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Abstract

A model to describe the phenomenon of the liquid-like layer is proposed. It is
based on the theory of the hydration forces proposed by Gruen and Marcelja
(1983 J. Chem. Soc. Faraday Trans. 11 79 225), taking into account the
influence of ions on the free energy of water. The model was applied to
experimental data obtained with the quartz-crystal microbalance, in a study of
the liquid-like layer between metal and frozen aqueous electrolytes and between
metal and ice.

1. Introduction

The surface properties of any solid differ from its bulk properties. This is the reason for
the formation of a liquid-like layer (LLL) at the interface, at temperatures below the bulk
melting point (7). The formation of this layer is often called a ‘premelting’. It is quite
likely that the LLL can exist on the surface of many substances [1, 2]. The LLL on ice
or between ice and other solids has attracted the greatest attention. The existence of the
LLL has been proven by means of different experimental methods, such as mechanical
displacement along an ice surface [3—5], photoelectron spectroscopy [6], IR spectroscopy [7, 8],
vibrational sum frequency spectroscopy [9-11], nuclear magnetic resonance [12], surface
electrical conductivity [13], optical methods [14, 15], atomic-force microscopy [16, 17], the
quartz-crystal microbalance [18-21] etc. The experimental results available clearly show that
both the thickness (/) of the LLL and degree of disordering of water molecules in it decrease
with lowering temperature (increasing supercooling, At = T, — T'). Yet there is a wide range
of thickness, from less than 1 nm up to hundreds of nanometres, even at the same temperature.
This could be caused by the differences in the properties of the systems studied: ice in contact
with water vapour, with metals and with quartz surfaces of different roughness, etc. Another
source of such diversity might be the different experimental methods employed to estimate the
thickness, which reflect somewhat different properties of the system.
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Few theoretical approaches have been proposed to explain the existence of the LLL and
the dependence of its properties, primarily its thickness, on temperature. Fletcher [22, 23]
considered ice in contact with water vapour. The model is based on the assumption that, at the
ice surface, a significant fraction of the molecules is oriented with dipole moments pointing to
the gas phase. The reason for this has to do with dipole and quadrupole interactions of the water
molecules. This leads to the positive polarization charge of the surface, which is screened by
Bjerrum-L defects. The latter is the source of the LLL. The predicted effect for its thickness is
approximately 47 = 2-5 nm at supercooling, At = 1°C.

The basic premise of the theory of Petrenko and Ryzhkin [24] is the assumption of the
existence of a high-density surface charge at ice/vapour and ice/solid interfaces. Whatever the
reason for such a surface charge, its presence leads to an increase in the surface density of
mobile charge carriers and thus to an increase in the surface conductivity and appearance of the
LLL. The calculated thickness of the layer is about 5 nm for supercooling (Af) of 10°C. The
same authors [25] considered the structure of the proton sublattice of ice at ice/metal interface
using the Ginzburg-Landau equation with the boundary condition that describes the presence
of the interface. The interactions between protons and substrate can diminish the proton order
near the interface and influence the order of the oxygen lattice. The calculated thickness of the
LLL at Ar = 3°C s less than 1 nm.

The effects of dispersion forces at interfaces between ice and different substrates have
been considered by Wilen et al [26]. The van der Waals interaction can lead to complete or
incomplete melting depending on the type of substrate. Calculation shows that in the case of
incomplete melting the layer thickness must be less than 1.5 nm for Az > 0.1°C.

Wettlaufer [27] has examined the influence of an ‘impurity’, referring to low concen-
trations of a strong electrolyte, on the surface melting of ice. Only at high temperatures
(At < 0.001°C) does the classical solute effect (Raoult’s low) dominate melting behaviour.
But as the temperature decreases, the van der Waals interaction begins to overcome the in-
fluence of the impurity. At low concentration of the ions, Coulomb interactions can effe-
ctively compete with van der Waals interactions because of a sufficiently large Debye length.

Henson and Robinson [28] showed that the thickness of the LLL for many substances
can be calculated by the universal function of thermodynamic activity. This theory gives, for
example, a thickness of approximately 40 nm for the LLL on ice at At = 1 °C.

