (weak oscillations of the thickness)
is observed in the temperature interval from —1 to
—0.25 °C for a smoother SiOs layer (curve 1). If the
roughness of the SiOs nanolayer that contacts with
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the water nanofilm is higher, a drastic growth of the
water film thickness L is observed in the same tem-
perature interval, which testifies to a possibility for a
number of scenarios describing the formation of water
nanofilms at the ice premelting and predicting differ-
ent properties of the formed nanofilms to exist.

The temperature-related features in the formation
and the properties of quasiliquid nanofilms on the ice
surface can be presented more illustratively by de-
composing the dependences L(AT') obtained earlier
[20-23] into separate components of a given form.
Our numerical analysis showed that the most opti-
mum is the decomposition of the dependence L(AT)
into Lorentzian components, which is illustrated in
Fig. 1. The dependence in Fig. 1,a reveals the exis-
tence of two Lorentzians with the maxima at —1.26
and —0.42 °C. The “quasiplateau” in curve 1 in the
temperature interval from —1 to —0.25 °C (Fig. 1,b),
which was discussed above, may probably have the
same origin as the feature at about —0.4 °C does
(Fig. 1,a). In the insets in Fig. 1, one can clearly
distinguish sections in a vicinity of —7.2 (panel a)
and —9.6 °C (panel b), where the thickness of water
nanofilms varies more smoothly with the tempera-
ture. Moreover, after L — 0 at T = —24.6 °C° in
the dependence L(AT) in Fig. 1,b (curve 1), the sur-
face quasiliquid layers are observed at T = —30 °C
with effective thicknesses of about 0.45 and 0.8 nm,
which considerably exceeds the thickness of a single
monolayer of water molecules. The observation of
such water “nano islands” at lower temperatures and
their absence at higher ones can be explained by a
nonintegral character of thin water nanofilms and the
existence of definite temperature intervals, in which
such island films turn out more stable. The proce-
dure applied to the examined dependences L(AT)
to decompose them into elementary temperature-
dependent components allowed us to find those dis-
crete regions of enhanced stability of water nanofilms
at ice premelting.

Our preliminary analysis of some L(AT) depen-
dences known from the literature made it possible to
distinguish not less than 3 or 4 temperature intervals
with enhanced stability of quasiliquid water nanofor-
mations on the ice surface. In the region of enhanced
stability of nanoformations, their thicknesses remain
almost invariable within some temperature interval,
being substantially thicker than a single monolayer of
water molecules. The analyzed data showed that the
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minimum thickness of such nanoformations is equal to
the thickness of 2 to 3 monolayers of HoO molecules.

It is essential that the thickness of water nanofilms
grows in a step-like manner when the temperature
is elevated. For instance, the thickness of water
nanofilms grows approximately from 0.75 to 1 nm
when the temperature changes from —9.6 to —7.2 °C,
which may correspond to the thickness variation
from three to four conditional monolayers of wa-
ter molecules. According to the results of numeri-
cal decomposition of L(AT) dependences, the thick-
ness of stable water nanofilms is approximately equal
to 2.5 nm in a temperature interval near —1.26 °C.
Thus, we may talk about a discrete variation in
the thicknesses of water nanofilms on the ice sur-
face, which stems from the dimension discreteness of
molecules and molecular nanoformations.

According to the results of quantum chemical cal-
culations, there can exist both stable closed cyclic
clusters of water molecules (H20),, with n = 3 + 8
[28-30] and more massive spatial clusters of water
molecules, e.g., in the form of dodecahedra (H30)sy,
combined pentagonal prisms, and more complicated
molecular formations [30-33]. It is natural that
the quantum-mechanical structure discreteness of
quasiliquid nanolayers on the solid surface gives rise
to a discrete character of their properties, which is
the subject of this work.

