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Effect of long-range forces on surface freezing

Prabir K. Mukherjee and Moshe Deutsch*
Physics Department, Bar-Ilan University, Ramat Gan 52900, Israel

~Received 5 April 1999!

We examine the effect of long-range van der Waals interactions on surface freezing~SF! in linear hydro-
carbon chain molecules, and the wetting criteria of the bulk liquid by the crystalline surface phase. We find that
although the effect of van der Waals interactions is small for SF of normal alkanes, it is important for SF of dry
and hydrated alcohols. We also find that the long-range interactions should not be ignored in the interpretation
of wetting phenomena in recent experimental results. The results are in good agreement with recent
experiments.

PACS number~s!: 68.10.2m, 61.25.Em, 64.70.Dv
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I. INTRODUCTION

The recently discovered surface freezing~SF! in normal-
alkanes, alcohols~dry and hydrated! and several other chai
molecules has attracted much experimental@1–9# and theo-
retical @10–16# attention. In alkanes@2–4# an ordered crys-
talline monolayer is found to form at the surface of a sing
or bicomponent melt up to 3 °C above the bulk freezi
point. In alcohols@5–9# SF results in the formation of a
crystalline bilayer at the surface of the melt at temperatu
up to 1 °C~dry! or 2 °C ~wet! above the bulk freezing point
The molecules in the layer are hexagonally packed and s
a number of distinct rotator and crystalline phases.
should, in principle, depend sensitively on the type and ra
of interactions between the surface and bulk and, as sh
by Tkachenko and Rabin@12# ~TR!, also on the thermal mo
tion of the molecules in the crystalline surface layer. Surfa
freezing is also a special case of interfacial wetting. T
wetting, however, is incomplete according to the experim
tal observations: the single monolayer or bilayer per
down to the bulk freezing temperature, and the numbe
layers does not increase as bulk freezing is approached
required by a complete wetting scenario@17#.

Theoretically, molecular-level calculations@12#, lattice-
gas models@11#, density-functional theory@15#, and com-
puter simulations@10,14,16# were used to account for the S
effect. Leermakers and Cohen-Stuart@11# based their lattice-
gas model calculations on the surface activity of the l
dense CH3 end groups of the alkane molecules, which
duces a surface-normal alignment of the chains. This al
ment was confirmed experimentally, even when the surf
is liquid, by nonlinear optical measurements@18#. A surface-
normal molecular alignment is also found in the densi
functional calculations of ten Bosch@15#, even though a
simple rigid rod model is employed for the molecule. T
@12# proposed a molecular-level theory, employing
fluctuation-based entropic scenario, to account for SF in
kanes. They suggested that the SF layer is stabilized by
free-energy gain due to unusually large up-down therm
motion of the molecules, a few Å in amplitude. Such
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amplitude can be accommodated by the surface crystal w
out violating the Lindemann criterion for the crystalline st
bility because although large, the amplitude is still only
small fraction of the molecular length for these long mo
ecules. They suggest that the same model is also applic
to other hydrocarbon chain molecules, not just alkan
though no specific results are presented for, e.g., alcoh
Sirotaet al. @13#, based on the experimental result by Zism
@19#, argued that surface freezing can be explained as a
wetting effect, without the need to resort to a molecular-le
theory. Molecular-dynamics simulations by Kawamata a
Yamamoto@14# argue that the surface monolayer is due to
preferred bond orientation perpendicular to the surface
the segregation of the chain ends at the surfaces. Smithet al.
@16#, using molecular-dynamics simulations as well, with
potential similar to that of Xia and Landman@10#, also find
an ordered surface phase in a thin alkane slab near,
above, bulk freezing. The crystalline in-plane order found
the measurements is, however, not reproduced. Rathe
smecticlike order is obtained with an increased in-plane
fusion of the molecules. They also find that the temperatu
induced surface-normal motion of the molecules in the la
is larger than that in the bulk rotator phase, supporting
molecular-level theory of TR, where this motion is the s
bilizing agent of the surface-frozen layer.

