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Surface freezing in chain molecules: Normal alkanes
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A rare surface freezing phenomenon is observed in molten normal alkanes, using x-ray and surface tension
measurements. An ordered monolayer forms on the surface of the liquid alkane at temperatures up to 3 °C
above the bulk freezing temperatureTf . The structure of the monolayer was studied in detail for a wide range
of molecular lengths and temperatures. The single layer formed persists down toTf . The rare surface phase
exists only for carbon numbers of 16<n<50. The molecules in the layer are hexagonally packed and show
three distinct ordered phases: two rotator phases, with molecules oriented vertically (16<n<30) and tilted
towards nearest neighbors (30,n,44) and one crystalline phase with molecules tilted towards next-nearest
neighbors (n>44). The temperature dependence of the surface tension and the range of existence vs carbon
number are satisfactorily accounted for within a simple theory based on surface energy considerations.
@S1063-651X~97!12003-7#

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

Normal alkanes are linear hydrocarbon chains, some
the simplest organic molecules. They are also the m
building blocks of lipids, surfactants, liquid crystals, pol
mers, and many other, more complex organic compoun
The basic properties of these complex molecules will be
fluenced, and in many case even dominated, by those o
alkanes. In addition to their fundamental scientific intere
alkanes are also of great interest to applied science and
dustry, as basic constituents of crude petroleum and of m
pharmaceutical and petroderivative products. It is not s
prising, therefore, that the bulk properties of alkanes we
and are still being investigated vigorously and extensiv
@1–5#. What is surprising, is the fact that their surface stru
ture and properties have received very little attention, in s
of the decisive role of the interface in important applicatio
such as catalysis, chemical reactions, product bonding, d
release and delivery, and many more.

We have recently undertaken an extensive study of
surface structure of chain molecule melts@6–8# and their
mixtures @9# near their bulk freezing temperatures. The d
pendence of the structure on the temperature, chain len
and end groups was studied in detail. We present here
first part of this study, which deals with the surface struct
of pure, single-component melts of normal alkanes. T
most surprising discovery is that these molecules show
face freezing, whereby a single crystalline monolayer
formed at the surface of the isotropic liquid bulk at tempe
tures up to;3 °C above the bulk freezing temperatureTf ,
for a range of carbon numbersn. Light scattering@10# and
ellipsometric @11# studies confirm our findings of surfac
freezing in alkanes. This very rare surface ordering phen
enon was hitherto observed only in liquid crystals@12–14#,
and even there the surface layers have almost always
551063-651X/97/55~3!/3164~19!/$10.00
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smecticA ~liquidlike in-plane! order, rather than a full crys
talline one, as is the case here. In this section we discuss
effect in general, after discussing the basic structure of
molecule and some related solid bulk properties. We a
address the similarities and assimilarities between the sur
crystalline layer and water-supported Langmuir films. S
tions II–IV deal with the experimental details, the presen
tion and discussion of our results, and the conclusio
emerging from this study.

A. Basic structure

Normal alkanes have the general formula C3
u(CH2)n22uCH3 ~abbreviated as Cn). As shown in Fig. 1,
the carbon-carbon~C—C! bond length is 1.54 Å and the
angle between two C—C bonds is@1# 112°. Any three neigh-
boring carbons~two neighboring bonds! define, therefore, a
plane, relative to which a fourth carbon can assume one
three orientational positions, shown in Fig. 1~b!. The global
energy minimum position is for the fourth carbon to rema
in the plane defined by the other three carbons~a trans
bond!. Two local energy minima are obtained for the four
carbon rotated 120° off that plane~gauchebonds!. The en-
ergy difference between thetransandgauchebonds depends
on the intra- and interchain interactions. In the bulk cryst
line phases at low temperatures, the energy difference
tween thetrans andgauchebond is significantly more than
kbT, therefore almost all bonds remain in the lowest,trans,
conformation and all carbons of a singlen-alkane molecule
reside on the same plane. The molecule is then straight,
a length of (n21)1.27 Å between the terminal carbon a
oms, where 1.27 Å51.54 Å sin(112°/2) is the projection o
the bond length on the chain axis. In the liquid phase, at h
temperatures, the energy difference betweentrans and
gauchebonds becomes smaller thankbT. The chain then
3164 © 1997 The American Physical Society
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55 3165SURFACE FREEZING IN CHAIN MOLECULES: . . .
becomes flexible and bonds may be excited intogauchecon-
formations, rendering the molecule nonlinear and aplanar

In addition to the usual liquid and crystalline phase, th
bulk alkanes exhibit a sequence of intermediate plastic cr
talline phases known as rotator phases@1–5,15–17#. The ro-
tator phases are crystals with three-dimensional~3D! long-
range positional order of their centers of mass, but no lon
range order in the rotational degree of freedom of a molec
about its long axis. Short-range order in these correlatio
does exist, and increases as temperature is reduced. Five
tator phases have been identified in the bulk alkanes dis
guished by the lattice distortion (d), tilt magnitude (u), and
direction (f) @17#. The distortion is defined as the differenc
from unity of the ratio of the minor to major axis of an
ellipse drawn through the six ‘‘nearest’’ neighbors whe
viewed along the axis of the chains. The rotator phases
interest in this study are those which occur at the highe
temperature, immediately belowTf . The rotator phase with
the highest symmetry is theRII phase in which the molecules
are pointing along the layer normal and are, on avera
packed hexagonally. Thus,d50 in this phase, which is the
highest temperature bulk rotator phase for carbon numb
22<n<25. At lower temperatures~reached via a first order
transition! theRI phase occurs. The in-planeRI structure is
distorted hexagonal~orthorhombic!. For n,22, the alkanes
melt directly from theRI phase, without going through the
RII phase. However, theRII phase is easily induced in binary
mixtures of shorter chain lengths@2#. For n>26, the highest
temperature rotator phase is theRIV phase where the mol-
ecules are tilted toward next-nearest neighbors by an an
u. The distortiond in this phase is finite, but small, and is
considered a secondary effect, induced by coupling betwe
u andd. The tilt magnitude in theRIV phase increases with
increasing chain length aboven526. The rotator phases can
be distinguished from the crystal phases by the area per m
ecule~as viewed along the chain axis!, which is;19.5 Å2

in the rotator phases and;18.5 Å2 in the crystal phases.

FIG. 1. ~a! The structure of then-alkane molecule.~b! The bond
conformations and structural parameters, showing the positions
trans (t) andgauche(g) conformations. The corresponding energ
has two local minima for theg positions and a global one for the
t.
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As we shall see below, alkane surface monolayers
n<30 adopt a structure similar to that of theRII bulk phase,
while for n.30 they resemble the tilted bulk phases. T
surface-frozen and liquid surface structures are shown in
2.

B. Surface freezing

It has long been realized that dimensionality has a p
found influence on the phase behavior of matter, and, he
the phase sequences of thin films and surfaces were expe
@18#, and found experimentally@19#, to differ from those of
the 3D bulk. Both theory and experiment show that with ve
few exceptions it is theless ordered surfacephase which
coexists with themore ordered bulkphase, i.e., the surfac
melts at a lower temperature than the bulk. This pheno
enon, called surface melting, has been discovered in alm
all solids studied@19#. This is easy to rationalize since th
surface molecules are generally less constrained than tho
the bulk and possess, therefore, a higher entropy. A m
less common, and less understood phenomenon is su
freezing, where anordered surfacelayer coexists with adis-
ordered bulk liquid. This effect has been observed so f
only in liquid crystals@12,14,20#, where, however, smectic
surface layers are observed to grow on the vapor-nemati
the vapor-isotropic liquid interfaces, and hexatic@21,22# and
crystalline-B @23# phases were observed at the surfaces
free-standing smectic films. However, no true crystalline s
face phase was ever observed over a disordered~nematic or
isotropic! bulk. It has been speculated that these rare p
nomena are related to the chainlike geometry of the m
ecules, or to their hydrocarbon tails. Thus, investigation
the surface phase behavior of the simplest linear hydro
bons, namely, normal alkanes, may shed some light on s
lar phenomena in the much more complicated liquid crys
molecules. However, allowance must be made for the
nificant geometric and chemical differences between alka
and liquid crystals. Alkanes are simple, uniform molecul
interacting almost exclusively via van der Waals intera
tions. They are flexible at higher temperatures and rigid
lower temperatures. By contrast, liquid crystal molecules
composed of a permanently rigid core to which hydrocarb
tails are attached and have rather complex interactions
flected in their rich phase diagram even above their crys
line phases.

FIG. 2. ~a! The x-rays reflected specularly from the vapor-liqu
interface ofn-alkanes at high enough temperatures, at which
molecules are flexible.~b! The surface crystalline layer o
n-alkanes below surface freezing temperatures, but still above
bulk freezing point.
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3166 55OCKO, WU, SIROTA, SINHA, GANG, AND DEUTSCH
C. Langmuir films

Langmuir films are single monolayers of amphiphi
molecules~usually alkane chains with one CH3 headgroup
replaced by a polar moiety! spread on the free surface o
water or any other nonsolvent subphase. The molecules
their hydrophilic headgroups in the water and their hyd
phobic tails pointing away from it@24–26#. Structural studies
revealed a rich quasi-2D phase diagram in these films,
pending on the molecular shape, area per molecule, temp
ture, etc.@27,28#. It would, therefore, seem natural to co
sider an analogy between Langmuir films and our syst
Such an analogy must be drawn, however, with caution.
though rarely discussed, the subphase of Langmuir films
an all-important role in the determination of the behavior
the system: it confines the molecules to a 2D ‘‘universe
which they probably would not assume under their own
termolecular interactions. In fact, in the majority of cases t
confinement is the strongest interaction in the system. T
dominant influence is considerably reduced in our case, s
the surface molecules may exchange freely with those of
bulk. Thus, for example, it is clear that the surface press
cannot be varied in our case, as it is in Langmuir films: up
reducing the surface area our surface layer would relieve
pressure by ejecting molecules into the bulk, keeping
area per molecule fixed at the value favored by the molec
interactions of the uncompressed layer. The interplay
tween the surface and bulk free energies, and the subtle
ference in the free energy of a molecule in the bulk and at
surface, control the formation and phase behavior of
crystalline monolayer in our system, rather than the 2D c
finement imposed by the surface of the water. Thus, e
though some of the structures may be similar in the t
systems, the underlying interactions and thermodynam
may be considerably different.

