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Surface-induced shift of melting/freezing temperatures
at interfaces between two semi-infinite media
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Many physical properties and the structure of liquids at interfaces differ from those of the
same liquids in the bulk state. In particular, the freezing temperatures of numerous liquid
systems at interfaces between two fluids can be either increased or decreased compared to the
temperature of corresponding bulk phase transition. The approach proposed in this paper
allows one to predict the surface-induced shift of the melting/freezing temperatures in various

systems.
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Melting belongs to the simplest first-order phase tran-
sitions that most frequently occur in nature. Theoretical
and experimental investigations of this phenomenon have
been carried out through the ages. Recently, interest in
research in this field has been grown significantly due to
the obtaining of new experimental data on phase transi-
tions at interfaces. For instance, in addition to the known
phenomenon called the pre-melting of ice,!2 the exist-
ence of a quasi-liquid layer at the solid—vapor interface
at temperatures below the bulk melting temperature was
reported for metals,3—3 solid inert gases,® semicon-
ductors,” and polymers.® In contrast to this, the al-
kane—vapor,? alcohol—vapor,1? and alcohol—water!1:12
systems including a broad range of hydrocarbons and
alcohols, as well as the surfactant adlayers at alkane—water
interfaces!314 show freezing of the surface layers/adlayers
at temperatures above the bulk phase transition tem-
perature.

Various theoretical approaches were proposed to ex-
plain these features of the phase transitions at interfaces
between two media. For instance, the theory of surface
freezing of n-alkanes!® is based on the inclusion of the
center-of-mass fluctuations of a long-chain alkane mol-
ecule along the molecular axis and, correspondingly, fluc-
tuations of the mutual arrangement of methyl groups in
the neighboring molecules in the surface monolayer. Ac-
cording to calculations, 5 it is these fluctuations that can
provide the energetically more favorable (due to the en-
tropy term) quasi-solid state of the alkane monolayer on
the surface of a bulk liquid hydrocarbon phase. It should
be noted that the entropy mechanism proposed!5 for the
liquids with linear chain molecules is inapplicable to the

liquids with spherical molecules and requires a signifi-
cant modification prior to being applied to branched mol-
ecules.

Yet another approach to the description of surface
melting was developed in a study!® of surface-induced
smectic ordering in the fluid of hard spheres. The order-
ing exponentially decreases on going into the interior of
the bulk phase and causes the appearance of an additional
term in the expression for the free energy of the system.
This term oscillates upon a change in the distance from
the interface and for some systems makes the existence of
a liquid layer on the surface of the bulk solid phase at
temperatures below the bulk melting temperature ener-
getically favorable. At the same time this approachl® can
not be immediately applied to, e.g., electrolyte solutions
or to liquids with non-spherical molecules.

The two methods!>16 treat the surface melting and
surface freezing as phenomena of different physical na-
ture. Using thermodynamic analysis, in this work we will
show that both phenomena can be explained from the
standpoint of a unified approach based on the inclusion of
the effect of the surface forces on the structure of the
liquid in the surface layer.

Thermodynamics of the boundary phase

Following the classical studies,1’—1? we will consider
a surface layer at the interface between two fluids as a
boundary phase. The outer boundaries of this phase sepa-
rate homogeneous bulk phases from inhomogeneous sur-
face layer. According to the Gibbs integral equation, the
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excess free energy, UE, of a unit surface area of this phase
can be written as follows

E — 7¢E
Ut =18 +Y+er“i’ (D)

where T is the absolute temperature, SE is the excess
entropy of the unit surface area, I'; are the surface excesses
of the solution components, y; are the chemical poten-
tials of the solution components, and v is the energy of
formation of the unit surface area; summation is per-
formed over all the solution components. All the surface
excesses refer to a certain dividing surface whose position,
in the case of a planar boundary, can be chosen arbi-
trarily. Let this boundary coincide with one of the outer
surfaces of the boundary phase, which separates, e.g., the
homogeneous bulk phase 1 and the boundary phase o
(Fig. 1). Then one has

UE: qu UI[’ SE:SO(*S[I, 1",»=nu’.fn“’., (2)

where U, S, and N, are the internal energy, entropy, and
the number of moles of the components in the boundary
phase per unit surface area of the boundary phase; Uy, Sy,
and ny;, refer to the same parameters for the equivalent
volume of the homogeneous phase I1. Let the thickness of
the boundary phase be 4. Because the Gibbs free energy
Gy per unit surface area of the interface written for phase 11
is given by

Gy = Znyp; = Uy — TSy + Ph 3)
(P is the pressure in the system), one gets
v= Uy — TS, + Ph — Zn, ;. (4)

The Gibbs free energy per unit surface area of the bound-
ary phase can be calculated using the following equation

G, = Znul.u[. (%)

It should be noted that constancy of the chemical
potentials of the components in different regions of
the compositionally and structurally inhomogeneous

Homogeneous bulk phase 11

Ist layer
2nd layer
~ Bondary phase o
kth layer
J «— Gibbs
Homogeneous bulk phase 1 Dividing
surface

Fig. 1. Scheme of the system under study.

boundary phase o is held due to the presence of a nonuni-
form external field (here, this role is played by the macro-
scopic field of surface forces). This field decreases into
the interior of each phase along the normal to the inter-
face and is uniform in the cross sections parallel to the
interface.