3. Temperature Dependence of the Viscous
Loss Modulus of Polycrystalline Ice

The imaginary part of the shear modulus G = G; +
i(Gy characterizes viscodissipative properties of the
medium (polycrystalline ice). The temperature de-
pendences G2(T) were studied with the use of the
differential method of torsional vibrations, which was
proposed and described in works [34, 35] in detail.
The advantage of this method consists in that it en-
ables the measurements of the shear modulus to be
carried out for the same specimen in the regime of
its continuous heating starting from the temperatures
T < To and to T > T, irrespective of the aggre-
gate state of the substance to be studied, liquid or
solid. In terms of the parameters of free damped os-
cillations of a torsion pendulum, the imaginary part
of in detailshear modulus—the loss modulus Gy—was
determined by the formula

AT (fa— fon), 1)

T 7RY
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where f is the frequency, « is the damping coefficient
for free torsional oscillations of the pendulum in a
cuvette filled with a researched substance, the zero
subscripts relate the corresponding quantities to ex-
periments with an empty measuring cuvette, J is the
inertia moment of the mobile pendulum part, [ is the
specimen length, and R is the internal cuvette radius.

The temperature dependence of the imaginary part
of the shear modulus, G2(T"), was measured in a tem-
perature interval from —60 to 20 °C with an incre-
ment of about 1 °C. In order to increase the reliability
of our researches, we carried out ten independent se-
ries of measurements for the dependence Gy(T'). In
order to reduce the relative measurement error, we av-
eraged the results of ten measurements of Go(T) car-
ried out at every temperature point in the researched
interval. The obtained averaged dependence G3(T')
is shown in Fig. 2,a. For the sake of comparison, the
inset in this panel exhibits the results of measure-
ments for two experimental series demonstrating the
maximum difference between each other. One can
see that the measurement results are in rather good
agreement in the “wings” of G5(T') dependence curves.
Together with rather a small spread of experimental
points even in the interval of dependence maxima,
this fact characterizes the accuracy of measurements.
At the same time, the discrepancies in the region of
maxima considerably exceed the measurement accu-
racy. We associate them with possible extra varia-
tions of measured quantities and the bifurcation of
modes at nonlinear wave interactions. In turn, this
is related to the nonlinear generation of nonequilib-
rium vibrational states, whose strong excitation gives
rise to a vibrational instability in condensed media
and a transformation of electron states in the course
of melting [18, 19, 26]. The observation of such su-
perregular variations of physical quantities comprises
a powerful argument in favor of the nonlinear-wave
mechanisms of melting, which will be illustrated in
subsequent publications in more details.

In general, the obtained dependence G3(T) is char-
acterized by a considerable asymmetry with a gradual
growth in the low-temperature section and a dras-
tic decrease, when approaching the melting temper-
ature of bulk ice (T,,0 = 0 °C). The maximum of
this dependence is located at 262 K (—11 °C) and
equal to Gomax = 315 MPa. It can be observed
below the temperature interval, in which a water
nanofilm exists on the free ice surface (from —4 to
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Fig. 2. (a) Temperature dependence of the imaginary part G of the shear modulus averaged over ten independent experiments.
The results of two experiments with the largest difference between their results are shown in the inset. (b) Temperature dependence
of the second derivative of the experimentally observed dependence G2(T)

0 °C) [21]. Owing to the extremely high sensitiv-
ity of the applied technique to premelting processes,
we succeeded in registering the variations of the loss
modulus Gs for ice at temperatures lower than 210 K,
which is illustrated by a ten-fold scaled-up section in
the low-temperature wing of the dependence G3(T')
in Fig. 2,a. For the sake of comparison, the high-
temperature wing is also shown scaled up. One can
see that the magnitude of G5 changes by more than
seven orders of magnitude on the low-temperature
side and by more than eight orders of magnitude in
the high-temperature region including the transition
into the liquid state. Hence, the applied technique al-
lowed us to discover premelting processes in the tem-
perature range 0.77,,0 < T < Tho-

To compare, the temperature maximum of plas-
ticity in metals at low irradiation doses is observed
in the interval 0.35T},,0 < T < 0.5T},0 [36]. This
fact testifies that the premelting process is a global
phenomenon connected with many structural param-
eters of a substance. The main vibrational and elec-
tron states of the latter evolve in a wide temperature
interval. This evolution cannot be described in the
framework of formal thermodynamic models, without
making a detailed analysis of electron and vibrational
states, as well as their coupling. This circumstance
determines the necessity in a subsequent research of
dynamic viscoelastic properties and spectral charac-
teristics of the substance.