II. EXPERIMENT

We have studied the structure at the vapor-liquid interf
of normal alkanes by x-ray reflectivity and grazing inciden
diffraction and the thermodynamics by surface tension m
surements. We now discuss the various experimental is
in detail.

A. The sample cells

Both the x-ray and surface tension experiments were d
with samples in temperature controlled cells. The cell for
x-ray experiments consists of a two stage oven, with a p
sive outer stage and a temperature controlled inner stage
outer can is made of aluminum with aluminum coated My
windows. The inner cell consists of a solid beryllium cyli
der ~of 3 in. i.d.! with a uniform wall thickness of 0.5 mm
resulting in an x-ray attenuation factor of;30%. This all-
beryllium construction provides a wide range of x-ray a
cess. The beryllium cylinder can be Viton O-ring sealed w
top and bottom copper plates, however, no differences co
be observed between data taken with a loosely sealed an
air tight cell. The two copper plates are identical so that go
thermal homogeneity can be achieved. Heaters are atta
to the outer surfaces of these two plates and thermistors
imbedded in them. For those samples which require subro
ve
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temperature measurements, thermoelectric cooling elem
are attached to the outer surfaces of the bottom copper p
The short term (;1 h! temperature stability is<0.005 °C
and the long term (;1 day! ;0.05 °C. The measured tem
perature homogeneity across the x-ray illuminated area
the sample is;0.005 °C. An 0.5 mm thick silicon wafe
placed directly on the bottom copper plate was used as
sample substrate. A liquid sample a fraction of a mm h
was deposited on the wafer and contained there by its o
meniscus.

The cell used for the surface tension measurements i
aluminum cell surrounded by thermal insulation. The cell
heated from both top and bottom, and can also be cooled
thermoelectric elements attached to the bottom. This
cannot be fully sealed, since the wire supporting the W
helmy plate has to pass through the top to connect to
balance. However, since the vapor pressures of alkanes
their freezing points are small, the small hole at the top pl
does not influence the experimental results, as verified by
excellent agreement with the x-ray measurements.

B. The samples

1. Sample preparation

Samples are purchased from Sigma, Aldrich, and Flu
They are labeled as>98% pure, and are used as receive
About one gram of liquid alkane is spread over a 3 in. diam
silicon wafer. The sample thickness is about;0.2 mm,
which is thick enough to form a large flat surface area a
absorb the x-rays which may penetrate it and be reflec
from the liquid-silicon interface. Yet, it is thin enough t
damp out any mechanical vibrations on the vapor-liquid
terface and be contained on the silicon wafer by its o
meniscus.

2. The role of the sample purity

The>98% purity of the sample, though high, would st
allow more than enough impurities to cover the surface
they are more surface active than the alkane studied. H
ever, the surface crystalline structures deduced from
x-ray experiments show unambiguously that the molecule
the crystalline surface phase have to be at least very sim
in size and shape, if not identical, to then-alkane of the bulk.
The possible surface impurities are limited, therefore, ton-
alkanes orn-alkane derivatives of similar carbon numbers.
our systematic surface studies of binaryn-alkane mixtures
@9# we found that the composition in the surface crystalli
layer is very similar to that in the bulk for mixtures whe
there is only a small difference in the lengths of the tw
components. This would yield in our case a,2% impurity
content in the surface layer for different-lengthn-alkane im-
purities. A few other common types of impurities, of sha
similar to that of alkanes, may also be excluded. For
ample, fatty acids show no formation of a surface layer at
@29#, while alcohols show the formation of a bilayer on th
surface, which, if formed, would be easily distinguishab
from the monolayer observed. The study of these most c
mon impurities, as well as the systematic variation of t
measured structural and thermodynamic quantities with
molecular length and their correspondence with the bulk
tator phase structure and properties, provide irrefutable
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55 3167SURFACE FREEZING IN CHAIN MOLECULES: . . .
dence that the surface crystalline layer indeed consists of
n alkane studied and its formation is an intrinsic property o
the pure material.

Regardless of this conclusion, it seems that impuritie
may play a role in thekineticsof the surface crystallization,
as do impurities in bulk crystallization@30#. In particular, we
observe some discrepancy between the x-ray and surface
sion measurements: while surface freezing was detected
surface tension measurements in alln-alkane samples of
16<n<50, it did not show up in x-ray measurements i
certain production lots of a few samples. The same effe
was also observed and studied by Thomas@31# for a well
purified C17 sample, where minute amounts of impurities ha
to be added to induce surface freezing, while the actual n
ture of the impurity seemed to be unimportant. This, and o
experience, indicate that impurities may be essential
nucleating the surface crystals. The Wilhelmy plate in th
surface tension measurements may provide ample nuclea
sites for the surface crystal, while in x-ray studies thes
nucleation sites are not available and thus very slow lay
formation kinetics may result. Further systematic studies a
required to elucidate the role of impurities in the kinetics o
the layer formation.

C. Spectrometer

The x-ray measurements were carried out on the Harva
BNL Liquid Surface Diffractometer at National Synchrotron
Light Source, beamline X22B, with a wavelengthl' 1.54
Å. The details of this spectrometer were described elsewh
@34#. Since the liquid surface is always horizontal, the x-ray
emerging horizontally from the beamline have to be tilte
down to impinge on the sample’s surface at some angle
incidencea . This is achieved by Bragg reflecting the beam
from a Ge~111! crystal. The anglea is varied by rotating this
crystal about an axis coinciding with the horizontal beam b
means of a vertical Euler circle at the center of which th
crystal is mounted. The sample’s vertical position is adjust
to intercept the beam at eacha. The detection arm can be
adjusted to vary the detection angleb with respect to the
horizontal and the detection angleuD transverse to the re-
flection plane~see Fig. 3!. In this configuration, both the
surface-normal and surface-parallel components of the wa
vector transfer,qz and qr , are given in terms ofa, b and
uD by

qz5~2p/l!~sina1sinb!, ~1!

qr5~2p/l!Acos2a1cos2b22cosacosbcosuD

'~4p/l!sin~uD/2!. ~2!

FIG. 3. The geometry for measurements of the in-plane stru
tures of the surface layer.
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D. Reflectivity

The specular reflection is measured by placing the de
tor in the reflection plane (uD50), and at a detection angl
b5a. In this geometry, the wave-vector transfer is normal
the surface,qz5(4p/l)sina andqr50. Thus, the reflectiv-
ity R(qz), the intensity of specular reflection normalized b
the incident one as a function ofqz , yields information on
the electron density profile normal to the surface.

The horizontal size of the incident beam is always se
be less than 1 mm and the vertical size is changed with
incident angle from 0.05 mm at small angles~to ensure a
beam footprint smaller than the sample size! to 0.4 mm at
large angles~to achieve maximum intensity where the refle
tivity is low!. To limit the divergence of the beam after th
beam-defining slits, a second pair of slits upstream of
toroidal focusing mirror were utilized at the smallesta. The
slits in front of the detector, positioned 600 mm away fro
the sample, are open 2 mm vertically and 4 mm horizonta
The background is taken either by~1! offsetting b and a
such thatbÞa, but keepinga1b fixed, or ~2! by moving
the detector transverse to the reflection plane by settinguD
Þ0. In either case, the offset must be sufficiently large
ensure picking up only the background and no part of
reflected signal. The background slopes with the offset us
~1! but is roughly constant using~2!. In either case the back
ground under the reflection peak is easy to determine
subtract off.

For an ideally flat and sharp surface dividing a vapor ha
space~of electron densityre50) from a liquid half-space
(re5const.0), the reflectivityR(qz) is given by the Fresne
reflectivity RF(qz)

RF~qz!5U qz2Aqz22qc
2

qz1Aqz22qc
2U2, ~3!

with qc5(4p/l)sinac and the critical angle
ac'Ar erel2/p. r e is the classical electron radius. Absor
tion is neglected here, as its only effect in our case is near
critical angle and is quite minor.RF(qz) is unity for
q,qc , and decreases as (qc/2qz)

4 for qz@qc . For a surface
layer having an electron density different from the bulk, t
x-rays reflected from its upper and lower interfaces interf
in the far field to produce modulations in the reflectivi
R(qz), akin to the well known Kiessig fringes in optics. Th
period of the modulationDqz is related to the layer thicknes
D asDqz52p/D, and the amplitude of the modulations d
pends on the electron density difference between the la
and the bulk.

An arbitrary density profile can always be sliced in
many thin layers, within each of which the electron dens
can be assumed to be constant. At each interface betw
two layers, x-rays are both reflected and transmitted. T
amplitude of the reflected wave, normalized by the incid
one, is defined as the reflection coefficientr . The normalized
amplitude of the transmitted wave, i.e., transmission coe
cient t, is related to the reflection coefficientr as t512r .
The reflection coefficientr is given by

r5
Aq22qc1

2 2Aq22qc2
2

Aq22qc1
2 1Aq22qc2

2
, ~4!

c-
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3168 55OCKO, WU, SIROTA, SINHA, GANG, AND DEUTSCH
whereqc1 andqc2 are the critical wave vectors of the tw
layers. Define waves moving into the interface by a vect

AS 10D ,
and waves moving away from it by a vector

BS 01D .
Then, the amplitudes of waves at the two sides of the in
face are related by a matrixS

SA2

B2
D 5SSA1

B1
D with S5

1

11r S 1 r

r 1D . ~5!