In [18] we have used, for the first time, the quartz-crystal microbalance to study the LLL
at the ice/gold and the frozen electrolyte/gold interfaces. All data are summarized in [21]. The
theoretical models mentioned above cannot be applied to the data obtained for one, or both, of
the two following reasons: first of all, most models predict very thin LLLs, whereas the LLL
thickness observed experimentally could be one or two orders of magnitude larger. Second,
these models do not provide a way to take into account the properties of the metal substrate,
whereas experiments show that the potential of the metal and adsorption taking place on it could
drastically change the thickness of the LLL. In an effort to explain these facts, we propose a
model that takes into account the influence of the forces arising from the water structure in the
LLL, and the change in the energy of the LLL due to the presence of ions.

2. Experimental data

The quartz-crystal microbalance (QCM) technique is well described in a series of
reviews [29-34]. Figure 1 shows a sketch of the instrumental set-up. Usually, the QCM
was used in the following configuration: one or both sides of the vibrating quartz plate are
in contact with ‘semi-infinite’ gas or liquid medium. In our experiments one side of the
QCM was separated from ice (or frozen electrolyte) by an LLL. The existence of this layer
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Figure 1. Schematic representation of the set-up. ICE—ice or frozen electrolyte; NA—network
analyser (Agilent, E5100A) connected to electrodes (gold) of the QCM; PS—potentiostat (PAR
273) connected to the upper electrode of the QCM, used as a working electrode, and to counter-and
reference electrodes (CE and RE, respectively). All dimensions (thickness of the liquid-like layer,
LLL, quartz-resonator plate, quartz, etc) are not drawn to scale. In experiments with pure water, PS,
RE and CE were not used.

is essential in allowing the QCM to work as a resonator: the layer serves as a ‘lubricant’.
Of course its thickness and mechanical properties determine the resonance of the QCM. It
can be described by two parameters, directly measured with the network analyser during the
experiments: ['—the width of the resonance peak at its half height—and A f—the difference
between the fundamental frequency measured under given conditions and the fundamental
frequency of the unloaded QCM (both sides of the QCM in contact with gas phase He or Hy).

Two models were developed [19] to evaluate the thickness, 4, of the LLL, from the
experimental data on I and Af. These models consider the movement of the vibrating plate of
the QCM, separated by an interlayer (LLL) from an immobile wall (frozen electrolyte). In one
model, the LLL is treated as a viscous liquid. This model allows fitting the experimental data
only if Af < 0. The other model treats the substance in the LLL as a viscoelastic medium and
is adaptable to the cases in which A f is positive or close to zero. Strictly speaking, A f is not the
only parameter that determines the applicability of one or another model. This also depends on
the value of I (see [18] for a more detailed discussion). Typical data obtained, when studying
the LLL with this technique, are shown in figures 2—4. The fact that the response of the QCM
in the range of temperatures studied cannot be described by only one assumption concerning
the state of substance inside it testifies to the fact that lowering the temperature leads to a
strengthening of the interactions between water molecules in the LLL, transforming it from
liquid (or liquid-like) into viscoelastic (or solid-like). Under some experimental conditions,
the properties of the LLL correspond to some ‘transition’ state and are consistent neither with
the liquid-like nor the solid-like states. In such cases it is impossible to calculate & from the
response of the QCM. In figures 3 and 4, data corresponding to these cases are marked by
crosses.

Calculated values of the thickness of the LLL (%) are shown in figures 2(d) and 4(c). The
validity of this way of obtaining the thickness of the LLL was confirmed by simultaneous
measurements of 4 obtained with the QCM and direct measurements of the thickness of the
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Figure 2. Gold-coated QCM in contact with 0.1 M aqueous solution of HCIO4 at —3.9°C:
dependence on potential of (a) current density, J; (b) width of resonance, I'; (c) shift of resonance
frequency, Af, and (d) calculated thickness of the LLL, /. Open and closed circles correspond to
different directions of potential scan (10 mV s’l), as shown by the arrows. (From [21].)

LLL with an optic-displacement device [20]: The data obtained by the two techniques are in
complete agreement.