In spite of these, and other, theoretical and experime
efforts there still remain a number of key questions conce
ing the properties of surface freezing. One such key issu
how these simple theories, all of which address only
simpler case of SF in alkanes, should be modified for oth
more complicated, hydrocarbon chain systems like dry a
hydrated alcohols. Having established experimentally a p
tial wetting of the surface by the SF monolayer and bilay
it is of interest to investigate the forces responsible for t
partial wetting. Also, none of the theoretical studies has
dertaken to determine specifically the wetting conditions a
state. Finally, it is unclear whether SF is a pure fluctuat
effect following an entropic scenario or is it both an entrop
and a wetting phenomena. This is technically a more diffic
question to answer both experimentally and theoretica
The purpose of the present work is to look into these issu
We analyze the effect of long- and short-range forces
surface freezing for alkanes and alcohols~dry and hydrated!,
by extending and refining the earlier study of TR@12#. We
ic
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638 PRE 61PRABIR K. MUKHERJEE AND MOSHE DEUTSCH
find that long-range van der Waals~vdW! interactions have a
negligible effect on alkanes but play an important role
determining the surface freezing effect in dry and hydra
alcohols. The issues above are discussed in the light of t
findings.

II. THEORY

A. General outline

Our aim is to calculate the molecular weight depende
of the temperature range over which a solid monolayer o
bilayer exists at the melt’s surface. We start with the mo
of TR @12#, add a long-range vdW interaction term and e
plore its effect for alkanes. We then explore how well th
model accounts for SF in dry and hydrated alcohols, b
without and with an additional short-range polar interact
term due to the hydroxyl head groups.

B. Normal-alkane melt

The excess surface free energy per unit area due to
creation of the crystalline surface phase atT5Ts has the
form @12#:

dḡ[g2g l5~T2Tb!DSbN/A01Dg (0)2Ds . ~1!

Surface freezing occurs whendḡ is negative atT5Tb , the
bulk freezing temperature. The first term on the right-ha
side of Eq.~1! is the free-energy penalty for the creation o
stack ofN ordered layers at the surface. In the case of
kanesN51. DSb is the entropy difference atT5Tb between
liquid and solid, andA0 is the area per molecule. The seco
term, Dg (0)5gs1gsl2g l , arises from the replacement o
the liquid-vapor interface~which exists forT>Ts) by the
solid-liquid and solid-vapor interfaces of the crystallin
layer-covered bulk melt.g l , gs , andgsl are the equilibrium
surface tensions of the liquid-vapor, solid-vapor, and so
liquid interfaces. The third term in Eq.~1! is an additional
correction term of the surface tension due to the deviation
the configurational properties of the surface phase from
of the bulk liquid. This is assigned by TR@12# to up-down
molecular fluctuations and is given as

2Ds52@~kBTb/2!ln~Tb /T0!23wn#/A0 , ~2!

whereT0525 K, w is the internal mismatch parameter, a
n is the number of carbons in the chain. The fluctuat
contribution2Ds is viewed as a finite-size correction. Th
condition for the occurrence of surface freezing then
comes@12#:

dg1[@~kBTb/2!ln~Tb /T0!23wn#/A02Dg (0)~Tb!.0.
~3!

Equation~1! does not consider the long-range vdW for
between molecules and surfaces, which is the main inte
tion among the alkane chains@20#. The wetting of the bulk
alkane liquid by the solid rotator surface phase is experim
tally found to be a partial wetting, as only a single monolay
exists down toTb . As demonstrated by Fisher@21#, any long
range interaction always plays an important role in thr
dimensional~3D! and 2D wetting problems. Here we con
d
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sider only the interface-interface vdW interaction. Approx
mating the SF film to have a continuous and unifo
distribution of matter bounded by two interfaces~solid-liquid
and solid-vapor! the long-range vdW potential near surfa
is given by@20#

V~d!5x1 /~12pd2!, ~4!

where x15x ls2x l l is the difference between the two Ha
maker constants@17,20# for the indicated interfaces, andd is
the monolayer thickness. In general, partial wetting may
cur if the spreading coefficientS5g l2(gsl1gs) is negative
andx1.0. For partial wetting, the contact angleu is finite
and is given by Young’s equation as

gs5gsl1g l cosu, ~5!

and the spreading coefficient can be written
S5g l(11cosu)22gs.