In the averaged resulting dependence Go(T') de-
picted in Fig. 2,a, one can distinguish the manifesta-
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tions of shoulders on the low- and high-temperature
sides of the maximum (they are marked by arrows),
as well as weak lateral maxima. These peculiarities
testify to changes in the structure and properties of
quasiliquid layers on the grain surfaces of a polycrys-
talline ice specimen and can be associated with a dis-
crete variation of the water nanofilm thickness (see
Fig. 1). The corresponding features in the structure
and properties of water nanofilms on the ice surface
can be detected more reliably by analyzing the sec-
ond derivative of the function Go(T'), which was cal-
culated numerically with the use of averaged exper-
imental data. For the calculation of d?Gy/dT? to
be more proper, we carried out a linear interpolation
of discrete experimental data; simultaneously, we di-
minished the step of data discretization and addition-
ally smoothed the data. The obtained temperature
dependence of d>Gy/dT? is shown in Fig. 2,b. The
numbers shown near the minima of d*Gs/dT? indi-
cate their temperature position in terms of Kelvin de-
grees. Their reliability and independence of measure-
ment errors are confirmed by a good reproducibility
of results in every experimental series (it was addi-
tionally checked up).

In the temperature dependence of d?Gy/dT? shown
in Fig. 2,b, one can distinctly distinguish a num-
ber of minima, which correspond to concave sec-
tions in the averaged dependence G5(T') (Fig. 2,a),
i.e. to the examined peculiarities of the loss mod-
ulus connected with a discreteness of the thick-
ness and properties of quasiliquid water nanofilms.
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Fig. 3. (a) Results of the numerical decomposition of the resulting experimental dependence G2(T') into Gaussian-like compo-
nents. (b) The second derivatives of the experimentally observed (1) and calculated (2) G2(T')-dependences

It is evident that the main minima of d>Gy/dT?
monotonously become deeper at the temperature ele-
vation or when approaching the melting temperature
of ice Tp,0 = 0 °C. The latter is associated with a
sharp peak in d?Gy/dT? and corresponds to a dras-
tic reduction of dGy/dT at the ice-to-liquid transi-
tion. The magnitude of this maximum exceeds the
depth of the deepest minimum located in a vicin-
ity of 270 K.

There are a number of peculiarities in the examined
temperature dependence of d?Go/dT?. (i) The maxi-
mum of function Go(T') corresponds to the minimum
of its second derivative in a vicinity of 262 K, and the
absolute minimum of d?Gs /dT 2 is reached at a tem-
perature that is higher than the location of the maxi-
mum of Gapax. (ii) The temperature interval between
the minima of d2G>/dT? increases from 5 to 8 K, as
the temperature grows. However, there emerge addi-
tional minima at that, which are located between the
main ones. For instance, the minimum at 266 K is
equidistant with respect to two main peculiarities in
vicinities of 262 and 270 K. (iii) Some features are
observed in the range of liquid water (T' > 273 K),
which can be associated with the metastability of and
spatial inhomogeneities in water. The corresponding
amplitudes of d2Gy/dT? variation are much smaller
than those of additional minima in vicinities of 257
and 266 K. Nevertheless, they clearly manifest them-
selves in the form of lateral maxima in the depen-
dence Go(T) (Fig. 2,a). (iv) Some of the d*Go/dT?
minima reveal themselves in the lower-temperature
region (210-235 K) — e.g., near 224, 228, and 232 K —
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with a reduced interval between them, which approx-
imately equals 4 K.

In addition, a number of fine peculiarities taking
place within the interval of 270-273 K may turn out
hidden owing to the smoothing procedure and a dras-
tic variation of the second derivative between the
main extremes. The revealed regularities in the be-
havior of d?Gy/dT? are confirmed, to a great extent,
by the differential scanning calorimetry data, which
are considered in the next section.