In one uniform layer of thicknessD, a wave is propagated
from one interface (z50) to the other (z5D) by the propa-
gation matrixP

SAz50

Bz50
D 5PSAz5D

Bz5D
D with P5S exp~ ikD ! 0

0 exp~2 ikD !
D .
~6!

Therefore the x-ray reflection and transmission of the wh
density profile is characterized by one matrixM , which is the
product of all the relevant interface and propagation matri
S and P. The reflectivity R can be derived fromM as:
R5uM21/M11u2. The effect of interfacial roughness is in
cluded by multiplying the reflection coefficientr at each in-
terface by a Debye-Waller-like factor exp(2qz

2si
2/2) . The

x-ray absorption in a layer can also be included in the pro
gation matrix, but its effect is negligible in our case. T
shape of the actual density profile can be determined by
justing the number of layers, their thicknessesDi , densities
r i , and interfacial roughnessess i , until a good agreemen
of the resultant calculated reflectivity with the measured o
is obtained. Further details can be found in Refs.@32,33#. As
detailed below, for the crystalline surface layer on a liqu
alkane bulk, we used a density profile of two different sla
each with a uniform density.

E. Surface roughness

Across the bulk-vapor interface of a liquid, the electr
density drops monotonically and smoothly from the const
value of the bulk liquid to zero for the vapor phase. T
intrinsic width of the interface,s0, is determined by the
atomic form factor and is smaller than the molecular si
However, since there always exist thermally excited capill
waves on the surface, the interface width is broadened f
s0 to a much larger value. For x-ray reflectivity experimen
the effective interfacial widthseff comes from boths0 and
the contributions from those thermally excited capilla
waves whose wavelengths are between the upper cu
qmax'p/a, wherea is of order of the molecular size, and th
lower cutoff,qmin' qzDb/2, determined by the instrumenta
resolution throughDb, which is the angular acceptance
the detector in the plane of reflection
r-

e

s

-

d-

e

,

t

.
y
m
,

ff,

seff
2 5s0

21
kbT

2pg
lnS 2qmaxqzDb D . ~7!

Here kb is the Boltzman constant,T—the temperature and
g—the surface tension. The measured reflectivityR(qz) de-
viates in this case from the Fresnel reflectivityRF(qz) of an
ideally flat surface by a Debye-Waller-like factor

R~qz!5RF~qz!exp~2qz
2seff

2 !. ~8!

The above expressions for the x-ray reflectivity from li
uid surfaces have been verified with a number of sim
liquids @34#. We have further examined these two expre
sions for liquidn-alkane surfaces of different chain length
over a large temperature range above the surface free
point @35#. In principle, seff is qz dependent. However, in
practice, since the exp(2qz

2seff
2 ) factor inR(qz) becomes im-

portant only at largeqz , the reflectivity of a liquid surface
can be very well approximated by replacing theqz dependent
seff in the Eq.~7! with a constantseff , the value of which is
determined in the fit to the data. These values are invaria
close to theqz dependentseff for the largest measuredqz in
the data set being fitted.

F. Grazing incidence diffraction and Bragg rods

X-ray grazing incidence diffraction experiments were p
formed to probe the in-plane structure of the free surface
the alkane melt@36#. Here, the incident angle was set to b
less than the critical angleac . Thus the incident x-rays ex
perience total external reflection and only evanescent wa
penetrate the surface to a depth of;1/Aqc22qz

2'100 Å. In
this configuration, the intensity of x-rays scattered by t
surface is enhanced while that scattered by the bulk is
duced. By scanning the detector angleuD out of the plane of
specular reflection, the scattered intensity is measured
function of the in-plane componentqr of the wave-vector
transfer@36,37# ~Fig. 3!. The use of Soller slits yields a shar
in-plane resolution ofDqr'0.015 Å21 full width at half
maximum ~FWHM!, while allowing the collection of rays
scattered from a large sample surface area. In measuring
integrated intensity as a function ofqr , the vertical detector
slits have been opened up to 25 mm, allowing signal integ
tion over a range inqz of 0.25 Å21. The orientation of the
molecular chains can be further probed by measuring
scattered intensity distribution alongqz at the in-plane dif-
fraction peak positions, the so called Bragg rods. A vertica
oriented metal wire Braun linear position sensitive detec
~PSD! was employed to measure this distribution.

The qr peak positions yield information on the avera
molecular chain spacing projected on the surface and
peak width is related to the correlation length in the orde
crystalline phase. Loss of positional order may result throu
a finite crystallite size, proliferation of crystal defects
hexaticlike loss of positional correlation. The signatures
these different causes in the diffraction patterns are alm
identical and it is only possible to separate these effects
very high resolution line shape measurements which are
practical with the present experimental setup.

The intensity distribution alongqz is determined by the
product of the molecular form factor and the structure fact



n
l
n
-

he
-
e
c-
o

n
-
b

d

l

n

th
s
nd

ic

y
i-
e
ea

the
tilt
the
ors.
wo

le
es
d

rs,
at

tes
ita-

r

w-
are
si-

, it is
m

the
the

x-
the
ten-
he
ate
by
than
n-
to
filter
ing
be
be

e to

ated
is
tion
red
ate

55 3169SURFACE FREEZING IN CHAIN MOLECULES: . . .
The equal-intensity contours of the form factor for an elo
gated chain molecule are pancake shaped, lying norma
the chain axis; and the structure factor of a hexagonal mo
layer consists of lines parallel withqz and arranged on hex
agonal lattice sites@36–38#. When the chains tilt, the form
factor tilts also, but the structure factor is unaffected if t
lattice does not distort. Thus theqz dependence of the in
plane peak intensity, determined by the intersection betw
the ‘‘pancake’’ and the vertical lines, will vary in a chara
teristic way with the azimuthal direction and magnitude
the tilt @36–38#.

More quantitatively, we denote byQz ~or Qr) the wave-
vector component along~or normal to! themolecular axis,
and byqz~or qr) that along~or normal to! the surface nor-
mal. The form factor of a cylindrical electron distributio
with diametera and heightd, a good approximation for al
kane chains in the rotator phases, is then given
F(Qr ,Qz)5 f (Qzd)3g(Qra), where f (Qzd)5sin(Qzd/2)/
(Qzd/2),g(Qra)5J1(Qra)/(Qra), andJ1 is the first order
Bessel function. For alkane chains ofa'5 Å, g(Qra) is
monotonically decreasing in theQr range to be discusse
whereasf (Qzd) has its maximum atQz50 and a width of
2p/d. For a tilt angleu away from the surface norma
@36,38#, theQ andq components are related by

Qz5qzcosu2qxsinu, ~9!

Qr5Aqy21~qzsinu1qxcosu!2, ~10!

with qx5uGhkucoschk andqy5uGhkusinchk,GW hk being the re-
ciprocal lattice point considered andchk is the angle from
the tilt direction toqrW5GW hk . The form factoruF(Qr ,Qz)u2
}u f (Qz)u2 is peaked at Qz50, or equivalently at
qz5uGhkutanucoschk.

Multiplying the form factor by the structure factor of a
hexagonally packed monolayer, the scattered intensity
given by @36#

I ~qz!}F S sin~Qzd/2!

Qzd/2
D 2e2~Qzs0!2Ge2~qzsz!

2
uT~a!u2uT~b!u2.

~11!

Here exp„2(Qzs0)
2
… represents the gradual decrease of

electron density of the molecule at its two end
exp„2(qzsz)

2
… is due to the surface roughness, a

uT(a)u25u2sina/(sina1Acos2ac2cos2a)u2 is the surface en-
hancement factor@39#, which is about 4 ata'ac and ap-
proaches unity fora@ac . uT(b)u2 is the corresponding term
for the reflection angleb and has the same form.

When the molecules are normal to the surface,Qz5qz
and Qr5qr . Consequently the form factoruF(Qr ,Qz)u2
}u f (Qz)u25u f (qz)u2 has its maximum atqz50. The six
lowest-order in-plane reflections of an hexagonal latt
GW (61,0) ,GW (0,61) ,GW (71,61) ~whereGW (1,0) and GW (0,1) are the
primitive reciprocal lattice vectors! have identical rods and
in-plane peak positions. The Bragg rod is characterized b
sharp peak atqz5qc on top of a broad peak with its max
mum atqz50, the sharp peak being due to the enhancem
of the broad peak at the critical angle, and the broad p
coming from the molecule’s form factor.
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When the molecules are tilted, the degeneracy among
six lowest-order Bragg rods is lifted. Often the molecules
towards the most symmetric directions, either towards
nearest neighbors, or towards the next-nearest neighb
When molecules tilt towards the nearest neighbors, t
peaks result: one atqz50 for GW (61,0) , and another at
qz5G(0,1)tanucos30°.0 for GW (0,1) andGW (21,1) . The peaks
at negativeqz cannot be observed. Conversely, the tilt ang
u can be calculated from peak coordinat
(qr ,qz):tanu5qz /(qrcos30°). Both peaks can be fitte
quantitatively with the same parametersd, u, s0, sz . Note
that for the peak atqz50, qx5G(61,0)cos90°50 and
qy5G(61,0)sin90°5G(61,0) ; and for the peak atqz.0,
qx5G(0,1)cos30° andqy5G(0,1)sin30°.

When molecules tilt towards the next-nearest neighbo
two peaks can be observed as well: one
qz5uGhkucos60°tanu5 1

2uGhkutanu for GW (1,0) and GW (21,1) ,
and another one atqz5uGhkutanu for GW (0,1) . This tilt direc-
tion is characterized, therefore, by theqz of one peak being
twice that of the other, with no peak atqz50. The tilt angle
u can be calculated, again, from the peak coordina
(qr ,qz) of the two peaks. Both peaks can be fitted quant
tively, again, with the same set of parametersd,u,s0 ,sz .
Note that for the peak at largerqz ,qx5G(0,1)cos0°5G(0,1) ,
and qy5G(61,0)sin0°50; and for the peak at smalle
qz ,qx5G(1,0)cos60°,qy5G(1,0)sin60°.