Thus, in the present caseDg (0)52S, and for S,0,
Dg (0).0. The condition for partial wetting becomes the
ng (0).0 andx1.0. The wetting effect can be included i
the entropic scenario by adding Eq.~4! to the free energy in
Eq. ~1!, so that the excess surface free energy per unit are
the presence of the long-range vdW interaction takes
form

dg5dḡ1x1 /~12pd2!. ~6!

The crystalline surface phase exists in the temperature ra

DT5A0$dg12x1 /@12p~1.27n!2#%/DSb~n!, ~7!

where@2# d5(1.273n) Å is the approximate length of an
n-carbon chain, with 1.27 Å being the projection of th
CuC bond length on the chain axis. The difference betwe
the surface tension of a free liquid surface and that of a liq
covered by a solid monolayer atTb,T,Ts is given by

Dg5dg12x1 /@12p~1.27n!2#. ~8!

In Eq. ~7! only DSb(n), Tb(n) andA0 are experimentally
measurable quantities. The Hamaker constantx1 can be ob-
tained from the measurement of molecular polarizability,
though such data is scarce to nonexistence and inaccu
The value ofDg (0) can be obtained, in principle, from con
tact angle measurements of a series of liquid alkanes of v
ing n on a solid alkane substrate@13,19#. The interpretation
of contact angle measurements, however, is greatly com
cated by surface roughness and inhomogeneities in the s
surface which can introduce hysteresis into the measurem
Moreover, the solid substrate’s wetted surface must b
high-symmetry facet of a single crystal of alkane, since o
then does the liquid contact an ordered CH3 layer, as it oc-
curs in the case of a SF layer. In the literature we could fi
only one such measurement@19#, for C16 against C36. We
have, therefore, fitted Eq.~7! to the measuredDT data using
ng (0), x1, andw as fit parameters, with all other paramete
taken from experiment@2–4#. The measured data~circles!
and fitted curve~solid line! are shown in Fig. 1~a!. As can be
observed, the agreement of the measured data with Eq.~7! is
reasonably good considering the experimental error.
comparison, the TR theory@12#, which does not
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PRE 61 639EFFECT OF LONG-RANGE FORCES ON SURFACE FREEZING
include the vdW term, is shown in a dashed line. Its agr
ment with the measured points, though somewhat less g
than the present fit, is still reasonable. The fit parameters
listed in the first line in Table I. The fittedx153.27
310220 J is in close agreement with the literature valu
@20# 3 –5310220 J for similar molecules. The fit values o
our other parameters are close to those obtained from the
theory@12#, listed in line 2 of Table I. Note, however, that i
the TR theoryw was the only fitting parameter. The value
Dg (0) was calculated there from Young’s equation assumi
mistakenly, a zero contact angle. The contact angle is
fact, finite @13#. Taking, therefore, bothw and Dg (0) as fit-
ting variables in TR’s theory@12# ~i.e. Eq. ~7! without the
vdW term! yields a line which overlaps our solid line ever
where in Fig. 1~a!, and the parameter values listed in t
third line in Table I. Again, the numbers are close to those
the original TR theory and to those of ours. In Fig. 1~b! we
show the measuredDg values~circles! and the lines@accord-
ing to Eq.~8!# corresponding to the fits in Fig. 1~a!, using the
parameters in Table I, and without any adjustable para
eters. The agreement with experiment is, again, satisfac
especially for the theory presented here.

The conclusion from the results presented so far, and

FIG. 1. ~a! The chain lengthn dependence of the temperatu
range existenceDT for the surface crystalline phase of alkanes. T
open circles are measured points from Ref.@3#. The solid and
dashed lines are fits to Eq.~7! with and without the van der Waal
term, respectively. The fit values are given in Table I.~b! The chain
length dependence of the correction of liquid surface tension du
surface freezing for alkanes. The open circles are the meas
values and the lines are plots of Eq.~8!, corresponding to the two
cases in~a!, using the fit parameters obtained there and without
adjustable parameters.
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particular from the overlap between the lines fitted us
TR’s theory and ours, is that the effect of the long-ran
vdW interaction does not seem to be important in norm
alkanes. Note, however, that for conclusions regarding w
ting the vdW interaction term is essential. The positive v
ues of bothng (0).0 and x1.0, obtained in the fit, are
required in order to satisfy the conditions for the experime
tally observed partial wetting of the bulk liquid by the cry
talline monolayer.