In order to extract the individual contributions
of discrete temperature peculiarities to the aver-
aged experimental dependence G5(T'), the latter was
numerically decomposed into separate temperature-
dependent components of a given form. The num-
ber of components in the decomposition was deter-
mined with regard for the main minima in the sec-
ond derivative d>Gy/dT? (Fig. 2,b). In the course
of numerical decomposition of the function G3(T')
into separate components, the least-square method
was used, in which the temperature position of com-
ponents, their shapes (Lorentzian or Gaussian), in-
tensities, and halfwidths were varied. It turned out
that the averaged experimental dependence Ga(T')
can be better represented by a sum of Gaussian-like
components.

The obtained results are depicted in Fig. 3,a. The
temperatures of the maxima of separate components
and the temperature halfwidths 7" for some of them
are also indicated. The correctness of the decompo-
sition is confirmed by good agreement between the
second derivatives d?Gy/dT? from the experimental
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and calculated functions Go(T) (Fig. 3,b). Only one
component with a maximum at about 280 K was con-
sidered in the liquid-phase interval. One can see that
four main minima of d2Gs/dT? near 248, 255, 263,
and 200 K, as well as a weaker component at about
280 K in the liquid-phase interval, are reproduced well
in the calculated decomposition, which confirms the
reliability of marked temperature peculiarities in the
structure and properties of water nanofilms on the ice
surface.

Since the Gs-value in the low-temperature wing of
the function G2(T) is approximately 10 times as large
as the corresponding values in the high-temperature
wing (see Fig. 2.a), the decomposition in Fig. 3,a
must inevitably include a wider temperature compo-
nent. In the examined decomposition, this compo-
nent has the halfwidth 0T ~ 42 K. It can also reflect
the contribution made by several lower-temperature
components, e.g., located near 224, 228, and 232 K.
The variation of the temperature halfwidth 67 with
increase in the temperature, which was obtained from
the results of numerical decomposition, is shown in
the inset in Fig. 3,a. One can see that the magni-
tude of dT rapidly decreases firstly and, afterward,
remains almost constant within the accuracy of cal-
culations. In particular, a somewhat larger halfwidth
of the maximum component at 262.9 K stems from
the neglect of a probable extra component in a vicin-
ity of 266 K.

Thus, a pronounced sequence of discrete variations
in the viscoelastic properties of polycrystalline ice
specimens with surface water nanofilms was detected
in the wide temperature interval of ice premelting (at
270, 266, 262, 258, 254, 248, 243, and 238 K) and in
the interval of liquid phase (at 280 and 288 K).

4. Correlation of the Density Maxima
for Water in Nanofilms with the Temperature
Intervals of Film Stability

The results of our researches dealing with the dis-
crete structure and properties of water nanofilms on
the surface of ice crystallites allow us to revise the re-
sults of known measurements of the water density p in
single plane nanofilms obtained with the use of hard
x-ray radiation with a wavelength of 0.174 A [23].
In those researches, the average density of water in
nanofilms, p = (1.19 + 1.20) g/cm®, was determined
from the results of p-measurements at various temper-
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atures and film thicknesses. However, the discovery
of discrete features in the temperature dependences
of the nanofilm thickness, L(AT), (Fig. 1) and the
imaginary part of the shear modulus, Go(T'), which
was made while studying the viscoelastic properties of
polycrystalline ice in the interval of premelting tem-
peratures, stimulated us to analyze the known tem-
perature series of measurements for the water density
p in more details. The results obtained for a thinner
and less rough SiOs layer on the surface of crystalline
Si contacting with a water nanofilm are presented in
Fig. 4,a. By comparing this figure with both panels
of Fig. 1, one can distinctly see that the water den-
sity reaches its maximum values of about 1.3 g/cm?
in the regions, where the structure of water nanofilms
is stable and their thickness changes weakly with the
temperature. Such an almost regular growth of the
water density clearly testifies to changes in the water
structure.