Consider the features of the data shown in figure 2, which were obtained at —3.9°C
during continuous changes in the electrode potential. The electrochemical behaviour of systems
with an LLL is very similar to that usually observed under the same conditions, but at
room temperature [35]. In the region marked DL in figure 2(a), only a very small current,
corresponding to charging of the electrical double layer, was observed. In this region, &
decreases with increasing potential. The increased anodic current in the region marked ‘Ox’
corresponds to the formation of a surface oxide layer on gold. When the direction of the
potential scan is reversed, a cathodic current peak, corresponding to the reduction of this
surface oxide, is observed (marked as ‘Red’). The variation of % in this region of potentials
also shows hysteresis; from this one can conclude that the adsorption of oxygen on the gold
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Figure 3. Temperature dependence of (a) shift of resonance frequency, Af, and (b) width of
resonance, [", at potentials of 0.3 V (squares) and 0.8 V (circles). Full and blank marks indicate
data which could be used to evaluate the thickness of the LLL with the help of models in which the
LLL is treated as a viscous liquid and as a viscoelastic medium, respectively. The data marked by
crosses correspond to intermediate cases, where neither of the models could be applied.

surface leads to an increase in the thickness of the LLL. Similar variations were obtained at
temperatures of —5.1, —3.1 and —2.15°C. At all temperatures the cyclic-voltammetry curves
are essentially the same. The response of the QCM and 4 show the same types of dependence,
but differ in their absolute values, according to the temperature. Figure 3 summarizes these
data showing the temperature dependences of the QCM response for two chosen potentials.
At room temperature, the influence of potential and oxygen adsorption on the response of the
QCM (as a rule <30 Hz [30, 32]) is fairly negligible on the scale of the graph shown in this
figure.

The data shown in figure 4 were obtained with pure water (Milli-Q followed by distillation)
with no control of the potential of surfaces of different hydrophilicities (for details see [21]).
These data show that the LLL depends strongly on the state of the electrode surface. When
the metal surface is made hydrophilic, the LLL could be observed at temperatures only a few
tenths of a degree below the melting point. For hydrophobic surfaces, the LLL is observed at
much lower temperatures.

Thus, the proposed model of the LLL has to explain the following experimental facts:

(1) The LLL can be hundreds of nanometres thick even at supercooling of only a few degrees.

(2) The thickness depends on the potential applied to the metal electrode.

(3) Itis influenced by adsorption of oxygen on the metal surface.

(4) It depends strongly on the treatment of the metal surface. This means that the thickness of
the LLL is determined by the interaction of water with the surface in contact.
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Figure 4. Temperature dependence of (a) the frequency shift, Af, (b) the width of the resonance,
I', and (c) the calculated thickness of the LLL, &, obtained in the system of an LLL between ice and
bare gold (2), gold modified with cysteamine (hydrophilic surface) (3), and cysteamine and butyl
aldehyde (hydrophobic surface) (1).

3. Model

3.1. Hydration forces

The equilibrium structure of bulk liquid water is a random network of hydrogen bonds, many of
them strained or broken. The main structural elements of it and the properties of the hydrogen
bonds depend on temperature. We consider the layer of water confined between metal and
ice surfaces at temperatures below the melting point, Ti,, taking into account the electrical
potential, which might be applied across the system. In addition, we consider here the case in
which the entire potential drop is across the metal/LLL interface; i.e. there is no potential drop
across the other interface (LLL/frozen electrolyte). The latter could take place if this interface
were permeable to one of the charged species. This seems correct if the electrical conductivity
of the system is determined by the mobility of protons, as in acid solutions and pure water
systems, which we will discuss below.

We also assume that there is no ordering, leading to non-zero surface polarization, of water
molecules near the ice surface; otherwise the interface would melt, according to the concept of
Fletcher [22]. In other words, the polarization density (P (z)) is zero at the ice/LLL interface
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(P(h) = 0, where h is the LLL thickness). Another situation exists at the metal surface.
Chemical interaction between the metal and water molecules leads to some ordering of the
latter that might be influenced by the applied potential, i.e. (P(0) # 0). We consider the LLL
to be a structured medium, in which the linear relation between polarization (P (z)) and electric
field (E¢(z)) has been violated. We do not know what the real structure of this layer is. We
assume only that the structure of water inside the LLL gives rise to

(i) the non-parallelism of the electric field and polarization and
(ii) the existence of decay length of polarization much larger than in liquid water.