Finally, it should be noted that when the sample is po
derlike, rather than a single crystal, and the molecules
tilted but to an extent which leaves the in-plane peak po
tions unresolved, the measured intensity along theqz direc-
tion will be a superposition of two~or more! of the indi-
vidual Bragg rod patterns discussed above. Nevertheless
possible to identify the molecular tilt and its direction fro
the superimposed patterns as we show below.

G. Surface tension

We have also studied the thermodynamics of
n-alkane surfaces by measuring the surface tension with
Wilhelmy plate method@26#. The liquid completely wets the
Wilhelmy plate, a roughened thin platinum plate in our e
periment, and pulls it downward. The force exerted on
plate is measured by an electronic balance. The surface
sion is simply this force divided by the circumference of t
plate’s cross section which is, in practice, twice the pl
width. One can check the complete wettability of the plate
observing the meniscus. Plates made of materials other
platinum perform equally well, as long as they do not co
taminate the liquid and are completely wet by the liquids
achieve a zero contact angle. Results obtained using a
paper plate were indistinguishable from those obtained us
a platinum plate. However, since a platinum plate can
easily cleaned by flaming with a torch, the same plate can
used repeatedly thus eliminating experimental errors du
circumference variation from one paper plate to another.

The samples were contained in a temperature regul
cell, as described in Sec. II A above. The temperature
changed at a rate slow enough so that further rate reduc
yields identical results. Typically, a data point is measu
every 30 sec while the temperature is varied at a r
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3170 55OCKO, WU, SIROTA, SINHA, GANG, AND DEUTSCH
<0.3 m°C sec21. Except for the region near the bulk free
ing ~or melting! temperature, the results are independen
the direction in which the temperature is varied.

The surface tensiong is a direct measure of the surfac
excess free energy@26#

g5es2eb2T~Ss2Sb!, ~12!

wherees andeb are the energies andSs andSb the entropies
for the surface and the bulk, respectively. The tempera
slope of surface tension yields information on the surfa
excess entropy:dg/dT52(Ss2Sb), which are directly re-
lated to the ordering and disordering of the molecules on
surface. For ordinary liquid surfaces, the molecules on
surfaces are less constrained than those in the bulk, thusSs is
slightly larger thanSb , yieldingdg/dT ,0. A negative tem-
perature slope has been indeed observed for all the sim
liquid surfaces. Any ordering on the liquid surface results
a reduction of the surface entropySs , resulting in
dg/dT.0. A slope change indicates, therefore, an order
transition at the surface. Such slope changes have been
served in liquid metals@40#, sodium dodecyl sulphate solu
tions @41#, and Langmuir films@24,25#. When the surface
freezing occurs via a first-order transition, the slope of
surface tension should change abruptly from a small nega
value in the higher temperature liquid surface phase t
large positive value in the lower temperature crystalline s
face phase. This effect was indeed observed in alkane
shown in Sec. III.

III. RESULTS AND DISCUSSION

A. The liquid surface phase

At temperatures higher than;3 °C above the bulk freez
ing temperaturesTf , the reflectivity of liquid alkane surface
has the smoothly decreasing shape typical of ordinary liq
surfaces, and given in Eq.~8!. This indicates a capillary-
wave-broadened density profile which increases smoo
and monotonically from a zero density on the vapor side
the bulk liquid density on the liquid side. In Fig. 4 we sho
in circles the reflectivity curves measured atT.Ts for
C20, C30, and C44. The solid lines in the figure show th
excellent fits to the capillary wave form of Eq.~8!. An ef-
fective roughness ofseff'4.4 Å is found to account reason
ably well for all alkanes at temperatures just above the
mation of the monolayer. Sinceseff

2 5s0
21scw

2 where the
last term is the capillary wave contribution in Eq.~7!, the
capillary wave contributions to surface roughness of two d
ferent liquids should have the ratio

scw,1 /scw,2'Ag2 /g1 ~13!

where the weak logarithmic dependences on the molec
size and the experimental resolution makes the small dif
ences between these two liquids negligible in Eq.~7!. Since
s0 originates in the atomic form factor which has a simi
extent for carbon and oxygen, we can use the alkane m
sured@35# s051.1 Å for both alkanes and water. Emplo
ing now the measured@35# seff

alkanes'4.4 Å and @42#
seff
water52.7 Å, we obtainscw,alkane/scw,water51.7, in good

agreement with (gwater/galkane)
1/251.6, obtained from the

measured@42# gwater572 mN/m and ourgalkane528 mN/m.
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We conclude therefore that at temperatures above the for
tion of the monolayer, the surface roughness behaves as
of simple liquids and is dominated by capillary wave cont
butions.

B. The crystalline surface phase

For n alkanes of 16<n<50, there exist a temperatur
rangeDT immediately above the bulk freezing temperatu
Tf , within which the surface crystalline layer is thermod
namically stable. This layer is formed via a first-order pha
transition at Ts5Tf1DT. This transition can be conve
niently monitored by measuring the reflected intensity a
particularqz , say qz50.2 Å21, as a function of the tem-
perature, as shown in Fig. 5~a!. The first order transition to
the crystalline monolayer is clearly visible as the intens
jumps abruptly from that of the liquid surface to that of th
crystalline surface phase. ForTf<T<Ts the intensity re-
mains constant, indicating that no further changes occu
the surface crystalline layer, either in thickness or in dens
The reflected intensity drops to virtually zero at the bu
freezing point where the surface becomes macroscopic
rough.

The results of the x-ray and surface tension measurem
on the crystalline surface phase for all chain lengths stud
are summarized in Table I. In the following we discuss t
various features of the surface monolayer emerging fr
these measurements.

1. Crystalline monolayer thickness

The formation of the surface crystalline layer is clea
seen by the appearance of the pronounced modulations in

FIG. 4. The reflectivities of C20,C30, and C44 surfaces in their
liquid state at high temperatures~circles! and at the crystalline
phase at the lower temperatures~square!. The lines are the mode
fits discussed in the text. The corresponding electron densities in
crystalline~solid! and liquid ~dashed! surface phases are shown
the inset.
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55 3171SURFACE FREEZING IN CHAIN MOLECULES: . . .
x-ray reflectivities shown in Fig. 4. The solid lines are fi
based on a two-slab model discussed below, and the i
displays the resultant density profiles for the three alkan

The simplest model for the density profile of this layer
a single slab of thicknessD and a densityrÞr l , wherer l is
the electron density of the bulk liquid. The modulation p
riod is Dq52p/D and the amplitude is determined b
r2r l . Two interfacial widthss1 ands2, representing the
vapor and liquid interfaces, respectively, are also include
the model. The calculated reflectivity normalized to t
Fresnel reflectivity, shown in a dash line in Fig. 6 for C44,
provides a reasonably good agreement with the data.
corresponding density profile obtained from the fit is sho
as the dashed line in the inset of Fig. 6. The surface la
density, 0.321 e/Å3, is found to be 20% higher than that o
the bulk liquid alkane and is similar to the density of t
(CH2)n22 segment in the rotator phases@1#. The fittedD
value obtained is about 2 Å shorter than the correspond
fully extended molecular length, calculated using the lite
ture value of 1.27 Å per bond@1#. This reduction inD is
consistent with the molecular tilt of;14° observed for this
molecule in the surface layer.

Even though it captures the essence of the modulation
the reflectivity, this one-slab model deviates from the exp
mental curve noticeably over large sections of the measu
qz range. This deviation becomes more obvious for data
large carbon numbers, as there are more modulations
given qz range. We propose, therefore, a more realis
model, which takes into account the reduced density of
CH3 group by adding a lower density slab at the crystall
layer-liquid interface. A similar layer at the vapor interface
absorbed into the surface roughness parameters1. This
depletion zone is characterized by its densitydr, the zone
width dD and the interfacial widths for its two interfaces.

FIG. 5. The temperature dependence of~a! the reflectivity at a
fixed qz and ~b! the surface tension for C20. The first order transi-
tion, in which the crystalline monolayer is formed at the surface
T5Ts , is clearly visible as a sharp intensity jump in~a! and abrupt
slope change in~b!. Tf marks the bulk freezing point.
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Since the range of the data, and the consequent real s
resolution, are insufficient to determinedr anddD indepen-
dently, we typically fixdD at a value of 2.27 Å~the nominal
size of a CH3 group! and vary onlydr and s. Thus, this
model has five independent variables: the thicknessD and
the densityr for the CH3(CH2)n22 layer, the densitydr and
the interfacial widths of the depletion zone and the vapo
layer interface widths1. The density of the liquid bulk is
fixed at the literature value of 0.269 eÅ23, which is consis-
tent with the critical angle value observed in the reflectiv
data. With this two-slab model, reflectivities of all carbo
number alkanes are well fitted over the entireqz range, as
shown for C44 by the solid line in Fig. 6.

The fitted densityr of the CH3(CH2)n22 slab is practi-
cally identical for all carbon numbers: 0.31760.05 eÅ23.
This is about 18% higher than the liquid bulk value. Th
value is also consistent with data measured by grazing i
dence x-ray diffraction~GID!, although a slight increase in
density is found forn>44, where a new surface phase
observed ~see below!. Using the area per molecule o
A'20 Å2 ~derived below from our GID measurements! and
the 1.27 Å projected length of the eight electron CH2 seg-
ment we obtainrCH258/(2031.27)50.315 mN/m, in good

agreement with the fitted value. The densitydr obtained
from the fit for the depletion zone, withdD fixed at 2.27 Å,
is 0.14760.03 eÅ23. As explained above, neitherdr nor
dD can be determined independently in the fit. Rather,
difference of the areal density (dr2ravg)dD is a well-
defined quantity, where ravg5(0.31710.269)/2
50.293eÅ23 is the average density, at the position of t
depletion zone, in the absence of depletion, i.e., the mea
the densities of the bulk liquid and the (CH2)n22 segment.
This well-defined quantity can be used to estimate the ac
length t of the CH3 head group. By equating theareal den-
sity obtained from the fit, (0.14720.293)eÅ2332.27 Å with
the calculated one,„9/(tA)20.293eÅ23

…3t we obtain
t52.760.2 Å, which is close to the;3 Å head group
length in the bulk crystal@43,44#. In the last expression, th
first term in brackets is the areal density due to the n
electrons of the CH3 group in a molecular areaA'20Å2,
and the second term is, again, the average areal density i
absence of depletion.

