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Fluctuation-Stabilized Surface Freezing of Chain Molecules
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We propose a fluctuation-based entropic scenario for the explanation of surface freezing in a
and other liquids of chain molecules. Our model is based on the notion that strong fluctuations
the molecular axis of uniaxially ordered stretched chains can exist in a solid monolayer on top
liquid phase, and provide sufficient entropy to stabilize it against the formation of a bulk rotator p
We show that the phenomenon can exist only in a restricted range of molecular weights, and ca
the molecular weight dependences of the temperature range in which it is observed and of the cor
to the surface tension.

PACS numbers: 68.10.–m, 61.25.Em, 64.70.Dv
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Recently, it was discovered that liquid normal alkan
as well as other chain molecules, form a stable solid
face monolayer, in a small temperature interval above
bulk solid-liquid phase transition [1–3]. The monolay
consists of hexagonally ordered, stretched (in an all-trans
configuration) alkane chains which are oriented norm
(or slightly tilted with respect to the normal) to the su
face. The density and symmetry of the monolayer c
respond to that of a bulk rotator phase [4,5]. Althou
related phenomena such as wetting and roughness tr
tions [6] and surfacemeltingare widely known, this is the
first observation of surfacefreezing in a one-componen
system. The appearance of surface freezing is quite
prising, as one expects the temperature of the orde
transition to be lower in two-dimensional than in thre
dimensional systems, because of the stronger molec
ordering field in three dimensions. The effect has b
attributed to a higher surface affinity of the end gro
(CH3), as compared to the internal (CH2) monomers [7].
Although at present there are insufficient data on th
surface affinities, the assumed values of the affinity
ferences appear to be too high. Furthermore, altho
according to the above explanation the surface pheno
non should be very sensitive to the chemical nature of
head group, no such dependence was observed in re
experiments on brominated alkanes [3].

In this Letter we present a different, entropic mech
nism for surface freezing and show that it is a gene
feature of chain molecules of intermediate length, wh
form bulk rotator phases. According to our model, t
effect is driven by the free energy gain due to the fluct
tions of the solid surface monolayer, parallel to the mol
ular axis, which are suppressed by neighboring layer
the bulk solid phase. The model allows one to und
stand the basic features of surface freezing: (a) The e
occurs only in a finite range of molecular weights (i.
for degrees of polymerization from 14 to approximate
50); and (b) only a single solid monolayer exists in t
temperature range between the surface and bulk free
points, and there is no gradual growth of the surface
0031-9007y96y76(14)y2527(4)$10.00
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dered phase as the temperature of the bulk transitio
approached. The quantitative results of this theory
in good agreement with available experimental data,
new predictions are made regarding the magnitude and
anomalous temperature dependence of the fluctuation
the monolayer-covered surface.

Consider a dense system ofn-alkanes at a temperatur
exceeding that of the liquid-solid bulk transitionTb . In
the case of a free liquid surface, the interfacial free ene
g is essentially the bare liquid surface tensiongl . A
stable ordered surface phase ofN layers on the top of the
liquid can form at a temperatureT . T b if the consequent
excess surface free energy per unit area,

dg ; g 2 gl  dgs0d 1 NsT 2 T bd
dSsl

A0
2 Ds , (1)

is negative. Heredgs0d ; gs 1 gsl 2 gl accounts for
the creation of solid-liquid and free solid interfac
instead of a single liquid surface.gs andgsl are the free
energies per unit area associated with the solid-air
solid-liquid interfaces. The second term in (1) is the fr
energy penalty for the creation of a stack ofN ordered
layers, where both the molecular conformation and
ordering of molecules are taken to be the same as in
bulk solid phase.dSsl is the entropy gain per molecule
associated with the solid-to-liquid bulk transition, andA0

is the area per molecule in the ordered layer. TheDs term
is the excess free energy of the stack per unit area, w
is the difference between the free energies of a stac
N ordered layers in the surface and in the bulk so
phases, respectively.Our central thesis is that the leadin
contribution toDs is due to the plane-normal fluctuation
of the molecules in the solid monolayer, which a
suppressed in the bulk by the presence of the neighbo
solid layers. This effect stabilizes the monolayer-cover
liquid phase against the formation of a bulk solid pha
and results in only the surface being frozen. In deriv
Eq. (1), we neglected the small van der Waals correcti
due to the finite thickness of the surface monolayer [8]

Inspection of Eq. (1) shows that since the seco
term is positive, surface freezing becomes energetic
© 1996 The American Physical Society 2527
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favorable at a certain temperatureT . Tb if, and only if

Ds 2 dgs0d . 0 . (2)

Note that sincedgs0d is independent of the number o
layers N, and sinceDs is expected to be a decreasi
function of N , the global minimum of the surface fre
energy, Eq. (1), is attained forN  1, and we conclude
that a single ordered surface monolayer is formed w
condition (2) is satisfied. We now proceed to estimate
magnitudes of the two terms in inequality (2) in order
determine the conditions for surface freezing. Hencefo
we assume that asinglesolid monolayer is formed at th
liquid-air interface.