In our consideration we follow the work of Gruen and Marcelja [36] in which the
polarization in water, described as a structured medium with tetrahedral coordination between
molecules, was calculated as the polarization in ice with large concentrations of Bjerrum
defects. In the absence of a relation between the configurational polarization, P(z), and the
macroscopic electric field in the LLL, E¢(z), these functions have to be obtained from the
minimization of the free-energy functional. The free-energy density considered in [36], from
the linear approximation, has the form

2 2 2 2 2 P
g(z)zsooEf(z)+P (z)+§_ﬂ(dP(z)> n D <d(sooEf(z)+4nP(z))) W
dz 8meg dz

37 2Xe 2Xe €0
Here, ¢y and e, are the low- and high-frequency dielectric constants, respectively, x. =
(60 — €x)/4m and Ap is the Debye length. The characteristic length & describes the decay
of the polarization in the absence of an applied external field. We use the polarization decay
length as a parameter that lies in the interval between 0.3 nm in bulk water at room temperature
and 33.2 nmin ice [37]. The differential equations for the electric field and the polarization are

d?E¢(z) d’P(z)
2 (sw 20 bt ) = £0Er(2) @
&’Pz) e
£—— = = (—xEi2) + P2)) . 3)
dz &0
The solution is determined by the abovementioned boundary conditions:
PO) = Py, €xEi(0)+47P(0)=4mo, Ef(h)=0, P(h) =0, “)
where o is the surface-charge density. The solution has the following form:
E¢(z) = aexp(z/M) + bexp(—z/A1) + cexp(z/A2) +d exp(—z/A2) &)
P(z) = xilaexp(z/r1) + bexp(—z/X1)] + x2lcexp(z/Az) + d exp(—z/A2)]. (6)
The explicit values of the coefficients a, b, ¢ and d are given in the appendix and
| 5 12\ /2
€0 .2 i+1 2 €0 o2 292
Mo=— |+ —E+ (=D <A +—§) —4E7A N
2\ e CI D
—1
g &7
i=x|1——= 8
Xi =X ( .~ )\?) ®)

where i = 1, 2. Substitution of solutions (5) and (6) into equation (1) and integration over the
layer thickness provides an additional term to the free energy related to the electric field, the
polarization and the interaction between them,

[e¢]

h
F(h, Po,0)=/ g(z,h,Po,G)dz—/ 8(z, 00, Py, 0) dz. (€))
0 0



J. Phys.: Condens. Matter 19 (2007) 376109 L Daikhin and V Tsionsky

The difference in chemical potential of the system with a given & and with 7 — oo as a function
of the electric field and polarization can be written as
1 dF (h, Py, o)

10
P dh (10

App =

3.2. The influence of ions on the free energy of the LLL

The free energy of the LLL, which is in our case an electrolyte, can be calculated by
integration of the Gibbs—Duhem equation if we know the ionic free energy. For the mean
activity coefficient of a 1-1 electrolyte, we use the simplest expression obtained by Debye and
Huckel [38, 39]:

A
1+ Bym

L \3/2
where A = /2mp; N (ﬁ) and B = aJSnp;NASO%. Here, Na, p;, m and a
are Avogadro’s number, the density of the solvent, molality and the average ionic radius,

respectively and b is an empirical parameter. From equation (11) we obtain the expression
for the change in the chemical potential of the solvent due to the presence of ions

1

We assume, as done in [27], that any change in the thickness of an existing LLL results only
from the freezing of water. First of all, this means that the number of ions in the layer is constant
and the concentration of ions is inversely proportional to the LLL thickness

N,
m= .
pih
Here N; is the number of ions per unit area. Second, it means that differences in the chemical

potentials of frozen and liquid phases can be expressed by taking into account only the latent
heat of melting of ice, gm:

In(ys) = — +bm (1D

A
AI'Lions =2RT [_m(l + bm/2) + E (1 =+ B«/E—

13)

Ap = ‘;—m(T T (14)

It is clear that equation (13) cannot be used when 4 — 0. The observed thickness of the LLL
varies in a range of 20—400 nm. Even at these 20-fold ‘compressions’ of the LLL equation (13)
could be used as a first approximation.