The layer thicknessD variation with the carbon numbe
n is shown in Fig. 7~a!. It increases linearly withn, but has
two slightly different slopes in two ranges. Forn<30, it
increases asDre f lect5(1.27n21.23) Å, very close to the cal
culated fully extended chain lengthDcalc51.27(n21) Å,
where 1.27 Å is the projection of a C—C bond length on the
chain axis. This agreement indicates that the chains are f
extended and oriented normal to the liquid surface. F
n.30, the thickness varies asDre f lect5(0.977n17.09) Å.
The smaller slope indicates that either the chains are
fully extended, or that they are tilted away from the norm
From the reflectivity data alone, these two possibilities c
not be resolved. However, if we do assume fully extend
molecular chains tilted by an angleu away from the surface
normal, u can be calculated from cosu5Dreflect/Dcalc. The
tilt anglesu so calculated for all chain lengths are shown
Fig. 7~b!. As can be seen,u'0 for n,30, thereafter increas
ing monotonically, but nonlinearly, to;23° for C44. As

t
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3172 55OCKO, WU, SIROTA, SINHA, GANG, AND DEUTSCH
TABLE I. Experimental results of the x-ray and surface tension measurements for all chain le
studied.n is the carbon number,D is the layer thickness measured by x-ray reflectivity,qr is the position of
in-plane grazing incidence diffraction peak, andqz is the peaks of the corresponding Bragg rods. The b
freezing point,Tf , and the temperature range of existenceDT of the surface crystalline phase were deriv
from the x-ray and surface tension measurements independently.d is the distortion parameter, discussed
the text,A is the area per molecule. The entropy change upon formation of the surface layer,DSs is equal to,
and was calculated from, the slope difference of the surface tension below and above the layer fo
temperatureTs . The corresponding bulk value,DSb , was obtained from the published values for bulk rota
phases@1,57#.

D qr qz Tf DT A DSs DSb
n ~Å! ~Å21) ~Å21) (°C! (°C! d ~Å 2) ~mN m21K21)

14 4.50 0.00
16 17.69 1.20 0.896 1.16
17 24.00 2.12 0.943 1.14
18 21.66 1.524 29.33 2.05 0.000 19.63 1.00 1.27
19 34.40 2.66 1.12 1.25
20 24.11 1.519 0.0 38.65 2.97 0.000 19.76 1.16 1.28
21 25.49 1.517 0.0 41.93 2.67 0.000 19.81 1.23 1.30
22 26.75 1.524 46.25 3.13 0.000 19.63 1.29 1.42
23 28.22 1.521 50.00 3.11 0.000 19.70 1.32 1.42
24 29.45 52.91 2.98 1.39 1.50
25 55.83 3.10 1.45 1.50
26 31.67 1.520 58.44 2.99 0.000 19.73 1.51 1.52
28 63.40 2.96 1.64 1.62
30 36.63 1.516 67.56 2.82 0.005 19.73 1.72
32 38.43 1.510 70.69 2.52 1.76
36 42.00 1.496 0.0 76.94 2.48 0.045 19.50 1.94 2.05

0.392
40 46.15 1.489 81.70 2.30 2.11
44 50.34 1.476 0.356 85.70 1.30 0.106 18.71 3.02 3.45

0.740
46 49.1 88.05 0.55 3.29
50 91.10 0.40 3.17 3.76
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FIG. 6.R/RF for C44. The circles are the experimental data, t
solid and dashed lines are the best fits of two different den
models shown in the inset. The one in the solid line is a two-s
model taking account of the density depletion at the chain ends
to the less dense CH3 groups. The dashed line results from a sing
slab representation of the monolayer. The more realistic two-
model clearly agrees better with the measurements.
discussed below, the Bragg-rod measurements
n520, 36, and 44 are consistent with this calculation, th
supporting the scenario of a rigid molecular tilt over that o
molecular conformational change.

2. In-plane order

The in-plane order in the monolayer was determined
GID measurements. In the high temperature liquid surf
phase, the scattering intensity drops monotonically for
creasingqr . The structure factor for the liquidsurfacewas
too weak to be detected@45#. The scattering frombulk liquid
displays a broad peak atqr51.35 Å21, having a width
~FWHM! of Dqr'0.35 Å21 for C20, which yields a corre-
lation range of a few molecules@46#. The formation of the
crystalline surface monolayer atTs , is marked by the ap-
pearance of a sharp peak atqr'1.52 Å21, as shown in Figs.
8~a!–8~c! for C20,C36, and C44. This Bragg peak clearly
originates from long range positional order in the dens
packed surface layer@47#. Within our resolution of
Dqr50.015 Å21, neither the peak position nor the pea
width change with temperature over the;3 °C range down
to Tf . The thermal expansion coefficient calculated from t
uncertainty in the peak position is, therefore, less th
331023 °C21, and the correlation length is temperature i
dependent. The thermal expansion coefficient for the b
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55 3173SURFACE FREEZING IN CHAIN MOLECULES: . . .
hexagonal rotator phase@16# is 131023 °C21, consistent
with our results. For all chain lengths measured, the p
width is resolution limited at 0.015 Å21 ~Fig. 8!, implying
quasi-long-range order with a correlation length of at le
1000 Å. The mosaic distribution in the monolayer can

FIG. 7. ~a! The thicknessD of the surface crystalline layer
derived from the reflectivity measurements, as a function of
carbon numbern. The two lines of two different slopes describe th
data well forn,30 andn.30, respectively.~b! The molecular tilt
angles from the verticalu, deduced fromD of ~a! and the calcu-
lated, fully extended molecular lengths~circles!. Independent Bragg
rod measurements~open squares! agree well with these values.

FIG. 8. ~a!–~c! The in-plane GID peaks of the surface crysta
line layer of C20,C36, and C44, measured atqz50 Å21 ~a,b! and
0.35 Å21 ~c!. ~d!–~f! The correspondingqz scans at the in-plane
peak positions. Theqz scans indicate that the C20 molecules are
normal to the surface~d!, the C36 ones tilted towards their neare
neighbors~e!, and the C44 ones tilted towards their next-neare
neighbors~f!, as shown in the insets.
k

t
e

observed directly by measuring the intensity at theqr peak
position as a function of the sample azimuthal rotationus as
shown in Fig. 3. If the 2D ‘‘powder’’ comprising the mono
layer is fine, with many small crystallites, an intensity ind
pendent of the sample rotation would be obtained, while
a coarse ‘‘powder’’ made of a few large crystals, discre
peaks would be observed upon sample rotation. Indeed,
measured intensity displays discrete peaks in groups;60°
apart inus , as shown in Fig. 9, indicating~very few, if not a
single! large crystal domains with six fold crystalline sym
metry. Since the illuminated sample surface area is m
mm2, and the coverage is almost complete, the monola
crystals must also have a similar area. Bearing in mind t
the thickness of the crystals is only a few tens of Å, t
aspect ratio of these crystals is amazingly large. In tw
dimensions, thermal fluctuations are known to destroy t
long-range positional order yielding quasi-long-range ord
An experimental distinction between true- and quasi-lon
range order would require very demanding high resolut
line shape measurements, not currently available.

Note that our mm size crystallites are significantly larg
than those of Langmuir films, where they are typically 10
1000 Å across. This can be understood by considering
coalescence energetics of small crystals into larger ones
Langmuir films, the molecules are confined to the water s
face, thus eliminating the possibility of removing doma
walls through exchange of molecules with the bulk. Th
places an energy barrier on the coalescence of small cry
lites into larger ones in Langmuir films. In alkanes, by co
trast, the molecules on the surface are in full equilibriu
with those in the bulk and free molecular exchange is
lowed. Apparently, this lowers considerably the energy b
riers on the elimination of domain boundaries and on
coalescence of small crystallites into large ones.