The results of spectral researches of water nano-
films on the ice surface carried out by us and their de-
tailed comparison with the results of quantum chem-
ical calculations of water clusters (H20), [28-32],
which will be reported in the next work, testify to
the formation of closed water clusters on the ice sur-
face. It is pertinent to present two arguments in fa-
vor of this statement. (i) The temperature intervals
of enhanced stability for the cluster structure of wa-
ter layers with a collective increase in the hydrogen-
bond energy and a definite squeezing of the substance
structure [19] are in agreement with the experimen-
tally observed increase of the density in water nanola-
yers to 1.2-1.3 g/cm? [23]. (ii) According to the tab-
ulated data [23], the experimentally measured values
for the ice surface roughness, o(T"), which are shown
in Fig. 4,a, are also attained in the regions, where
closed water clusters with an increased water density
are formed. For a better representation, the results
for o in Fig. 4,a are scaled up by a factor of five. It
is meaningful that the maximum values for (T are
comparable with the size of HoO molecules. More-
over, 0 = 0 between the intervals of cluster structure
stability, and the water density becomes lower.

Those facts comprise additional arguments in fa-
vor of the existence of temperature intervals, where
the cluster structure of water nanofilms is stable at
the ice premelting. At viscoelastic deformations of
ice columns, rotations of closed water clusters and
changes in the orientation of ice polycrystals are pos-
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Fig. 4. (a) Temperature dependences of the density of

quasiliquid water on the ice surface, p, and the parameter of ice
surface roughness, o, according to the tabulated data in work
[23]. (b) The results of numerical decomposition of the differ-
ential scanning calorimetry data [25] obtained at the melting of
water nanointerlayers confined between a lamellar mesophase
at its concentrations of 60, 70, and 80% into Gaussian-like
components. (¢) Dependences of the temperatures of three ob-
served maxima, T;,, on the water nanolayer thickness d. The
correlation between the temperatures of maximum stability of
water nanofilms, Ty, and the temperature maxima of thermal
effects at the melting of ice nanointerlayers, T,,, is illustrated
in the inset

sible, which gives rise to a growth of the viscous loss
function G3(T') (the imaginary part of the shear mod-
ulus). An additional dispersion of ice stimulated by
its deformations is also possible at that. Those pro-
cesses can be active at lower temperatures, which
can explain the emergence of additional closely lo-
cated minima in the second derivative d*Gs/dT? at
T < 255 K (see Fig. 2,b).

5. Relation Between the Premelting
Phenomena and the Temperature-Heat
Discretization at Nanostructure Melting

Similar to thin films of quasiliquid water on the
ice surface, water nanolayers of the thickness d =
= (1.5 + 18.6) nm can emerge between confining lay-
ers of a lamellar mesophase. In work [25], the proper-
ties of such water nanolayers were studied using the
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method of differential scanning calorimetry (DSC),
and three pronounced maxima of thermally induced
effects were revealed in the interval from —11 to 2 °C.
The thickness of water nanolayers diminished with
increase in the mesophase concentration. It is very
important that those results concern water nanolay-
ers, the thickness of which is approximately the same
as that of quasiliquid water layers on the ice surface.
Therefore, those results can be very useful in under-
standing the ice premelting phenomenon.

We performed a detailed numerical treatment of
graphic data presented in work [25]. Some of the re-
sults obtained are illustrated in Fig. 4,b. In this figure,
the decompositions of DSC temperature data into
separate components of a given form at mesophase
concentrations of 60, 70, and 80% are depicted. Those
are the concentrations, at which the thinnest (less
than 1.5 nm) water nanolayers are realized, which
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links them with the properties of quasiliquid water
films in the ice premelting interval. Our research
showed that the best results are obtained if the Gaus-
sian form is used for the decomposition into separate
components.

One can see that the positions of maxima for ther-
mal components calculated for the water nanolayer
thickness d ~ 1.5 nm are in very good agreement
with the stability intervals for water nanofilms on the
ice surface (see Fig. 1); namely, these are —9.6, —7.2,
and —1.26 °C. At a water nanolayer thickness of
1.5 nm, the main maximum of heat absorption takes
place at a temperature of about —2 °C, which is close
to the melting temperature for massive ice specimens
(Trno = 0 °C). At higher concentrations of the liquid
crystal phase (70-80%), more disperse states of wa-
ter are formed and the maximum of thermal effects
shifts to the interval, where the central of three peaks
dominates (at about —6.7 °C) (see Fig. 4,b). For a
smaller water quantity, the largest maximum of ther-
mal effects is shifted into the low-temperature region
(T ~ —9.1 °C), as is shown in the inset in Fig. 4,b,
although the magnitude of those effects becomes ap-
proximately 30 times smaller at that.