3.3. Calculation of the thickness of the LLL

From the equilibrium condition (equality of the chemical potentials of the contacting phases:
Ap = App + Aions) We obtain the following expression:

| dF(h. Py, o)
o dh

which permits us to calculate the thickness of the layer as a function of the temperature,
the charge density on the metal surface, the surface polarization and the concentration of the
electrolyte, h = h(T, o, Py, N;). Thus the thickness of the layer is determined by the balance
of three forces. The first one is related to the configurational polarization of the LLL (the
repulsive hydration force), the second contribution is due to ionic interactions (Debye—Huckel
screening effect and Raoult’s law) and the third is the thermodynamic force that governs the
water/ice bulk equilibrium.

+ Aftions(Ni, h) = ’;—‘“(T —Ty) (15)
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4. Application of the model to experimental data

4.1. The LLL at a frozen electrolyte/metal interface

At this point, we wish to explain how the experimental data, like those shown in figure 2(d), can
be applied to equation (15). During an experiment, we obtain three parameters: the thickness
of the LLL, &, the temperature, 7', and the potential of the metal electrode, E. Now, instead of
E, equation (15) contains a function of the surface-charge density, o. The latter is connected
to the electric field and surface polarization through equation (4). As mentioned above, the
existence of the LLL practically does not change the shape of the cyclic voltammograms. At all
temperatures, they are essentially the same as at room temperature, independent of the presence
or absence of the LLL. Moreover, our preliminary measurements of electrochemical-impedance
spectroscopy showed that the measured capacitance is also independent of the presence or
absence of the LLL. The dependence of o on potential, E, can be expressed with the use of the
experimentally measured double-layer capacitance (C &~ 70 uF cm™2) by the following linear
relationship:

o = C(E — Epzc), (16)

where Epyc is the potential of zero charge of the gold electrode. Clearly, the o(E)
dependence is much more complex, and the use of the linear approximation, equation (16),
is a simplification. However, at this stage of the research, this simplification seems justified.
All previous mathematical treatments leading to equation (15) were also made with the use of
linear approximations.

To use equation (15) one needs to make assumptions concerning a few additional
parameters.

(1) The concentration N;: we assume that the concentration of the electrolyte in a ‘thick’
LLL, the LLL at temperatures near the melting point, is close to the concentration of
the initially liquid electrolyte, 0.1 M. For the thickness of this ‘thick’ LLL, we chose
450 nm, the maximum value observed in our experiments. This assumption leads to the
value N; = 0.045 mol nm cm 2.

(2) The average ion size, a, from equation (11): we take @ = 5 A as obtained in [40] by fitting
the experimental data on the ionic activity coefficient for HCIO;.

(3) We can neglect the parameter b from equation (11): at small extent of supercooling when
the chemical potential, A ions, determines the thickness of the layer, the concentration is
low and term bm in equation (11) is small. The term bm can play an important role only at
high concentrations. High concentrations in the LLL can be achieved at high supercooling,
when the LLL is thin. However, at small / the contribution of this term of the chemical
potential, in comparison with other terms in equation (15), is less important.

(4) The high-frequency dielectric constant €,: in the theory of dielectric relaxation, €oo
corresponds to the dielectric permeability at frequencies at which the contribution of the
orientation polarization of the permanent dipoles of the molecules is very small. It is
known from the experiments [41] that for ice €5, = 3. For liquid water it decreases from
6 at 125°C to 3.9 at 0°C [42], approaching the value for ice [43]. Another reason for a
lower value of &4, could be the influence of ions [42]. In our calculations we use the value
€00 = 3.

(5) The decay length of configurational polarization &: its value depends on the structure of
the substance. We assume that the substance inside the LLL has a structure intermediate
between ice and water. In our calculation, we will use & as a parameter with values between
0.3 nm (water [36]) and 30 nm (ice [37]).
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Figure 5. Calculated temperature dependence of the LLL thickness for different decay lengths and
surface polarizationsato = 0: (1) € = S5Snm, Py = —0.5Py; (2)§ = 10nm, Py = —0.3 Py, and (3)
& =10nm, Py = —0.5Py. Py = 32 uC cm™? is the maximum value of surface polarization [36].