Returning now to Figs. 8~a!–8~c! and 10~a!, we note that
for all samples withn,30 the in-plane peak is nearly fixe
atqr051.52Å21, i.e., the lattice plane spacing is 4.13 Å an
the chain-chain spacing is (2/A3)4.1354.77 Å. Assuming
hexagonal packing for our monolayer, the area per chai
234.132tan30°519.7Å2. This value is consistent with tha

e

FIG. 9. The intensity variation of theqz50Å21 GID Bragg
peak of the crystalline surface monolayer of C40 upon a sample
rotation us ~see geometry in Fig. 3!. The sharp peaks 60° apa
indicate a single very large crystallite~of lateral;mm dimensions!
with hexagonal symmetry.
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3174 55OCKO, WU, SIROTA, SINHA, GANG, AND DEUTSCH
of the bulk rotatorRII phase@4,5#, where the molecules are
on average, oriented normal to the layer and packed hex
nally. Forn.30, the peak positionqr decreases, indicating
that the in-plane spacing increases, with the carbon num
n. Assuming rigid molecules, this is indicative of a molec
lar tilt. The tilt direction for 30,n,44, according to the
C36 Bragg-rod measurements discussed below, is towa
nearest neighbors. If we assume that the molecules til
rigid cylinders and stay in contact, this tilt direction shou
distort the in-plane hexagonal packing in a characteri
way, and, as discussed in Sec. II F, should split the sixfo
degenerate in-plane peak into two: a twofold-degenerate
at qr15qr0 and a fourfold-degenerate one atqr25qr0cosu,
whereu is the tilt angle. Using now the tilt angles derive

FIG. 10. ~a! The measured in-plane lattice spacingsd ~closed
circles!, derived from theqr positions of theqz50 Å21 peaks,
except for C44, where it is derived from theqz50.35 Å21 peak,
since there is noqz50 one. Forn.30 the tilt towards neares
neighbors~without distorting the hexagonal packing in the ax
normal plane! should result in the distortion of the in-plane hexag
nal packing, yielding two distinct spacings. The dashed lines
these hypothetical spacings based on the tilt angle calculated
the reflectivity measurements, Fig. 7, assumingd50. The single
spacing observed for eachn in the actual measurements takes t
average of the two values.~b! The area per molecule in the plan
perpendicular to the molecule’s axis.~c! The electron densities, a
deduced from the GID measurements~closed circles! and the re-
flectivity measurements~open circles!. ~d! The surface roughnes
parameters1 obtained from the fits to the measured reflectivitie
Note the gradual increase withn for n,44 and the abrupt decreas
for the new solid phase atn544. Similar abrupt changes are ob
served inA andre at the same position in~b! and~c!, respectively.
o-

er
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from the reflectivity data and given in Fig. 7 the values
qr1 andqr2, and the corresponding in-plane spacingsd1 and
d2 can be calculated. The spacings are plotted as das
lines in Fig. 10~a!. As can be seen from the error bars, t
difference between the calculatedd1 andd2 and, hence, also
between the calculatedqr1 andqr2 , is well beyond the ex-
perimental resolution. Nevertheless, only asingle qz50 dif-
fraction peak could be observed experimentally for all ch
lengths taking, interestingly, the average of the two e
mated values, shown by the solid line in Fig. 10~a!. Thus,
the assumption that the molecules stay in contact, with
cular cross sections, when tilted is untenable, since
should have yielded two peaks, one at (qr15qr0 ,qz50) and
the other at (qr2,qr1 ,qz.0). The observations of a singl
qr peak position and a molecular tilt towards nearest nei
bors, can still be reconciled if upon tilting the in-plane latti
stays hexagonal, but the lattice spacing expands comme
rately with the tilt. In this case we should observe two pea
one at (qr1,qr0 ,qz50) and another at (qr2'qr1 ,qz.0),
i.e., both peaks have the same in-plane position but diffe
plane-normal positions. This is indeed the GID pattern o
served for C36, as discussed below. Note, however, that
C36 data does not dictate a strict in-plane hexagonal sym
try. In fact, any coupling between the tilt and the latti
would result in breaking this in-plane symmetry. Rather,
approximate one, with two in-plane peaks at a separa
smaller than the experimental resolution is still supporta
by the data. We favor this ‘‘expanding hexagon’’ model f
all chain lengths on the strength of the C36 and C44
qz-resolved GID data and the single (qz-unresolved! in-plane
peaks observed for all other chain lengths. However, si
no qz-resolved measurements are available for other leng
significant distortions from a near-hexagonal in-plane pa
ing can not be ruled out for tilted chains other thann536
and 44.

3. Molecular tilt

Both the direction and the magnitude of the molecular
can be determined from theqz dependence of the intensity a
the position of the peak inqr , the so called Bragg rods
shown in Figs. 8~d!–8~f!. Unlike the reflectivity, which pro-
vides a layer thickness averaged over both the crystalline
noncrystalline parts~if any! of the monolayer, from which
the tilt magnitude can be extracted, assuming rigid, exten
molecules, the Bragg rods result only from the crystalli
parts of the monolayer. The Bragg-rods’ width can be us
to test the assumption of a rigid molecular tilt but most im
portantly, they allow an accurate determination of the
direction, in addition to its magnitude. To unambiguous
determine this structure, the (qr ,qz) peak positions must be
found for all the low-order peaks. The measured positio
are shown in Table I. The in-plane spacingsd52p/qr , cor-
responding to the Bragg peaks occurring atqz50 Å21 are
plotted in Fig. 10~a!. As discussed above, for hexagona
packed nontilted molecules, the six diffraction peaks
completely degenerate, and thus only one peak is observe
the 2D powder averagedqz2qr plane. The line shape is
product of a sharp surface enhancement spike atqz5qc and
a broad form factor distribution peaking atqz50Å21. The
Bragg rods of the surface crystalline layer forn<30 display
all these features, as shown in Figs. 8~a!,8~d!. We conclude,
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55 3175SURFACE FREEZING IN CHAIN MOLECULES: . . .
therefore, that the molecules in the monolayer are norma
the surface, consistent with the reflectivity measureme
Quantitatively the Bragg rods can be described by Eqs.~1!
and ~2! and ~9!–~11!, noting thatQz5qz andQr5qr . Spe-
cifically, as shown in Fig. 8~d!, C20 can be well fitted yield-
ing a molecular length ofd5(2261.0) Å, close to, but
;2 Å shorter than the reflectivity result.

For 30,n,44, the 2D powder average yields two doub
degenerate peaks, atqz50 and a finite positiveqz , indicat-
ing that the molecules are tilted towards their nearest ne
bors. The doubly degenerate peak at negativeqz is not ac-
cessible in this experimental geometry. The scans for C36 are
shown in Fig. 8~e!. Within our experimental resolution, thes
two peaks inqz for C36 have the same in-plane positio
qr , indicating an hexagonal projection on the surface, bu
distorted projection when viewed along the chain axis. S
stituting the proper relations for a nearest-neighbor tilt in
Eqs. ~9!–~11!, both peaks can be fitted quantitatively,
shown in a solid line in Fig. 8~e!, for C36. This fit yields
d546 Å, which coincides with the calculated 46 Å length
the fully extended molecule, and a tilt ofu517.6°, consis-
tent, again, with the reflectivity data shown in Fig. 7~b!.

For n>44, the powder average yields two peaks. A do
bly degenerate one at someqz5qz1.0 and a singly degen
erate one atqz252qz1, indicating that the molecules are no
tilted towards the next-nearest neighbors. For C44, the in-
plane positionsqr of these two peaks are the sam
qr51.48 Å21, indicating, again, an undistorted hexagon
projection on the surface and a distorted projection norma
the chain axis. The tilt angleu can be determined from th
coordinates of the peaks (qr1 ,qz1) and (qr2 ,qz2), as
tanu5qz1 /(qr1cos60°)5qz2 /qr2. Substituting into Eqs.
~9!–~11! the proper relations for the next-nearest neigh
tilt, both peaks can be fitted quantitatively, yieldingd550
Å for C44, which is consistent with the reflectivity results o
Fig. 7~a! though somewhat shorter than the 54.6 Å leng
calculated assuming a fully extended molecule, a
u526°, which is, again, consistent with the reflectivity da
shown in Fig. 7~b!.

The transition from untilted to tilted molecules with in
creasing chain length can perhaps be understood by co
ering the increased molecular diameter at the chain e
@15#. Spectroscopic measurements@48,49# clearly show that
there are substantial numbers of gauche-bond defects
dominantly near the chain ends in the rotator phases.
number of these defects increase with increasing tempera
and thus they play a larger role in longer chain alkanes,
melting temperatures of which are higher than those
shorter chains. When averaged over their individual confi
rations, thesegauchedefects will result in larger effective
widths at the ends of the molecules as compared to tha
their centers. This was also confirmed by scanning tunne
microscopy~STM! measurements@50# of alkanes adsorbed
on graphite. Consider, therefore, a monolayer consisting
closely packed dumbbell-shaped molecules. The inter
lecular distance is determined by the larger widths of
ends, wend, thus leaving the distance between t
(CH2)n22 segments larger than their diameter. Simple geo
etry shows that a tilt from the vertical by an angleu de-
creases the distance between adjacent (CH2)n22 segments as
wendcosu, but at the same time reduces the lengthwise ov
to
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lap between adjacent segment by 2wendsinu. For short chains
the usual energy-entropy balance in the monolayer favo
vertical orientation for the molecules. However, asn in-
creases, the attraction between adjacent (CH2)n22 segments
also increases. Above some limit, it will become sufficient
offset the balance and the molecules will seek a reductio
the distance between adjacent (CH2)n22 segments by tilting.
A tilt, however, reduces the overlap, and thus the attract
as well. A new balance of the free energy will, therefore,
obtained for some finite tilt angleu.

A tilt direction transition, where no other parameter vari
~i.e., tilt magnitude, distortion, and area! is energetically very
subtle@51#, so that different tilt directions in the bulk and a
the surface, while not understood in detail, are not too s
prising. In fact, the bulk phase diagram shows also ano
rotator phase~theRIII ) where the tilt is intermediate betwee
nearest neighbors and next-nearest neighbors. Thus, th
direction transition may occur, in the scenario above, a
result of the~somewhat more subtle! influence of the free
volume obtained for the longer chains.

According to the reasoning above, the tilt direction a
angle must be a balance of entropy, which is a function
kbT, and energy, which varies with chain length and tilt d
rections. Thus, the balance should be, in principle, temp
ture dependent and so should be the tilt direction and an
The temperature range of existence of the surface phas
alkanes is, however, too small to allow the necessary t
perature variation, and the bulk freezing point is reach
before a tilt transition, or a direction transition, can be
fected. In alkane mixtures, however, the bulk freezing po
can be tuned by varying the bulk composition. The bu
freezing temperatures of C26/C36 mixtures were found, in-
deed, to be greatly depressed relative to that of pure36
melt. The surface crystalline monolayer of pure C36 that was
observed to form on the liquid bulk of the mixtures cou
indeed be tuned, for a particular~rather narrow! composition
range, to go through a first order transition from a rota
phase with a nearest neighbor tilt direction to a crystal ph
with a next-nearest neighbor tilt direction by lowering th
temperature@9#.