C. Dry alcohol melt

We now apply the same model, Eq.~6!, to the SF of dry
normal-alcohols. The only difference from normal-alkane
that here a crystalline bilayer is formed on the surface ab
the bulk freezing temperature. The bilayer thickness
roughly twice the corresponding fully extended molecu
length. Hence, the excess surface free energy per unit
due to the creation of the crystalline bilayer can be written

dg5dḡ1x2/12pD2, ~9!

where D is the total bilayer thickness and@5,8#
D5(231.273n11.46) Å . Accordingly, the crystalline
surface bilayer’s temperature existence range is

DT5A0$dg12x2 /@12p~2.54n11.46!2#%/DSb~n!.
~10!

The difference between the surface tension of the liquid
that of the liquid covered by a solid bilayer in the vicinity o
the bulk phase transition, is

Dg5dg12x2 /@12p~2.54n11.46!2#. ~11!

Figure 2~a! shows the measuredDT for dry alcohols@5,8#
~circles! and fits of Eq.~10!, including ~solid line! and ex-
cluding ~dashed line! the vdW term. The corresponding pa
rameter values are listed in Table I. Now the fit which i
cludes the vdW term agrees considerably better with
measurements than that without the vdW term. The fittedx2
is considerably higher than the correspondingx1 for alkanes.
This reflects a stronger vdW interaction, as compared to

to
ed

y

TABLE I. Values of the various fitted parameters of alkane
dry, and hydrated alcohols.

Dg (0) w x1,2,3

~mN/m! ~J! ~J!

Alkanes:
With vdW int. 19.73 1.25310223 3.27310220

No vdW int. ~A! 18 1.78310223

No vdW int. ~B! 20 1.19310223

Alcohols ~dry!:
With vdW int. 18.20 2.64310223 2.42310218

No vdW int. 25.98 1.09310223

Alcohols ~hydrated!:
With vdW int. 21.01 1.64310225 1.47310219

No vdW int. 20.98 1.99310223
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640 PRE 61PRABIR K. MUKHERJEE AND MOSHE DEUTSCH
kanes, for a layer where the strong hydrogen bonding
duced an increased order, as reflected in having a bi- ra
than a monolayer, and, perhaps, also fewer defects. Thus
higher value ofx2 seems reasonable on physical groun
The fit without the vdW term yields, in addition to having
worse agreement with the data, also has a much higher v
of Dg (0) which, based on the only extent contact angle m
surement@19#, is on the verge of being unphysical@13,3#.
Using the same parameters obtained in the fits, and with
any adjustable parameters, we plot in Fig. 2~b! the Dg
curves calculated from Eq.~11!, along with the measured
values ~circles!. The agreement of the curve including th
vdW term with the measured values is considerably be
than that without the vdW term, as was found also forDT.
We conclude from both the quality of the fits in Fig. 2 an
the resultant values in Table I that in contrast with alkan
for dry alcohols the vdW interaction is significant and cann
be neglected. Also, the positive values obtained in the fit
Dg (0) andx2 indicate, as for alkanes, a partial wetting of t
bulk liquid by the crystalline bilayer, in agreement with th
experimental observations@5,8#.

D. Hydrated alcohol melt

We now discuss the effect of long- and short-range for
on the surface freezing of hydrated alcohol. SF in hydra
alcohols is similar to that in dry alcohol, the only differen
being a uniform swelling of;2.5 Å due to water interca
lation at the center of the bilayer. This water layer sho
show a short-range repulsive interaction with the hydrop
bic chains. Accordingly, we consider the bilayer to consist
two monolayer separated by a water slab of thickn

FIG. 2. ~a!, ~b! Same as Fig. 1, but for dry alcohols. The re
evant equations are Eqs.~10! and ~11!.
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a52.5 Å . The total interaction energy per unit area co
sists, therefore, of two terms, a long-range vdW one an
short-range hydration one, and can be written as

V~ l ,a!5VW~ l !1VH~a!. ~12!