(6) Itis known [44] that at the potential of zero charge the hydrogen atoms of water molecules
are closer to the gold-electrode surface than are the oxygen atoms. We suggest that this
orientation also takes place at the gold surface in contact with the LLL, i.e. Py < 0.

Figure 5 shows typical results of the calculation of A, with the use of equation (15) and
the assumptions listed above, for the LLL at a gold electrode in 0.1 M HClIO4. At small
supercooling (crosshatched region), & does not depend on the parameters that characterize
polarization (Py and &). In this region, the existence of the LLL is determined in general by
the second term on the left-hand side of equation (15)—by the free energy of the ions (Debye—
Huckel screening effect and Raoult’s law). At greater supercooling, the role of polarization
becomes crucial. Figure 5 shows that increasing | Py| and/or & result in an increase in the LLL
thickness. For this figure, all calculations were made for the case of an uncharged surface
(o0 = 0). This means that the electrode potential is equal to Epyzc. The shapes of the curves
remain qualitatively the same for cases in which E # Epyzc. All the experimental data shown
in figures 2 and 3 fall just in the region of strong influence of Py and &.

Figure 6 shows estimates of the dependence of surface polarization on potential, obtained
with the use of experimental data on the behaviour of the LLL at a gold electrode in
0.1 M HCIOy (figure 2(d)) and similar data at other temperatures (figure 3). We processed only
data obtained at potentials corresponding to the so-called ‘double-layer region’, £ < 0.7 V,
where only electrostatic adsorption takes place. The potential of zero charge was taken as 0.2 V
versus SHE [45]. The calculated dependences of Py on the potential ensure the coincidence
of the experimental and theoretical dependences h(E). Figure 6 shows that the higher the
temperature the greater the absolute value of the polarization near the electrode. This seems
reasonable, because the lower the temperature the more structured must the substance inside the
LLL be. At all temperatures, d Py/d E > 0. This is also reasonable, since the initially negative
polarization diminishes with increase in the positive potential of the metal surface. Here it must
be emphasized that this was not fed into the theory, but is only a result obtained with the use of
the experimental dependences 4 (E).

The calculations presented in figure 6 were made under the assumption that & is constant
at all temperatures and all potentials and is equal to 13 nm. This number was chosen arbitrarily.
However, our analysis showed that at § < 10 nm there is no possibility of correlating the
model with the experimental data. Using other values of &, different from 13 nm, could lead
to other absolute values of Py, d Py/dE > 0 and d Py/dT > 0. Nevertheless, the character of
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Figure 6. Surface polarization, Py, normalized by the maximum value of polarization of water,
versus potential, at temperatures of (1) —2.15°C, (2) —3.9°C and (3) —5.1°C.

the dependences shown in figure 6 will remain qualitatively the same. It is reasonable to expect
that £ is also a function of potential and temperature. Intuition suggests that there should
be correlation between the changes in & and Py: the more structured the substance becomes (it
does not matter by what means—Dby changes of temperature or changes of potential) the smaller
should | Py| be and the larger £. But at this stage of research we have no concrete information
about these correlations and all our calculations serve only to establish a qualitative picture of
the phenomena: the decrease in the surface polarization is the main reason for the decrease in
the repulsive hydration forces acting between the electrode and ice surface, which leads to the
diminishing of the layer thickness.

4.2. LLL at ice/metal interface

Here we wish to correlate the model with the experimental data presented in figure 4, obtained
in experiments with pure water in contact with surfaces of different hydrophobicity. We
consider pure water an electrolyte containing only HT and OH™ ions at concentrations of
107 M each. Such low concentrations are consistent with a very large Debye length,
about 1000 nm, much larger than the observed thickness, &, of the LLL. This means that
the polarization decay length must be much smaller than the Debye length, § < Ap.
Corresponding calculations of the surface polarization, with the use of equation (15) and data
on A (figure 4(b)), show that under these conditions the surface polarization becomes practically
independent of &.