C. Surface phase behavior

Using the in-plane (qr ,qz) peak positions we can
compute @17# the area per molecule (A) viewed normal
to the chain axis and the distortion (d) both of which
are listed in Table I. It is easy to show thatd5u12
A@(2qa /qb)

221#/3u and A58p2/(qbA4qa22qb
2), where

q5Aqr21qz
2 and the subscripta refers to the peak with the

lower ~higher! qz for the next-nearest-neighbor~nearest-
neighbor! tilt direction for C44 (C36) andb to the other peak.
In theA values plotted in Fig. 10~b!, we see that forn,44
we haveA'19.65 Å2, including the tilted C36 phase. This is
consistent with the values of the bulk rotator phases.
C44, however,A appears to have taken a discontinuous ju
to a lower value of 18.71 Å2. This value, which is consisten
with a transition from a rotator to a nonrotator crystal pha
in the bulk, provides a clue to the nature of the transition
the surface phase atn'44. In the untilted hexagonal phas
d50. In the tilted phase of C36 we find d50.045, which is
consistent with the low values observed ford in the RIV bulk
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3176 55OCKO, WU, SIROTA, SINHA, GANG, AND DEUTSCH
rotator phase where the distortion is induced by the tilt@17#.
The high temperature bulk rotator phase of C33, for ex-
ample, has@17# A519.7 Å2,d50.045 andu519°. An im-
portant distinction between the surface and bulk rota
phases is the direction of the tilt. While the area and dis
tion magnitude are the same, in the bulk rotator phases
tilt is either towards next-nearest neighbors or at interme
ate positions, while the surface rotator phase has a tilt
wards nearest neighbors.

For the tilted phase of C44 we computeA518.71 Å2 and
d50.106, which we compare with the nonrotator crys
phases of the corresponding long chain alkanes@52# where
C40 and C44 haveA519.23 and 19.17 Å2, d50.101 and
0.106 andu520.6° and 22.7°, respectively. It is thus cle
that the transition between the two tilted surface phase
n'44 is a rotator to crystal phase transition. Furthermo
the in-plane peak positions provide yet another way of co
puting the electron density of the surface crystalline lay
which can be compared with the values determined from
reflectivity data fits. With eight electrons per CH2 group and
a length, along the chain, of 1.27 Å, the electron density
just 8/~1.27A) eÅ23, whereA is the area per molecule a
viewed along the molecular axis, and shown in Table I. T
resultant densities are plotted in Fig. 10~c!. As can be seen
for n,44 the GID data yields 0.320 e/Å3 which is, within
experimental error, equal to 0.317 e/Å3 determined from the
reflectivity fits. For C44, however, a higher electron densi
of 0.333 e/Å3 is obtained, consistent with the higher dens
of the crystal phase.

Another strong indication for a new phase forn.44 can
be obtained from then dependence of the surface roughne
parameters1. These values, as derived from the reflectiv
fits for the lengths measured, are plotted in Fig. 10~d!. While
the accessibleqz range limits the accuracy of the fitteds1
values, a clear increasing trend with chain length is obser
for n,44. However, forn.44, where the new phase com
in, a dramatic decrease ins1 is observed. The decrease in th
observeds1 is very similar to that observed in Langmu
films upon compression of the monolayer from the 2D liqu
to the 2D solid phase@53#. In that case it was shown that i
the solid phase an extra damping of the capillary waves
sults from the nonzero bending rigidity constantK, as com-
pared to the liquid phase whereK50 and the damping is du
only to the surface tensiong. While a similar change ofK
upon the transition from a surface rotator to a surface cry
at n544 cannot be ruled out, the abrupt decrease ins1 is
more likely due to the disappearance of the translational
order along the chain axis which is one of the well-know
characteristics of the bulk rotator phases, but is frozen ou
the crystalline phase@43#.

The increase ofs1 with n, observed in Fig. 10~d! for
n,44, is expected from capillary wave theory@35,54#. Since
the surface tension atTs is chain length independent~see Fig.
13! the variation ins1 with n is expected to result only from
the correspondingn dependence ofTs , in the vicinity of
which thes1 values for the variousn were measured. How
ever, thescw;AT thus predicted from Eq.~7! is too weak to
account for the effect observed. Additional contribution
like the n dependence ofs0 and/orqmax, will have to be
considered to account for the observed trend. Alternativ
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models which exhibit a strongerT dependence, such as th
scw;T predicted by Tkachenko and Rabin@55#, will have to
be invoked. The large scatter in the availables1 values pre-
cludes, however, a detailed disentanglement of the diffe
contributions at this stage.

We conclude, therefore, that the ordered surface mo
layer has three distinct structures: Two rotator phases,
for n<30 having surface-normal molecules and the other
30,n,44 with molecules tilted towards their nearest neig
bors and one crystalline phase forn>44 with molecules
tilted towards their next-nearest neighbors.

This trend very much follows the trend observed for t
bulk. In the surface phase, the tilt sets in at a slightly hig
n ~C30 versus C26) and the tilt direction is toward neares
neighbors while in the bulk, at the correspondingRIV phase,
it is towards next-nearest neighbors. The magnitudes of
tilt ( u), distortion(d) and area per molecule (A) ~both mea-
sured in a plane perpendicular to the chain axis!, are compa-
rable in the surface and bulk phases. The rotator to crys
line transition at the surface fits also well into this tren
since in the bulk the rotator phases were found@56# to dis-
appear forn.44 where the bulk transition is directly from
the liquid to the crystal.

D. Surface thermodynamics

The surface tension measurements of a complete coo
heating cycle for C20 are shown in Fig. 5~b!. The clear cusp
marksTs , the onset of surface freezing. At this temperatu
the slope ofg changes abruptly from a small negative val
for T.Ts , typical of simple liquids, to a large positive valu
for T,Ts . This change is a clear indication of the formatio
of an ordered surface layer on top of the bulk liquid,
discussed above. The abruptness of the change indica
first-order transition, with virtually no hysteresis and no pr
transitional effects. The absence of any further slope chan
implies that no additional structural transitions occur prior
bulk freezing @6#, consistent with the x-ray results in Fig
5~a!.

FIG. 11. The entropy changeDS upon surface monolayer for
mation derived from the slopes of the surface tension measurem
~closed circles!. Note the break atn;30, where the tilted phase firs
occurs. The large increase atn544 is associated with the rotator
to-crystalline surface phase transition. The open squares are
corresponding bulk values.
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The slope forT.Ts is relatively small and indepen
dent of n. For all alkanes measured, we obta
(dg/dT)T.Ts

5(20.0960.01)mN m21 °K21, consistent

with literature values@1,57#. Taking an average area per mo
ecule of 20 Å2, this yields a surface-bulk entropy differenc
of (Ss2Sb)'1.8310223 J/°K5kbln3.7 per molecule, indi-
cating about a fourfold increase in the number of availa
states for each surface molecule over one in the bulk.
T,Ts , the slope becomes positive, and its magnitude
larger and increases considerably withn, as shown by the
solid circles in Fig. 11. The figure shows the slope differen
above and belowTs , which equals the corresponding diffe
ence in the entropy: D(dg/dT)5dg/dT(T,Ts)
2dg/dT(T.Ts)[DS.

One can compare the entropy change upon surface fr
ing with the entropy change upon bulk freezing from liqu
to the rotator phases, properly normalized to a single mo
layer. As shown by the open squares in Fig. 11, they are v
close indeed. This good agreement leads, therefore, to
conclusions, both consistent with the x-ray measureme
~a! the surface phase is only one molecular layer thick a
~b! the ordered monolayer forn,44 has a structure ver
similar to that of the bulk rotator phase. The systematic
viation ofDS from the bulk rotator liquid values at lown, as
seen in Fig. 11, can be explained by the fact that
n,22, the surface rotator phase is hexagonal, while the b
melts directly from the distorted and more ordered RI phase.
The bulk RII to RI transition is first order and the entropy o
that transition extrapolated to shorter chain lengths could
count for that deviation@15#. It has been shown that th
interlayer coupling is important in establishing the distorti
of the RI phase@2,16# and thus, it is not surprising that th
surface phase is RII even where the bulk melts directly from
the RI phase.

As shown in Fig. 11,DS has an approximately linea
dependence onn for n,44. This can be rationalized by con
sidering the most dominant contribution to the entropy:
chain conformation degrees of freedom. Successive C—C
bonds in a chain can have twogaucheand onetransconfor-
mations, with the latter having the lowest energy@58~a!#.
Approximating the chains in the liquid state to be complet
flexible and free from any steric hindrance so that each b
conformation is of equal probability the entropy per chain
ST.Ts ,calc

5kBln(3
n23) wherekB is the Boltzmann constant

Upon ordering, the conformational degrees of freedom
chains on the surface are greatly reduced, and all bonds
assumed to betrans, and have approximately zero entrop
ST,Ts ,calc
8 '0. Thus, we obtainDScalc5D(dg/dT)calc

5kB@(n23)ln3# 51.52 310223 3n24.55 310223 J/K.
This approximation, shown as a dashed line in Fig. 11, p
vides an upper limit on the possible conformational entro
loss upon surface freezing. As expected, it systematic
overestimates the experimental values, but accounts rea
ably well for the linearn dependence of the slope. The ove
estimation comes mainly from the gross approximation
zero entropy for the surface crystalline phase and an e
probability for the trans and gauchebonds in the liquid
phase. Finally, the entropy for the crystalline phase is ge
ally nonzero, and varies with the crystalline structures. T
calculation and understanding of the melting entropy of
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bulk alkanes has progressed well beyond the simple appr
mation given above@58~b!#.

