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Effect of long-range forces on surface freezing

Prabir K. Mukherjee and Moshe Deutéch
Physics Department, Bar-llan University, Ramat Gan 52900, Israel
(Received 5 April 1999

We examine the effect of long-range van der Waals interactions on surface fré8gnig 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 numbes): 68.10—m, 61.25.Em, 64.70.Dv

[. INTRODUCTION amplitude can be accommodated by the surface crystal with-
out violating the Lindemann criterion for the crystalline sta-
bility because although large, the amplitude is still only a
small fraction of the molecular length for these long mol-

molecules has attracted much experimefitai9] and theo- . )
. ; ecules. They suggest that the same model is also applicable
retical [10—16 attention. In alkanef2—4] an ordered crys- . .
to other hydrocarbon chain molecules, not just alkanes,

taII|n.e monolayer is found to foim at the surface of a Sln(~:.’|e"[hough no specific results are presented for, e.g., alcohols.
or bicomponent melt up to 3°C above the bulk freezing

. . ) Sirotaet al.[13], based on the experimental result by Zisman
point. In alcohols[5-9] SF results in the formation of a 19} argued that surface freezing can be explained as a pure
crystalline bilayer at the surface of the melt at temperaturegetting effect, without the need to resort to a molecular-level
up to 1 °C(dry) or 2 °C (wet) above the bulk freezing point. theory. Molecular-dynamics simulations by Kawamata and
The molecules in the layer are hexagonally packed and 3h0Wamamoto[14] argue that the surface monolayer is due to a
a number of distinct rotator and crystalline phases. Shyreferred bond orientation perpendicular to the surface and
should, in principle, depend sensitively on the type and rangéhe segregation of the chain ends at the surfaces. Sith
of interactions between the surface and bulk and, as showf6], using molecular-dynamics simulations as well, with a
by Tkachenko and Rabiii2] (TR), also on the thermal mo- potential similar to that of Xia and Landmaf0], also find
tion of the molecules in the crystalline surface layer. Surfacean ordered surface phase in a thin alkane slab near, but
freezing is also a special case of interfacial wetting. Theabove, bulk freezing. The crystalline in-plane order found in
wetting, however, is incomplete according to the experimenthe measurements is, however, not reproduced. Rather, a
tal observations: the single monolayer or bilayer persissmecticlike order is obtained with an increased in-plane dif-
down to the bulk freezing temperature, and the number ofusion of the molecules. They also find that the temperature-
layers does not increase as bulk freezing is approached, &sduced surface-normal motion of the molecules in the layer
required by a complete wetting scenalri]. is larger than that in the bulk rotator phase, supporting the

Theoretically, molecular-level calculatiorjd?2], lattice-  molecular-level theory of TR, where this motion is the sta-
gas modelq11], density-functional theory15], and com-  bilizing agent of the surface-frozen layer.
puter simulation$10,14,16 were used to account for the SF In spite of these, and other, theoretical and experimental
effect. Leermakers and Cohen-Stydrt] based their lattice-  efforts there still remain a number of key questions concern-
gas model calculations on the surface activity of the lessng the properties of surface freezing. One such key issue is
dense CH end groups of the alkane molecules, which in-how these simple theories, all of which address only the
duces a surface-normal alignment of the chains. This alignsimpler case of SF in alkanes, should be modified for other,
ment was confirmed experimentally, even when the surfacenore complicated, hydrocarbon chain systems like dry and
is liquid, by nonlinear optical measuremefis$]. A surface-  hydrated alcohols. Having established experimentally a par-
normal molecular alignment is also found in the density-tial wetting of the surface by the SF monolayer and bilayer,
functional calculations of ten BoscHl5], even though a it is of interest to investigate the forces responsible for this
simple rigid rod model is employed for the molecule. TR partial wetting. Also, none of the theoretical studies has un-
[12] proposed a molecular-level theory, employing adertaken to determine specifically the wetting conditions and
fluctuation-based entropic scenario, to account for SF in alstate. Finally, it is unclear whether SF is a pure fluctuation
kanes. They suggested that the SF layer is stabilized by theffect following an entropic scenario or is it both an entropic
free-energy gain due to unusually large up-down thermahnd a wetting phenomena. This is technically a more difficult
motion of the molecules, a few A in amplitude. Such anquestion to answer both experimentally and theoretically.