As in the system containing 0.1 M HCIO, considered above, the LLL formed from pure
water is characterized by a decrease of | Py| with decreasing temperature. However, in the case
of water, the calculated values of | Py| are remarkably lower. The properties of the LLL in this
case are determined mainly by the interplay of ‘thermodynamic’ and hydration forces.
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Figure 7. Normalized surface polarization versus temperature for gold surfaces of different
hydrophobicities: (1) hydrophobic surface, (2) bare gold and (3) hydrophilic surface. The marks are
the same as in figure 3.

The difference in the behaviour of surface polarization of different systems is clearly
expressed in figure 7. In the framework of the model proposed above, this difference could
be attributed to the different structure of water near surfaces that had undergone different
treatments. The structure of water at hydrophilic surfaces sometimes looks like the structure of
ice (e.g. hexagonal crystalline ice at the surface of a hydrated protein [46]). It is very probable
that the hydrophilic surface, containing NH, groups (curve 3), also stimulates creation of a
structure with small surface polarization, similar to crystalline ice. The similarity of this surface
structure to the structure of ice results in freezing of the LLL under conditions of minimal
supercooling. The situation is quite different in the case of a hydrophobic surface. It is well
known that water near a hydrophobic surface has a ‘stretched’ 3D structure with an interrupted
hydrogen-bond network of water adjacent to the surface (‘dangling hydrogen bonds’ [47]). The
preferential orientation of these dangling bonds is responsible for the existence of relatively
high surface polarization in liquid water. To decrease this polarization and modify the water
structure at a hydrophobic surface into an ice-like structure, in other words to freeze water near
the hydrophobic surface, much greater supercooling is needed than in the case of a hydrophilic
surface. It is for these reasons that curves 1 and 3 lie in different temperature ranges. It is most
likely that the contact between bare gold and water creates neither an ice-like structure, nor one
with high surface polarization, but results in some intermediate state.

Effects similar to those shown in figure 7 were observed when contact between a modified
surface of silica and ice was studied with vibrational sum frequency spectroscopy [11]: at the
hydrophilic (NH3 dopant) surface of silica, the temperature range of existence of the LLL is
very narrow, and vice versa at the hydrophobic surface this temperature interval is much larger.
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It has to be noted that the non-treated silica surface shows an intermediate behaviour, similar to
the non-treated surface of gold (figure 7, curve 2).

At first glance, it seems strange that calculated values of the surface polarization for a
bare gold surface in the system with electrolyte (figure 6) are much higher than for pure water
(figure 7). We believe that this is a manifestation of the influence of ions on the structure of
water as ‘structure-making’ agents. This phenomenon was not taken into account in the model.
When fitting the model to experimental data obtained with electrolyte, we obtain an apparent
value of Py as aresult of the neglect of the mentioned phenomenon.

4.3. Oxygen adsorption and the LLL

In the section ‘the LLL at a frozen electrolyte/metal interface’ we restricted our consideration
to data obtained in the so-called double-layer region, where only electrostatic adsorption of ions
could take place. However, experimental data on the response of the QCM and corresponding
estimates of the thickness of the LLL (figure 2) also extend to the potential region where oxygen
adsorption takes place. It will be recalled that oxygen adsorption leads to a broadening of the
LLL. In this region of potentials, the total measured charge of the electrode consists of the
charge expended by the adsorption of oxygen and the surface charge, o, which is necessary to
fit the experimental data to the model. It is impossible to separate these two parts of the total
charge that passes through the electrode when the potential is changed. For this reason, the
influence of oxygen adsorption on the LLL can be explained only qualitatively: adsorption of
oxygen favours preferential orientation of water dipoles, making the water structure less similar
to the ice structure and resulting in partial melting and broadening of the LLL.

It should be emphasized that oxygen adsorption and decrease of potential in the ‘double-
layer’ region increase h (figure 2(d)). These effects are in agreement with each other. The
presence of oxygen on the surface favours the negative orientation of water dipoles, making Py
more negative, exactly in the same direction as the decrease in E (figure 5).

4.4. Correlation between models describing the QCM response and the LLL

To extract information on the thickness of the LLL from the data obtained with the QCM
technique, we have developed a model [19], which deals only with the mechanical properties
of the LLL. This model does not explain either the reasons for the existence of the LLL or
the influence of different parameters (temperature, hydrophobicity and potential of the metal
surfaces etc). Nevertheless, applying this model leads to the conclusion that, as the temperature
decreases, the LLL in a given system is transformed from a liquid (or liquid-like) state to a
solid-like state, exhibiting such properties typical to the solid state as elasticity.