Assuming a constant composition and structure of the
boundary phase with no field of surface forces, the fol-
lowing relationships are valid for the Gibbs free energy of
this phase (G,")

Gy = U, = TS, +Ph = [p, (21 (2)dz, (6)
h

where p,,(z) is the density of the ith component in the
boundary phase, A,(z) are the coordinate-dependent (be-
cause of inhomogeneous structure) chemical potentials of
the components in the boundary phase in the absence of
the field of surface forces, the z axis is oriented normal to
the interface, and integration is performed over the whole
thickness, A, of the boundary phase. For brevity, in the
text below this phase will be called the reference phase.
By dividing the reference phase into sublayers character-
ized by constant A,(z) values from Eq. (6) one gets

G, = zk' Py Kiges (7)

where £ is the sublayer number.
With allowance for expression (7), relation (4) takes
the form

Y= 2y (e = 1) ®)
ik

Clearly, because of rapid decrease in the field of sur-
face forces one has Ay — |; at large k values and only a
finite number of the surface sublayers contribute to the
Gibbs free energy of formation of the unit surface area.

Assuming that the boundary phase is one monolayer
thick, expression (8) is reduced to the equation first de-
rived by A. A. Zhukhovitskii!? based on the consideration
similar to our treatment:

Y= Zn,‘(x,‘_ H,) (9)

Since in this work we are interested in the phase tran-
sitions at interfaces in one-component systems, expres-
sion (8) can be re-written in a simpler form:

Y=an(7~kfu)=ZYk, (10)
k k

where v, is the contribution of the corresponding sublayer
of the boundary phase to the energy of formation of the
unit surface area of the interface. Note that because of the
nonequilibrium state of the reference phase one always
has A; > p and each term in expression (10) is non-
negative.
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The following should be pointed out prior to consider-
ing phase transitions in different layers of the boundary
phase. Because the reference phase was chosen in such a
manner that its composition and structure in each layer at
all temperatures be the same as the composition and struc-
ture of the corresponding layer in the real boundary phase,
the transition temperature for the kth sublayer of the ref-
erence phase and for the coresponding sublayer of the
phase o are the same. This is a consequence of unambigu-
ous relation between the phase state of a substance and its
temperature and density at a given pressure. Thus on the
one hand, to study a phase transition in the kth sublayer
of the real boundary phase, it is sufficient to study the
phase transition in the corresponding sublayer of the ref-
erence phase, considering the latter as a region of a cer-
tain bulk phase. On the other hand, inhomogeneous struc-
ture of the boundary phase leads to a sequence of phase
transitions as the temperature of the system approaches
the bulk transition temperature and the structure of the
boundary sublayers matches the structure of the bulk
phase.

Treating the vapor of the component under study as
an ideal gas, one can relate the corresponding chemical
potentials to the vapor pressure:

pw=m+ RTInp°, (11)
M =R + RTInpg, (12)

where [ is the temperature-dependent standard chemical
potential independent of the state of the component un-
der study;1? p* is the vapor pressure corresponding to the
equilibrium between the vapor and the volume element of
the bulk liquid characterized by the chemical potential A.
From relations (11) and (12) one gets

P = plexpl (b — W/(RT)] = pexply/(mRT)].  (13)

From Eq. (13) and the non-negativity of y, values it
folows that the vapor pressure corresponding to the equi-
librium between the vapor and any sublayer of the refer-
ence phase should not be less than the vapor pressure over
the initial bulk phase (i.e., p;* > p° at v, > 0). Rela-
tion (13) is in fact the equation of state for the kth surface
sublayer and can be written for both the liquid (L) and the
solid (S) states of this sublayer:

— .0
p/((x(L) = P eXp[Yk(L)/(nk(L)RT)L

Pis) = Pls) X1V s) /(i sy RT)1- (14)

Now we will use the fact that the change in the va-
por pressure over the liquid and solid obeys the
Clausius—Clapeyron equations. Following the classical
tradition, we will assume that they are also valid for the

metastable states, namely, a superheated solid or a super-
cooled liquid:

din p(OL) _ Ly din p(os)

LSV
, = SV 15
dT RT? dT (15)

RT?’
where L;y and Lgy are the molar heats of vaporization

and sublimation, respectively. From relations (15) it fol-
lows that

0 0
dl“<1’<L>/p(S>> ___4q (16)
dT RT?