To estimatedgs0d, we note that since nearly comple
wetting is observed for an alkane liquid spread on top o
alkane solid [3], Young’s equation givesgsl . gs 2 gl ,
and hencedgs0d  2glsgsygl 2 1d. The ratiogsygl can
be approximated by that of the corresponding Hama
constants [9], and since the latter are proportional to
squared polarizabilities, it is proportional to the dens
ratio squared,gsygl . srsyrld2. This gives dgs0d .
2glfsrsyrld2 2 1g and, taking typical values for alkane
gl  27 ergsycm2 and rsyrl  1.15, the condition for
surface freezing, inequality (2), becomesDs $ dgs0d .
18 ergsycm2. Since the area per molecule in the orde
monolayer isA0  20 Å, this means that surface freezin
will be observed if the excess fluctuation free energy is
orderkT per molecule, at room temperature.

According to our assumption,Ds is dominated by
fluctuations along the molecular axis, so that the entr
excess per unit area isDs , skTyA0d lnsdsydbd, where
ds and db are the typical relative shifts of neighborin
molecules in the monolayer in the surface and the b
solid phases, respectively. The conditionDs $ kTyA0

can therefore be satisfied only whends considerably
exceedsdb. Note that this cannot occur in low molecul
weight solids near the solid-liquid transition, in which t
amplitude of fluctuations is limited by the Lindeman
criterion of melting (about 10% of the lattice spacin
and therefore cannot differ substantially in the bu
and surface phases. In the case of chain molec
which crystallize into layered structures, the out-of-pla
periodicity is determined by the stretched length of
molecules. Fluctuations along the molecular axis ca
in principle, exceed the typical monomer size with
violating the Lindemann criterion of melting, and w
conclude that an ordered surface monolayer can pos
an entropy of order kT per surface molecule due to s
fluctuations. The resulting reduction of the free energ
Ds , kTyA0, may lead to the formation of a stable so
surface monolayer under thermodynamic conditions w
the bulk is still in the liquid phase.

In order to obtain a more accurate estimate ofDs

we have to consider the energy penalty associated
fluctuations along the molecular axis in the solid surfa
monolayer. The resulting free energy should then
2528
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compared with that of a solid monolayer in the bulk t
determine the excessDs. Details of the calculation will
be reported elsewhere [10], and here we only summar
the main ideas and results.

The basic physics of molecular fluctuations normal
the ordered surface layer is described by the followi
model Hamiltonian:

H 
X

neighbors

(
J
2

jhr 2r0 j 1
wn
2

"
1 2 cos

pshr 2 hr0d
l

#)
.

(3)

Here, hr is the out-of-plane displacement of an end
a stretched molecule whose position in the hexagona
packed layer is given by the two-dimensional vect
r. The two parts of the Hamiltonian account for tw
types of “mismatch” effects due to relative shift o
neighboring chains, illustrated in Fig. 1. The first i
an end mismatchdue to the decreased overlap betwe
the ends of neighboring molecules. This contributio
is present even when the molecules are modeled
structureless cylinders. The corresponding energy pen
is proportional to the absolute value of the relative shi
The parameterJ can be related to the literature value fo
the van der Waals binding energy per monomer in t
bulk rotator phase, assuming that the shift of a sing
molecule along its axis byh is energetically equivalent
to the transfer of an internal molecular fragment of leng
h onto the surface. This yieldsJ . 0.8 3 1026 dyn for
normal alkanes.

The second part of the Hamiltonian is due to
mismatch between theinternal monomers of neighboring
chains, produced by the relative shift of parallel, a
trans, neighboring molecules. This effect expresses t
deviation from uniform cylindrical geometry along th
chain contour, in real alkane (and other) chains. Beca
of the symmetry of the all-trans chains, this contribution
is periodic in the translation, with a period of2l, where
l is the length of a chemical bond. Since theinternal
mismatchenergy penalty is additive along the chain, th
magnitude of the periodic term in the Hamiltonian
proportional to the degree of polymerizationn. This

FIG. 1. End and internal mismatch effects in a fluctuatin
solid layer.
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contribution is expected to be much smaller in a uniax
rotator phase than in a fully ordered crystalline pha
in which there is perfect registry between neighbori
all-trans chains and the internal mismatch effect allow
only discrete shifts of the molecules. A rough estima
which takes into account the deviation of the symme
of the all-trans molecule from that of a cylinder, give
w , 10216 erg for rotator phase.

Carrying out a variational calculation (see, e.g
Ref. [6]) of the free energy excess with respect to t
bulk phase in which fluctuations are strongly suppress
we obtain

Ds 
kT
2A0

ln

√
T
T0

!
2

3wn
A0

. (4)

The first, temperature-dependent, term is due to
entropy associated with fluctuations along the molecu
axis in the solid surface layer. It has only a we
logarithmic dependence on the value of the mod
dependent temperature parameterT0 , 25 K, which is
determined byJ and the mean-square amplitude
fluctuations in the bulk. The second part of express
(4) is the perturbation due to internal mismatch effect.