The model presented here tries to explain the reasons for the existence of the LLL and its
behaviour under the influence of different parameters. It operates with interactions of solvent
molecules and ions near the metal/LLL and LLL/ice or frozen electrolyte interfaces. Fitting
this model to experimental data showed that the absolute value of surface polarization, | Py|, for
all discussed systems decreases with decreasing temperature. Note that all data presented in
figures 6 and 7 and initially processed with the model, which considered the substance in the
LLL as a viscoelastic medium, have the lowest values of | Py|. This shows correlation between
two independent models: low values of | Py| are typical of well structured, solid systems like
ice, naturally possessing elasticity. In the reverse direction, raising the temperature melts the
substance inside the LLL, making it less structured, more polarizable, and allowing it to be
described as a Newtonian liquid. Unfortunately, there are not enough data to answer the obvious
question of whether this transformation goes progressively or it is a phase transition.
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5. Conclusion

Experimental data obtained in our laboratory, during a study of the LLL in different systems,
showed that the state of the metallic surface (its potential, hydrophobicity, and adsorption taking
place on it) could force the processes of melting and freezing of the LLL/ice interface. It is
particularly remarkable that both metal/LLL and LLL/ice interfaces could be separated by tens
or even hundreds of nanometres. It is clear that these long-range interactions arise from the
properties of the substance inside the LLL, probably due to the existence of sufficiently large
clusters. The latter could ensure the non-collinearity of the electric and polarization fields and
sufficiently large decay length of the polarization.

The model proposed here is based on the theory of hydration forces by Gruen and Marcelja,
coupled with generalization of the ideas of Fletcher (dipole and quadrupole interactions and the
role of Bjerrum-L defects) and Wettlaufer (electrostatic interaction of ions inside the LLL). The
influence of the ions on the free energy of water was taken into account in its simplest form: the
expression for the free energy includes Raoult’s law and the Debye—Huckel screening effect.

To calculate the thickness of the LLL with the use of the model one needs knowledge
of the surface polarization and its dependence on temperature and potential. The lack of
this information makes such a calculation impossible. However, the reverse procedure—
establishing the surface polarization with the use of experimental data on the thickness of the
LLL—evidenced a few aspects that were not a priori used in the model.

(1) As it should, the surface polarization becomes less negative when the potential becomes
more positive.

(2) The surface polarization tends to zero with decreasing temperature. This means that the
structure of the substance in the LLL becomes increasingly similar to the structure of ice.

(3) At a given temperature, the absolute value of the calculated surface polarization, |P|,
is much larger in the case of a hydrophobic surface than in the case of a hydrophilic
surface. This is in agreement with what is known about the behaviour of water molecules
in the vicinity of these surfaces: a hydrophilic surface creates an ice-like structure while
a hydrophobic surface imposes preferential orientation of water dipoles. Here we should
also mention the experiments involving oxygen adsorption on a gold surface. Adsorbed
oxygen increases the preferential orientation of water dipoles and leads to broadening of
the LLL.

(4) The lowest values of | Py| were observed only in the cases in which the LLL exhibits the
properties of the solid-like state, as revealed from the specific behaviour of the response of
the QCM.

At this stage of the research we do not pretend to give a quantitative description of the LLL
with the help of the model developed, which clearly needs further refinement and improvement.
However, we can state that adding the theory of hydration forces in the description of the
LLL gives a consistent qualitative description of its behaviour under the influence of different
parameters. It is also evident that there is a lack of experimental data, and the model presented
in this paper could guide future experiments, e.g. with electrolytes of different concentrations
and ions, differently influencing the structure of water.
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Appendix

The explicit form of the coefficients a, b, ¢ and d:

Py— (0 — P)x

a= =] (A.1)
(X1 — x2)(1 — exp(2h/11))
b = —aexp(2h/A1) (A.2)
Py— (o — Po)xi
c=— - (A.3)
(X1 — x2)(1 — exp(2h/12))
d = —cexp(2h/ry). (A4)
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