Here g = Ly — Lgy is the latent heat of melting of the
bulk phase. By integrating Eq. (16) from the melting tem-
perature of the kth sublayer in the boundary phase (Tka)
to the bulk melting temperature 7f with allowance for
relationship (13) and using the following expressions

0 - ,0 — Tbf
Dy = Ps)at T=T",
PRy = Pisyat T=T;, (17)

we eventually get for the shift of the melting temperature
of the kth sublayer in the boundary phase

AT, = be _ Tsf = be Yk(S) _ Yk(L) (18)
k k .
T L% M) Jyog

From Eq. (10) it follows

YiesLy ~ YLy~ j%cY/(s,L)' (19)

Then one has

ar, = Yo - Y v |V Vi . 0)
k q | n n “ln n
k(S) k(L)  Jj=k\ "k(S) k(L) T=T,§f

The simplest case to be analyzed is to consider the
boundary phase, which is at most one monolayer thick
due to rapid decrease in the field of surface forces. Nu-
merous experiments showed?-20:21 that this is the case for
n-alkanes at the interfaces with their own vapors. Here,
expression (20) is simplified:

bt
AT, = " Y _ Y . 1
o)y ML) r=1¥

From Eq. (21) it follows that the shift of the melting
temperature of the surface monolayer toward higher tem-
peratures will unambiguously occur if the following con-
ditions are met simultaneously:

Ys <YL sy > No(L)- (22)



Temperature shifts at interfaces

Russ.Chem.Bull., Int.Ed., Vol. 56, No. 1, January, 2007 17

The second inequality in (22) means that the surface
area per molecule in the liquid monolayer is larger than in
the solid. Seemingly, it is this situation that is typical of
n-alkanes. Assuming that the surface energy of the bulk
solid phase at the bulk melting temperature equals the
surface tension of the liquid covered with the frozen mono-
layer at the same temperature, from Ref. 9 it follows that
for alkanes with 16 < m < 50 (m is the number of carbon
atoms) one has yg < y.. The melting of bulk alkanes is
accompanied by an increase in the molar volume.?2 Addi-
tionally, SFG spectroscopy data23 obtained in a study of
the n-alkane surface layers point to structural similarity
between the surface monolayers in the solid and liquid
states. The molecules show a trend to have their long axes
oriented normal to the interface. Here, the liquid mono-
layer is characterized by a larger number of gauche-con-
formations, whereas the molecules in the solid monolayer
mainly adopt the transplanar configuration. These facts
indicate an increase in the molar volume of the surface
monolayer upon melting. Because exact values of the sur-
face areas per alkane molecule in the surface monolayers
are unavailable, we will calculate the shift of the melting
temperature of the surface monolayer using relation-
ship (21) with allowance for the relation between the
molar volume v, monolayer thickness #, and the number
of molecules per unit surface area » = h/v, and using the
data for bulk alkanes.22:2425 The monolayer thicknesses
(assuming their independence of the phase state of the
monolayer) were taken from Ref. 9. The results of calcu-
lations and the experimental values? are plotted in Fig. 2.
Incompleteness of the available experimental data on the
heats of melting, melting temperatures, and the shift of
the melting temperatures in the surface layer precluded
calculations for the whole alkane homologous series. Ad-
ditionally, the data reported by different authors for the
same compounds are significantly different (see, e.g., the

Tsf_ be/K
4 |
3+
2
2+
1
16 20 24 m

Fig. 2. Experimental® (/) and theoretical (2) calculated on the
basis of Eq. (21) shifts of the melting temperature of the mono-
layer surface relative to the melting temperature of the bulk
phase for alkanes with different number of carbon atoms (m).

latent heats of melting?5:26 and the freezing temperatures
of the surface layer of alkanes at interfaces with the gas-
eous phase?>21). Therefore, agreement between the theo-
retical and experimental ATSf values plotted in Fig. 2
(correlation coefficient is 0.78) can be considered as sat-
isfactory. At the same time, Fig. 2 shows a trend to over-
estimation of the ATf values obtained from calculations
using Eqn. (21) compared to experimental data. Appar-
ently, this is a consequence of the use of the parameters
characterizing the bulk solid and liquid states instead of
the corresponding parameters of the monolayer.