The vdW interaction energy results from interactions b
tween the two interfaces of each layer and also from thos
the bilayer. Assuming a common Hamaker constant for b
we have

VW~ l !52x3$2/@12p l 2#11/@12p~2l 1a!2#%, ~13!

where l 51.273n Å is the monolayer’s thickness an
(2l 1a)5(2.543n12.5) Å is the total bilayer thickness
including the water slab thicknessa. Here the vdW interac-
tion is attractive due to the presence of water. The sec
term in Eq.~12! is the short-range repulsion due to the wa
layer, and has the empirical form

VH~a!5Sexp~2a/r !, ~14!

wherea is the water layer thickness,r;1 –3 Å is the in-
teraction’s decay length, andS is its amplitude. The exces
surface free energy per unit area due to the creation of
crystalline bilayer for the hydrated alcohol can then be w
ten as

dg5dḡ2x3$2/@12p l 2#11/@12p~2l 1a!2#%

1Sexp~2a/r !. ~15!

The temperature range over which the crystalline bilayer
ists is

DT5A0$dg11x3~2/@12p~1.27n!2#

11/@12p~2.54n12.5!2# !2Sexp~2a/r !%/DSb~n!.

~16!

The surface tension difference between the liquid surface
the solid-bilayer-covered surface is

Dg5dg11x3$2/@12p~1.27n!2#11/@12p~2.54n12.5!2#%

2Sexp~2a/r !. ~17!

The measured@7,8# DT is shown in Fig. 3~a! ~circles! along
with fits of Eq. ~16!, including ~solid line! and excluding
~dashed line! the vdW term. We usedDg (0), x3 , S, andw as
the fit parameters, keepingr 51.56 Å constant@20#. The
fitted values are listed in Table I, andS532.95 mN/m. Note
that the hydration term is independent of chain length, a
should be since it only concerns the water layer, who
thickness isn independent. Thus, its inclusion in or exclusio
from the fit will only modify the value of then-independent
Dg (0) term in dg1 in Eq. ~3!, but the sum Dg (0)

2Sexp(2a/r) remains unchanged. As Fig. 3~a! shows, the
data now clearly prefers the fit which includes the vdW te
over that without this term. Thex3 value is smaller than tha
of dry alcohols, but still larger than that of alkanes, wh
Dg (0) is about the same for all three to within610% when
the vdW term is included. The value of the mismatch rep
sion parameter of adjacent molecules,w, is found to be
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PRE 61 641EFFECT OF LONG-RANGE FORCES ON SURFACE FREEZING
much smaller for hydrated alcohols than for alkanes and
alcohols. This may be related to, or even cause, the incre
stability of the surface frozen phase of hydrated alcoh
@7,8#, reflected in both the largerDT'2°C and 10<n<28
ranges of existence, as compared to dry alcohols:DT
&1 °C and 16<n<28. This increased stability was ascribe

FIG. 3. ~a!, ~b! Same as Fig. 1, but for hydrated alcohols. T
relevant equations are Eqs.~16! and ~17!.
h,

,

nd

.

nd

.

h,

h,

h,
ry
ed

ls

@7,8# to differences in hydration between the surface a
bulk in the liquid phases of both, and the anomalousincrease
in hydration upon both bulk and surface freezing. In F
3~b! we plot theDg curves calculated from Eq.~17!, along
with the measured values~circles!, using the parameters in
Table I, without any adjustable parameters. As forDT, The
agreement of the curve including the vdW term with t
measured values is better than that without the vdW term
was found also forDT. The positive values ofDg (0) andx3
obtained in the fit indicates, again, a partial wetting of t
bulk liquid by the crystalline bilayer, in agreement with th
experimental observations@7,8#.

III. CONCLUSIONS

In conclusion, our simple extension of the TR model@12#
by inclusion of the long-range vdW interactions has provid
a basis for describing the wetting effect of surface freezing
hydrocarbon chain systems. We find that although the ef
of vdW interactions is small in alkanes, it is increasing
more important in the case of dry and hydrated alcoho
Accurate contact angle and Hamaker constant measurem
in alkanes, alcohols, and other hydrocarbon chain syst
would be advantageous not only to help verify the resu
obtained here forDg (0) but also to determine the applicabi
ity and validity range of the TR model, currently the on
theory attempting to account for the surface freezing effec
the molecular level.
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