The purpose of the present work is to look into these issues.

We analyze the effect of long- and short-range forces on
* Author to whom correspondence should be addressed. Electrongurface freezing for alkanes and alcoh@sy and hydrateqd
address: deutsch@mail.biu.ac.il by extending and refining the earlier study of TR2]. We

The recently discovered surface freezii®) in normal-
alkanes, alcohol&dry and hydratedand several other chain
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find that long-range van der WadladW) interactions have a sider only the interface-interface vdW interaction. Approxi-
negligible effect on alkanes but play an important role inmating the SF film to have a continuous and uniform
determining the surface freezing effect in dry and hydratedlistribution of matter bounded by two interfadsslid-liquid
alcohols. The issues above are discussed in the light of thessd solid-vaporthe long-range vdW potential near surface
findings. is given by[20]
— 2

IIl. THEORY V(d) =y, /(12md5), @

A. General outline where x1= x1s— x)1 is the difference between the two Ha-

maker constantgl7,2( for the indicated interfaces, armtis

Our aim is to calculate the molgcular W?'ght dependenc?he monolayer thickness. In general, partial wetting may oc-
of the temperature range over which a solid monolayer or E

) . . ) ur if the spreading coefficiel8= v, — (ys+ vs) is negative
bilayer exists at the melt's surface._We start with the mode nd y,>0. For partial wetting, the contact angfis finite
of TR [12], add a long-range vdW interaction term and ex- b ' :

. ~_and is given by Young’'s equation as
plore its effect for alkanes. We then explore how well this

model accounts for SF in dry and hydrated alcohols, both Ys= Y51+ ¥ COSH, 5)
without and with an additional short-range polar interaction
term due to the hydroxyl head groups. and the spreading coefficient can be written as
S=y(1+cosh)—2vs.
B. Normal-alkane melt Thus, in the present casty(®=-S, and for S<O0,

Y©>0. The condition for partial wetting becomes then
¥©>0 andy,>0. The wetting effect can be included in
the entropic scenario by adding Ed) to the free energy in

The excess surface free energy per unit area due to th%
creation of the crystalline surface phaseTat T has the

form [12]; Eq. (1), so that the excess surface free energy per unit area in
Wzy— y=(T=Ty) ASN/AG+A YO — A, (1) ']ngmpresence of the long-range vdW interaction takes the
Surface freezing occurs whehy is negative aff =T, the 57:5—7+ x1/(12md?). (6)

bulk freezing temperature. The first term on the right-hand

side of Eq.(1) is the free-energy penalty for the creation of 2 The crystalline surface phase exists in the temperature range:
stack of N ordered layers at the surface. In the case of al-

kanesN=1. AS, is the entropy difference dt=T, between AT=Ap{8y1— x1/[127(1.2T)?]}/ ASy(n), @

liquid and solid, and\, is the area per molecule. The second

term, A 9=y + y— ., arises from the replacement of where[2] d=(1.27xn) A is the approximate length of an
the liquid-vapor interfacdéwhich exists forT=T,) by the n-carbon chain, with 1.27 A being the projection of the
solid-liquid and solid-vapor interfaces of the crystalline- C—C bond length on the chain axis. The difference between
layer-covered bulk melty,, ys, andys, are the equilibrium the surface tension of a free liquid surface and that of a liquid
surface tensions of the liquid-vapor, solid-vapor, and solid-covered by a solid monolayer @, <T<Ts is given by

liquid interfaces. The third term in Edql) is an additional
correction term of the surface tension due to the deviation of Ay=8y1—x1/[12m(1.2)%]. ®
the configurational properties of the surface phase from that
of the bulk liquid. This is assigned by TR 2] to up-down
molecular fluctuations and is given as