The dependences of the temperatures of thermal-
effect maxima on the thickness d of water nanolayers
confined between the mesophase lamellae are shown
in Fig. 4,c. One can see that, in the range where the
thicknesses of water layers are small (d ~ 1.5 nm), the
temperature interval between the maxima of thermal
effects, AT, approximately equals 4 °C. In the range
of larger thicknesses (d > 2 nm), we have AT =~ 4 °C
at low temperatures, and AT ~ 8 °C when approach-
ing the melting temperature of the bulk phase, which
corresponds well to the discreteness of minima for
the second derivative d?Go/dT? revealed at studying
the viscoelastic properties of polycrystalline ice (see
Fig. 2,b). The correlation of the temperature posi-
tions of thermal-effect maxima, T;,,, averaged over the
given set of minimum thicknesses of water nanolay-
ers at mesophase contents of 60, 70, and 80%, with
the locations T, of thermal stability ranges for the
thicknesses of water nanofilms on the ice surface (see
Fig. 1) is illustrated in the inset in Fig. 4,c.

Hence, the maxima of thermal effects are observed
in the temperature intervals of maximum stability of
water nanofilms on the ice surface. This fact testi-
fies to a profound fundamental interrelation between
those phenomena, which needs further researches. An
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anomalous stability of the closed clusters of quasilig-
uid water on the ice surface in certain temperature in-
tervals seems to be associated with the temperature-
heat discretization of the melting process in nanolay-
ers, when the total heat of the phase transition is a
sum of three separate contributions. It is important
that the reductions of the specific melting heat and
the phase transformation temperature at a decrease
of the water layer thickness, which were revealed by
the authors of work [25], are typical of nanoobjects
and are related to the enhanced anharmonicity of vi-
brations for surface or near-surface atoms. For in-
stance, according to the results of work [37], the melt-
ing temperature for gold nanoparticles 2 nm in size
decreases by 1000 K in comparison with that for mas-
sive gold (1340 K).

6. Conclusions

The experimental researches and the detailed analysis
of the ice premelting problem, which were done in this
work, allow the following conclusions to be drawn.

1. The application of an original technique at study-
ing the viscoelastic properties of polycrystalline ice,
which enables the integrated characteristics to be
obtained for a considerable number of quasiliquid
nanofilms located on the surfaces of separate crys-
tallites, allowed us to reliably observe a variation of
the viscous loss function G5(T) — the imaginary part
of the shear modulus — in a wide temperature inter-
val from —60 to 20 °C. Discrete variations of the loss
modulus were detected at temperatures of 270, 266,
262, 258, 254, and 248 K.

2. The discrete behavior of the properties of quasilig-
uid water nanofilms on the ice surface is confirmed by
the existence of temperature intervals, in which the
thickness L(T') of those films is constant. The depen-
dences Go(T') and L(T') were resolved into elementary
components, for which the temperature positions and
halfwidths were determined.

3. The increase of the water density in nanolayers up
to 1.3 g/cm? was found to occur in the intervals of en-
hanced temperature stability of water nanofilms. The
ice roughness also grows in the same intervals [23].
With regard for the known sum-frequency generation
spectra from the ice surface—water nanofilm interface
[38, 39] and the results of quantum chemical calcu-
lations of water clusters (H20),, [28-33], the crucial
role of cluster structure in both water nanofilms and
the surface of ice single crystals was demonstrated.
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4. A close connection between the discrete dissipative
quasiviscous properties and the thicknesses of water
nanofilms was established. Three pronounced max-
ima of thermal effects at the phase transitions in wa-
ter nanofilms confined between lamellar layers of the
mesophase were revealed. All those parameters were
found to have peculiarities in the same temperature
intervals (from —11 to —10 °C, from —7 to —6 °C,
and from —3 to —1 °C), which evidences the com-
mon nature of different phenomena. Since the spe-
cific heat of bulk ice melting and the limiting value of
the sum of integrated heats for three peaks of thermal
effects discovered in water nanofilms using the differ-
ential scanning calorimetry method [25] are equal to
each other, a conclusion can be drawn concerning the
ice premelting as an integrated process, in which the
vibrational-electron instability of the ice structure is
developed.