Therefore, it was appropriate to solve an inverse prob-
lem, namely, to estimate the change in the molar volume
upon melting of the surface monolayer using experimen-
tal data on the shift of the melting temperature. The mo-
lar volume of the solid monolayer was taken equal to the
molar volume of the solid rotator phase (see Ref. 9). The
results of calculations and the experimental values24
are plotted in Fig. 3. Although, for the reasons dis-
cussed above, the scatter of the theoretical f values
(/= vos)/vaqry) is rather large, the average value of this
ratio (f = 1.09) for the alkanes containing from 16 to
24 carbon atoms is smaller than the corresponding value
characteristic of the bulk phases (f= 1.11).22 Therefore,
the liquid in the monolayer has a higher density com-
pared to the bulk phase. The results obtained are in good
agreement with the published data?3 that indicate a quasi-
solid ordering of the liquid in the surface layer.

The shift of the melting temperature of the monolayer
can also be unambiguously determined if the following
conditions are simultaneously met:

Ys > Y Aoes) < Ao(L)- (23)

In the systems that obey the inequalities (23) the melt-
ing temperature of the surface monolayer is lower than in
the bulk phase (pre-melting of the surface layer should
occur). The system water—water vapor is one of the best
known systems of this type.2” Indeed, experimental

VL/VS
115 ° mJ/
° ° 2
110 | : hd
® ° ° °
[ ]
1.05 | , ,
16 20 24 m

Fig. 3. Relative change in the molar volume at melting of the
bulk phase (/) and surface monolayer (2) on the number of
carbon atoms in alkane molecule (m). Data for the surface mono-
layer were calculated using relationship (21), those for the bulk
phases were taken from Ref. 24. Lines correspond to average
values.
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methods indicate! the existence of a liquid water layer on
the surface of ice at temperatures well below 0 °C. How-
ever, water forms a multilayer boundary phase;28 there-
fore, the shifts of the transition temperatures in the sur-
face layers should be estimated from relationship (20). It
should be noted that evaluation of the vy, parameters ap-
peared in this expression is impossible in the framework
of thermodynamics and requires the use of other meth-
ods. Nevertheless, the approach proposed in this work for
multilayer boundary phases makes it possible to establish
the sign of the shift of the melting temperature of the
surface layers compared to the melting of bulk phases.

If the substances under study are not described by the
systems of inequalities (22) or (23), the sign of the shift of
the melting temperature of the surface monolayer can be
determined by the ratio of the parameters ys/ng s, and
YL/ngy (this follows from Eq. (21)). For instance, the
vs values of alkanes with m < 14 carbon atoms become
larger than y;,% although the condition Ro(sy > Ho(Ly 18
met. As a result, no surface freezing at the alkane—vapor
interface is observed for these compounds in contrast to
the higher alkanes (alkanes with larger m values).

Now we will consider yet another example illustrating
specific features of melting/freezing at gas—metal inter-
faces. Many metals (e.g., AL2? Cu,5 Pb4) are character-
ized by pre-melting on the non-close-packed faces (110),
(221), and (332), whereas the close-packed (111) faces
undergo equilibrium melting only at the bulk melting tem-
peratures. The approach proposed in this work implies the
use of relationship (20) for analysis of the sigh of the shift
of the melting temperature for the boundary phase. For
instance, from the fact that the shift of the melting tem-
perature calculated for the Pb (111) face approaches zero
and from the physically substantiated assumption that all
terms in the sum in relationship (20) have the same sign it
follows that 'Ys/l’lk(s) = 'Y]_/l’lk(]_) and 'Yj(s)/nk(s) = ’Yj(L)/nk(L)
for all k and j. Transition to looser-packed crystal faces,
on the one hand, causes a decrease in 7). On the other
hand, the y5(0)/ys(111) ratio increases in the order (111),
(332), (221), (110),3° thus indicating an increase in yg for
the corresponding face. Thus, the first term in parenthe-
ses in expression (20), which determines the sign of the
shift of the melting temperature of the boundary phase,
becomes positive and increases in the same order, thus
providing an explanation for the experimentally observed
pre-melting on the (332), (221), and (110) faces. Our
qualitative analysis shows that the maximum shift of the
pre-melting temperature on these faces should occur for
the (110) face. This is in excellent agreement with experi-
mental data.431

Summing up, the thermodynamic approach proposed
in this work is based on the inclusion of the effect of the
surface forces on the structure of the liquid in the surface
layer. These forces make the structure of the boundary
phase inhomogeneous and the properties of this phase

different from those of the bulk phase. Additionally, the
surface forces cause the first-order phase transition tem-
perature to shift because of unambiguous relation between
the phase state of a compound and its temperature and
composition at a given pressure. In the case of multilayer
boundary phases, structural unhomogeneity of these sys-
tems can in turn be a reason for a sequence of phase
transitions in particular boundary sublayers as the tem-
perature of the system approaches the bulk transition tem-
perature.32 Finally, in some systems containing anisotro-
pic molecules the surface forces can induce orientation
phase transitions.33

This work was financially supported by the Russian
Foundation for Basic Research (Project No 06-08-00488).
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