In Eq. (7) only AS,(n), T,(n) andA, are experimentally
measurable quantities. The Hamaker consggntan be ob-
tained from the measurement of molecular polarizability, al-
A _ though such data is scarce to nonexistence and inaccurate.
As= (ke To/2)IN(Ty/To) = 3Wn/Ao, @ The value ofA y{%) can be obtained, in principle, from con-
whereT,=25 K, wis the internal mismatch parameter, ang tact angle measurements of a series of liquid alkanes of vary-
n is the number of carbons in the chain. The fluctuation"d N on a solid alkane substraf&3,19. The interpretation
contribution — A, is viewed as a finite-size correction. The ©f contact angle measurements, however, is greatly compli-
condition for the occurrence of surface freezing then beCated by surface roughness and inhomogeneities in the solid

comes[17]: surface which can introduce hysteresis into the measurement.
Moreover, the solid substrate’s wetted surface must be a
Sy1=[(kgTp/2)IN(T,/To) —3wn]/Ag— Ay (T,)>0. high-symmetry facet of a single crystal of alkane, since only

(3)  then does the liquid contact an ordered {Oyer, as it oc-
curs in the case of a SF layer. In the literature we could find
Equation(1) does not consider the long-range vdW forceonly one such measuremelit9], for C,;g against Gg. We
between molecules and surfaces, which is the main interadvave, therefore, fitted Eq7) to the measured T data using
tion among the alkane chaifig0]. The wetting of the bulk A (9, y,, andw as fit parameters, with all other parameters
alkane liquid by the solid rotator surface phase is experimentaken from experimenf2—4]. The measured dataircles
tally found to be a partial wetting, as only a single monolayerand fitted curvesolid line) are shown in Fig. (). As can be
exists down taT,. As demonstrated by Fishg21], any long  observed, the agreement of the measured data witli7Ets
range interaction always plays an important role in threereasonably good considering the experimental error. For
dimensional(3D) and 2D wetting problems. Here we con- comparison, the TR theory[12], which does not
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T T T T T T T T TABLE 1. Values of the various fitted parameters of alkanes,
dry, and hydrated alcohols.
A’Y(O) w X1,2,3
i (mN/m) ) )
Alkanes:
i With vdW int. 19.73  1.2%10 % 32710 %
No vdW int. (A) 18 1.78<10° %8
No vdW int. (B) 20 1.19x10° 28
Alcohols (dry):
With vdW int. 18.20 264102 2.42<107'8
No vdW int. 25.98 1.0%10 23
i Alcohols (hydrated:
With vdW int. 21.01 1.6410 % 1.47x107%°
T No vdW int. 20.98  1.9%10 %
4 particular from the overlap between the lines fitted using
TR’s theory and ours, is that the effect of the long-range
§ vdW interaction does not seem to be important in normal-
alkanes. Note, however, that for conclusions regarding wet-
. \ . . . . . ] ting the vdW interaction term is essential. The positive val-

15 20 25 30 35 40 45 50 ues of bothAy©>0 and y;>0, obtained in the fit, are
n required in order to satisfy the conditions for the experimen-
tally observed partial wetting of the bulk liquid by the crys-

FIG. 1. (a) The chain lengtm dependence of the temperature talline monolayer

range existencAT for the surface crystalline phase of alkanes. The

open circles are measured points from Re&]. The solid and

dashed lines are fits to E(7) with and without the van der Waals C. Dry alcohol melt

term, respectively. The fit values are given in Tablé).The chain We now apply the same model, E@), to the SF of dry

length dependence of the correction of liquid surface tension due tgormal-alcohols. The only difference from normal-alkane is

surface freezing for alkanes. The open circles are the measurqflgt here a crystalline bilayer is formed on the surface above

values and the lines are plots of H@), corresponding to the tWo  the pylk freezing temperature. The bilayer thickness is

cases ina), using the fit parameters obtained there and without anyroughly twice the corresponding fully extended molecular

adjustable parameters. length. Hence, the excess surface free energy per unit area
due to the creation of the crystalline bilayer can be written as

include the vdW term, is shown in a dashed line. Its agree- _

ment with the measured points, though somewhat less good Sy=8y+ x,l127wD?, 9

than the present fit, is still reasonable. The fit parameters are

listed in the first line in Table I. The fitted;=3.27 Where D is the total bilayer thickness and5,8]