5. For 5—7 discrete peculiarities, which were detected
in the viscoelastic properties of polycrystalline ice at
its premelting, a reduction of the temperature dis-
tance between them, AT, from 8 to 4 °C is observed,
as the temperature decreases below —25 °C. This
fact correlates with the behavior of the intervals AT
between the DSC peaks at a change of the water
nanofilm thickness in a lamellar structure [25]. This
can be a manifestation of the additional deformation
instability of the ice structure (similarly to a nanodis-
persion of metals at the twist extrusion [40] that is
widely used in modern materials science).

To summarize, we have established the interrela-
tion of a wide range of phenomena, in particular,
between the viscoelastic and thermal properties of
nanostructures. The next work will be devoted to
spectral methods of studying the discrete proper-
ties of water nanofilms in the ice premelting inter-
val. This will allow us to consider the wave and
quantum-mechanical manifestations of the premelt-
ing phenomenon more comprehensively.
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JUMCKPETHI BJIACTMBOCTI KBASIPIIKHMX ITJIIBOK
BOY B OBJIACTI IEPEAITJTABJIEHHSA JIBOY.

1. TEMITEPATYPHI SAJIE2KHOCTI TOBIIVHN
HAHOIIJIIBOK BOAN TA B’A3KOIIPY>KHUX
BJIACTUBOCTEMN TTOJIIKPUCTAJITYHOI'O

JIBOAY

Peszmowme

ExcrepuMeHTaIBHO BUBYEHO OCOGJIMBOCTI TeMIIepaTypHUX 3a-
JIE2KHOCTEN BJIACTUBOCTEN KBa3ipiIKUX MJIIBOK BOJAY HA ITOBEPX-
Hi KPUCTaJITIB JIbOY IIpH Horo nepeaiuiasieHHi. Jlociigkeno
B’SI3KOIIPY2KHI BJIACTUBOCTI HOJIIKPHUCTAIIYHOrO JILOAY B iHTEP-
Bauti Temmneparyp —60-20 °C. BusiBjieHO 0coBIMBOCTI B TeMIIe-
paTypPHHX 3aJIeXKHOCTSIX TOBIWMH HaHompomapkis soxu L(T) i
yaBHOI yacTuHU MOy 3cyBy G2 (T) (Momysis B’I3KUX BTpAT).
Brepire BcranoBsieHO icHYBaHHSI KBa3i€KBiIMCTAHTHUX TEMIIE-
paTypHUX 3MiH MOMYJIsi B'si3KuX BTpat. llopiBHsiHHS oTpuMa-
HUX Pe3yJIbTATIB 3 JITepATyPHUMHU JAHUMH II[0JI0 TEMIIEPATYP-
Hux 3asexHocreil L(T), a TakoXX TyCTHHE BOLW B HAHOIDO-
mrapkax i IMIOPCTKOCTI ITOBEPXHI JILOY TO3BOJISIIOTH OB’ SI3aTH
CITOCTEPEXKYBaHI 0COBINBOCTI 3 JUCKPETHOIO KJIACTEPHOIO CTPY-
KTYPOIO KBa3ipiIKMX HAHOIUIIBOK BoAu. BcTaHOBIIEHO iCHYyBaH-
HsI TeMIIepaTypPHUX IHTEpPBaJiB HiIBUIIEHO] CTIfIKOCTI KjacTep-
HOI CTPYKTYPH HaHOIJIIBOK BOJH, IO NPOSIBJISIETHCA y BUIVISII
€KCTPEMYyMIB B’fI3KONPY’KHUX XapPaKTEPUCTUK JILOZLY B 0bOJa-
cti mepexniiaBieHHs. Brepiie po3risiacTbCs B3a€MO3B’SI30K
SIBUII[ TIE€PEIJIABICHHS 1 TeMIIepaTypHOI JUCKpEeTH3aIlil Ipo-
[ecy IUIaBJIEHHSI B HAHOIIPOIIAPKaX JIBOILY.
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