The condition for surface freezing, inequality (2) hold
only if the fluctuation free energyDs is large enough to
overcome the interfacial energy penaltydgs0d. SinceDs

depends on the degree of polymerizationn mostly through
the increase of the melting temperature withn, there
must be a minimal molecular weight above which surfa
freezing will be observed. The conditionsTssnmind 
T bsnmind and Ds  dgs0d yield Tbsnmind . 280 K and
nmin . 15, in excellent agreement with the experimen
data. This result is nearly independent of the va
of w, since the internal mismatch contribution becom
negligible in the limit of small molecular weights. Fo
alkanes with n . nmin, condition (2) is satisfied and
surface freezing takes place up to a certain chain len
nmax, at which the energy penalty associated with inter
mismatch effects exceeds the free energy gain due to
formation of the surface monolayer. This upper cutoff
the chain length is determined by the magnitude of
parameterw and is of order of 100.

The temperature range over which the solid surfa
monolayer is stable can be easily obtained from
surface free energy, Eq. (1):

DTsnd ; Ts 2 Tb 
A0

dSslsnd
fDssnd 2 dgs0dg . (5)

Another quantity of interest is the difference betwe
the surface tension of the liquid with the solid monolay
at the bulk phase transition point and that of the ba
liquid:

Dg ; dgsTbd  Dssnd 2 dgs0d. (6)

Using literature data on the bulk freezing temperature a
the transition entropy (the latter is smoothed with resp
to rapid variations associated with the odd-even effec
l
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FIG. 2. Molecular weight dependence of the temperature s
of surface freezing with respect to the bulk transition pointTb

(in degrees K). The experimental points are given by diamo
(error bars are shown) and the theoretical curve by the s
line.

alkanes), we obtain the molecular weight dependenc
of DT and Dg shown in Figs. 2 and 3, respectively
The best fit to the experiment is achieved forw  1.2 3

10216 erg, which is consistent with our rough estimate.
A direct experimental test of our model can be provid

by measuring the mean square fluctuation amplitude of
monolayer surfacekh2l. We predict [10]

kh2l 
skT d2

24J2 lnsAyA0d . (7)

Note that in the case of a Gaussian fluctuation Ham
tonian the temperature dependence would be linear ra
than quadratic. The unusual quadratic dependence is

FIG. 3. Correction to liquid surface tension (in dynycm) due
to the existence of the ordered monolayer at temperatureTb vs
degree of polymerizationn. The experimental points are give
by diamonds and the theoretical curve by the solid line.
2529
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lated to the nonanalytic form of the end mismatch co
tribution to the Hamiltonian, Eq. (3), which dependslin-
early on the absolutevalue of the relative displacemen
of neighboring molecules. The amplitude of the plan
normal fluctuations depends logarithmically on the areaA
of the solid monolayer, a behavior characteristic for flu
tuations of a liquid interface. The estimated value for th
root mean square fluctuation amplitude is about 5 Å for
1000 Å domain.

The proposed mechanism of surface freezing presum
that the ordered bulk phase possesses a high de
of 3D positional order, with strongly suppressed out-o
plane fluctuations. A different scenario takes place
smectic liquid crystals, in which the bulk transition i
of a weak-crystallizationtype, and in which the strong
fluctuations in the ordered bulk phase are suppres
rather than enhanced at the free surface. This gives ris
parallel-to-the-interface layering with liquidlike in-plane
structure, observed in some liquid crystalline system
above the bulk transition point [11,12]. Because of th
weak crystalline order in such systems, the thickne
of the surface-ordered phase (the correlation leng
increases while approaching the bulk transition point a
can exceed the spacing between smetic layers.

The entropic mechanism proposed in this Letter f
the origin of surface freezing in normal alkanes has t
advantage of being universal and applicable to a wi
class of simple chain molecules of intermediate leng
This is in agreement with recent observations of simil
phenomena in mixtures of alkanes [13], thiols, 1,2-dio
[3], and alcohols [14] (in the latter case, a surface bilay
is observed). Our model also accounts well for th
appearance of only a single layer (or bilayer) in each ca
The theoretical results for the chain-length dependence
the temperature shift and the surface tension correct
are in good agreement with the experimental data
alkanes. Our model gives a simple qualitative explanati
of the finite range of chain lengths for which the effe
takes place. In the limit of long molecules the energ
penalty due to the mismatch of the chains becom
too large and suppresses the fluctuations of the surf
layer. The entropic mechanism is also suppressed in
limit of short chains because of the dramatic decrea
of the freezing temperature with molecular weight. I
the range of molecular weights in which surface freezi
is predicted to take place, the solid surface phase
2530
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expected to be of the rotator type since, in the c
of perfect crystalline ordering, fluctuations along a
directions would be suppressed. Fluctuations along
molecular axis in a uniaxially ordered surface monola
can be directly observed by scattering experiments wh
can provide a direct test of the proposed scenario
fluctuation-stabilized surface freezing of chain molecul
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