X102 J is in close agreement with the literature valuesD =(2X1.27Xn+1.46) A. Accordingly, the crystalline

[20] 3—-5Xx 10" 2° J for similar molecules. The fit values of surface bilayer's temperature existence range is

our other parameters are close to those obtained from the TR

theory[lZ]? listed in line 2 of Table I. Note, however, that in AT=Ao{ 871~ x2/[127(2.541+ 1.46°]}/ASy(n).

the TR theoryw was the only fitting parameter. The value of

0 y . .
A was calculated there from Young's equation assumingyhe difference between the surface tension of the liquid and

mistakenly, a zero contact angle. The contactoangle_ IS, IBhat of the liquid covered by a solid bilayer in the vicinity of
fact, finite [13]. Taking, therefore, botw and Ay? as fit-  {he pulk phase transition, is

ting variables in TR’s theory12] (i.e. Eq. (7) without the

vdW term yields a line which overlaps our solid line every- Ay=38y,— x,/[12m(2.50+1.46)]. (12)

where in Fig. 1a), and the parameter values listed in the

third line in Table I. Again, the numbers are close to those of Figure 2a) shows the measurelIT for dry alcohold5,8]

the original TR theory and to those of ours. In Figbjlwe  (circles and fits of Eq.(10), including (solid line) and ex-

show the measurefly values(circles and the linegaccord-  cluding (dashed lingthe vdW term. The corresponding pa-

ing to Eq.(8)] corresponding to the fits in Fig(d), using the  rameter values are listed in Table I. Now the fit which in-

parameters in Table |, and without any adjustable parameludes the vdW term agrees considerably better with the

eters. The agreement with experiment is, again, satisfactoryneasurements than that without the vdw term. The fijted

especially for the theory presented here. is considerably higher than the correspondindor alkanes.
The conclusion from the results presented so far, and iThis reflects a stronger vdW interaction, as compared to al-
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' ' ' ' a=2.5 A. The total interaction energy per unit area con-
sists, therefore, of two terms, a long-range vdW one and a
short-range hydration one, and can be written as

V(l,a)=Vy() +Vy(a). (12)

AT (K)

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

Vw(h=—xs{211271?]+1[ 127 (21 +a)?]}, (13

e e e B — where 1=1.27xn A is the monolayer’s thickness and

2.5 (2l+a)=(2.54xn+2.5) A is the total bilayer thickness

including the water slab thickness Here the vdW interac-

2.0 tion is attractive due to the presence of water. The second
E term in Eq.(12) is the short-range repulsion due to the water
%1 5 layer, and has the empirical form
1.0 Vy(a)=Sexp —alr), (14

wherea is the water layer thickness~1-3 A is the in-
teraction’s decay length, arfflis its amplitude. The excess
ol . surface free energy per unit area due to the creation of the
16 20 24 28 crystalline bilayer for the hydrated alcohol can then be writ-
n ten as

@
3]

FIG. 2. (a), (b) Same as Fig. 1, but for dry alcohols. The rel- e 2 2

evant equations are Egd.0) and (11). dy=oy=xs{2N 121" ]+ 1127 (21 + 2)7]}
+Sexp —alr). (15

kanes, for a layer where the strong hydrogen bonding in-
duced an increased order, as reflected in having a bi- rathdihe temperature range over which the crystalline bilayer ex-
than a monolayer, and, perhaps, also fewer defects. Thus, tHdS IS
higher value ofy, seems reasonable on physical grounds.
The fit without the vdW term yields, in addition to having a AT =Ao{ Sy, + x3(2[[12m(1.27T)?]
worse agreement with the data, also has a much higher value +1[127(2.5M+2.5)2]) — Sexp —al/r) /ASy(n).
of Ay(® which, based on the only extent contact angle mea-
surement[19], is on the verge of being unphysicgl3,3]. (16)
Using the same parameters obtained in the fits, and witho
any adjustable parameters, we plot in Fig.(l® the Ay
curves calculated from Eql11), along with the measured
values(circles. The agreement of the curve including the A y= 5y, + y{2[127(1.2M)2]+ 1[127(2.54+ 2.5)2]}
vdW term with the measured values is considerably better
than that without the vdW term, as was found also AdF. —Sexp(—alr). (17)
We conclude from both the quality of the fits in Fig. 2 and ) o )
the resultant values in Table | that in contrast with alkanesThe measure{i7,8] AT is shown in Fig. 8a) (circles along
for dry alcohols the vdW interaction is significant and cannotWith fits of Eq. (16), including (solid line) and excluding
be neglected. Also, the positive values obtained in the fit fofdashed lingthe vdw term. We used ¥%, x5, S andw as
A+© andy, indicate, as for alkanes, a partial wetting of the the fit parameters, keeping=1.56 A constan{20]. The

bulk liquid by the crystalline bilayer, in agreement with the fitted values are listed in Table I, arg#=32.95 mN/m. Note
experimental observatioris,8]. that the hydration term is independent of chain length, as it

should be since it only concerns the water layer, whose
thickness i1 independent. Thus, its inclusion in or exclusion
from the fit will only modify the value of ther-independent
We now discuss the effect of long- and short-range forceg\ ¥© term in 8y, in Eqg. (3), but the sum Ay©
on the surface freezing of hydrated alcohol. SF in hydrated- Sexp(—a/r) remains unchanged. As Fig(e® shows, the
alcohols is similar to that in dry alcohol, the only difference data now clearly prefers the fit which includes the vdW term
being a uniform swelling of~2.5 A due to water interca- over that without this term. Thg; value is smaller than that
lation at the center of the bilayer. This water layer shouldof dry alcohols, but still larger than that of alkanes, while
show a short-range repulsive interaction with the hydrophoA 4(%) is about the same for all three to within10% when
bic chains. Accordingly, we consider the bilayer to consist ofthe vdW term is included. The value of the mismatch repul-
two monolayer separated by a water slab of thicknession parameter of adjacent molecules, is found to be

Yhe surface tension difference between the liquid surface and
the solid-bilayer-covered surface is

D. Hydrated alcohol melt
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' [7,8] to differences in hydration between the surface and
251 (aq) e CH, ,,OH (wet) 1 bulk in the liquid phases of both, and the anomalimesease
in hydration upon both bulk and surface freezing. In Fig.
3(b) we plot theA y curves calculated from Eq17), along
with the measured valudgircles, using the parameters in
Table |, without any adjustable parameters. As Adr, The
agreement of the curve including the vdW term with the
measured values is better than that without the vdW term, as
was found also foAT. The positive values o y(%) and x5
obtained in the fit indicates, again, a partial wetting of the
bulk liquid by the crystalline bilayer, in agreement with the
experimental observationg,8].

Ill. CONCLUSIONS

In conclusion, our simple extension of the TR mo[i]

by inclusion of the long-range vdW interactions has provided

a basis for describing the wetting effect of surface freezing in
hydrocarbon chain systems. We find that although the effect
of vdW interactions is small in alkanes, it is increasingly
more important in the case of dry and hydrated alcohols.
Accurate contact angle and Hamaker constant measurements
in alkanes, alcohols, and other hydrocarbon chain systems
would be advantageous not only to help verify the results

by (mN/m)

0 [ A TN B S RN S A I ) :
10 13 16 19 22 25 28 obtained here fo y() but also to determine the applicabil-

n ity and validity range of the TR model, currently the only
theory attempting to account for the surface freezing effect at
the molecular level.

FIG. 3. (a), (b) Same as Fig. 1, but for hydrated alcohols. The
relevant equations are Eq4.6) and (17).
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