Examining more closely then dependence ofDS, plotted
as a solid line in Fig. 11, one can observe a change of s
atn'30, to a lower slope forn.30 than that forn,30. The
change of slope marks the nontilt-tilt transition of the mo
ecules in the crystalline layer, discussed above. Part of
slope change is attributable to the change in the area
molecule. Furthermore,DS for n>44 takes values much
larger than those forn,44, indicating another structura
transition in the surface crystalline layer. A similarly larg
jump ofDS has been observed for the C36 crystalline surface
monolayer in C26/C36 mixtures, where it was shown to b
due to a transition where the direction of the tilt chang
from nearest neighbors to next-nearest neighbors. X-
measurements confirm that the C44 molecules in the surface
crystals indeed tilt towards next-nearest neighbors, as sh
by the Bragg rod in Fig. 8~f!.

The large jump inDS at n'44 results from a sharp de
crease in the surface entropy. Since the only degrees of f
dom remaining in the frozen surface layers are the rotatio
ones, it is likely that the jump marks the freezing out of t
rotations and the formation of a true crystalline surface ph
for n>44. This supports the conclusion of a rotator-t
crystalline phase transition in the surface layer, drawn fr
the x-ray measurements discussed above. The open sq
in Fig. 11, forn>44 only, are the bulk entropies@59# for the
crystal-liquid transition without the intervening rotato
phase. These are closer to the surface phase data points
those of the rotator phases. However, the fact that they
higher suggests that the surface crystal phases have a l
entropy~disorder! than the corresponding bulk phases, whi
is reasonable in view of the reduced molecular confinem
at the surface.

Finally, note that the transition~with n) between the two
tilted phases nearn'44 should be viewed as mostly
rotator-crystal transition, with the tilt direction change bei
a rather minor subtlety. This is distinct from theLb I

to

LbL
to LbF

transitions@38# in phospholipids, for example
where theonly parameter changing is the tilt direction. Th
is clearly demonstrated by the large magnitude of the entr
change observed for C44. For a first-order tilt direction tran-
sition this change is negligible@51#, while for a bulk rotator-
crystal transition it is very large@1#.

E. Temperature range of existence

The temperature ranges of existenceDT5Ts2Tf of the
crystalline surface phase, as obtained from both surface
sion and x-ray reflection measurements~for an example see
Fig. 5!, agree excellently with each other for all cha
lengths.DT has a nonmonotonicn dependence, plotted in
Fig. 12, showing the surface crystalline phase to appear o
for 16<n<50 and to have a maximum range ofDT'3 °C
for n'20.

This phase diagram,DT vs n, can be accounted for by
free energy considerations, as follows. Noting that the f
energy of the bulk liquid is equal to that of the bulk solid
Tf , and the free energy of surface liquid equals that of
surface solid atTs , one may calculate the temperature ran
DT as
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DT5
gTs

2gTf

S2S8
, ~14!

wheregTf
andgTs

are the surface tensions at the bulk free

ing and surface freezing points, andS andS8 are the entro-
pies for the surface liquid and surface crystalline phas
respectively. At a given temperature, sayT530 °C, chain-
end free volume considerations@58~a!# yield for the surface
tension ann-dependence form:A2B/n2/3, ~whereA andB
are constants! which is shown in Fig. 13 to fit the experimen
well with A537.2 mN/m andB565.4 mN/m. For alkanes
whoseTs is above the givenT530 °C, the value extrapo
lated from the liquid surface phase is used in the figure. T
surface tension values at the onset of the surface crysta
phasegTs

~the open circles in Fig. 13! are found to be ap-

proximately constant over the measuredn range, gTs
'c

528 mN/m. Note that sincedg/dT is rather small in this
temperature range,g(Ts) is practically the same as the va
ues of the surface tension extrapolated to the bulk freez
point from the high temperature phase, which isn indepen-
dent. Although we do not know the physical origin of th
n independence, we do notice that many physical quant
besides the surface tension, such as the density and the
cosity are practically independent of the chain length at th
respective bulk freezing points.

Then dependence ofgTf
can be understood by noting th

the excess free energy of a monolayer at the surface over
inside the bulk solid is due to the missing interactions w
the nonexistent overlayers above the surface. Assuming
the dominant interaction is van der Waals~vdW! type, the
excess free energy varies as 1/d2, whered;n is the layer
thickness@60#. It is easy to show that for this case the e
pectedn dependence ofgTf

is gTf
5g 8̀ 1b/n2. This depen-

dence is indeed found in our measurements, withg 8̀ 522.0
mN/m and b51200 mN/m. With this dependence, th
shorter the chain, the larger the vdW free energy penalty
has to be paid for the formation of the monolayer at
surface over that in the bulk. This increasing penalty is
pected, therefore, to impose a short length limit on the s

FIG. 12. The temperature range of existenceDT for the surface
crystalline phase. The solid line is the theoretical expression der
in the text, and the inset charts the bulk freezing temperature
n.
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face freezing effect, as indeed found atn'14, where the
system presumably reverts to either the common surf
melting behavior or to the melting of the bulk and surface
the same temperature. Unfortunately, technical difficulties
preparing well-defined surfaces preclude x-ray measu
ments in this region.

Besides the energies, the competing entropy effect ha
be considered. As discussed above, forn,44 the entropy
loss upon transition from the liquid to the rotator phase
creases linearly with length:S2S8;n. Considering then
dependence of both the energy and entropy,DT can be cal-
culated from Eq.~14! as

DT'
1

n S c2g 8̀ 2
b

n2D5
a

n
2

b

n3
, ~15!

wherea andb are positive constants. Equation~15! clearly
shows that for a small enoughn,DT is negative: the surface
layer disorders below the bulk freezing temperatureTf , i.e.,
the common surface melting occurs. Asn increases pas
n'14, DT becomes positive and surface freezing occ
with a nonzero temperature range. However, for very la
n, the entropy shrinks the ordered surface phase to a s
temperature range:DT→0 for n→`. Only for intermediate
n does an ordered surface phase exist with a significant t
perature range. Fitting the measured data forn,44 by Eq.
~15! yields a satisfactory agreement, as shown by the s
line in Fig. 12. The fast falloff in Fig. 12 forn>44 is clearly
induced by the considerably greater surface entropy loss
companying the rotator-to-crystal surface phase transi
discussed above and shown in Fig. 11. The longer chains
the correspondingly higher temperatures also result in a
liferation of gaucheconformations in the chains. The in
creased deviation from a uniform shape and a constant c
section along the chain will further reduce the tendency
form an ordered crystalline layer. This also contributes to
fast decrease inDT.

F. Interface energies and surface freezing

The experimental results discussed above can be use
obtain values for the solid-liquid and solid-vapor interfac

d
vs

FIG. 13. The surface tension dependence onn at a fixed
T530°, surface transitionTs, and bulk freezingTf . The solid lines
are the theoretical expressions discussed in the text.
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energies, which are inaccessible to direct measurement
careful examination of the relative magnitudes of these v
ues yields important insight into the conditions for the occ
rence of surface freezing. The formation of the surface cr
talline layer entails the formation of a solid-liquid and
solid-vapor interface, with energy costs ofgsl and gs , re-
spectively. The elimination of the liquid-vapor surface r
sults in an energy gain ofg l(T)5g02TSl , where
g05g l(T50) is the energy contribution, andSl is the excess
surface entropy@61#. The energy balance dictates that t
surface crystallizes if by doing so the energy is reduced,
if gs1gsl,g l . Definingdg5g l(Tf)2gs , the surface freez-
ing condition can also be written asdg.gsl . The range of
existence of the surface phase is

DT5~dg2gsl!/~DS1Sl !5@g l~Tf !2~gs1gsl!#/~DS1Sl !,
~16!

where the temperature dependences ofgs andgsl were ne-
glected. Likewise, surfacemelting would occur when
2dg.gsl , and no surface-specific transition would occ
where2gsl,dg,gsl .

Taking the measured surface tension values ofg l(Tf)
from our work as well as the literature@62#, we chose a
constantg l(Tf)'28 mN/m over then range of interest.
While variousn dependences have been predicted for t
quantity, the uncertainty in the experimental data is grea
than anyn dependence in then range under discussion. Us
ing this g l(Tf) value in Eq.~16! and values ofDSDT as
measured in this work we calculated the sum of surface
ergiesgs1gsl . These are plotted in Fig. 14. Using the inte
sections of thegs1gsl vs n curve ~represented by the dot
dash guide-to-the-eye line! with g l ~represented by the
roughly constant dashed line!, we see that the surface free
ing condition gs1gsl,g l is, indeed, fulfilled down to

FIG. 14. The total excess surface energiesg l ~dashed line! and
gs1gsl ~solid circles forn,44 and open circles forn>44), both at
T5Tf . The dot-dash line is a smooth guide to the eye only, rep
senting gs1gsl . The constantg l(Tf)'28 mN/m is determined
from Ref. @1# and the present measurements. Surface freezing
curs whengs1gsl,g l . Using the intersections of the dot-dash a
the dashed lines, this condition is fulfilled here for 14,n<50, as
indeed observed experimentally. Further details are given in
text.
A
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-
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r

s
er
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n'14 only, where the surface freezing effect is observ
experimentally to vanish. On the high-n side the rotator-
crystal surface phase transition atn544 results in an abrup
increase of;3 mN/m in the measuredgs1gsl ~open
circles!, causing it to intersectg l at n'52. This, again, in-
validates the surface freezing condition, and causes the e
to vanish forn.50.

To separategs1gsl into its components, additional inde
pendent data is required. Such data for the various alk
phases is, however, very scarce. Some of the best data a
able is due to Zisman and co-workers@63# whose contact
angle measurements of liquid C16 against a single crystal00l
face of C36 gave gs2gsl519.2 mN/m. Assuming this
value to apply also for the physically unattainab
C16(liquid)uC16~crystal! interface, and combining them
with our data forgs1gsl526.93 mN/m, from Fig. 14, we
obtain:gs523.07 mN/m andgsl53.87 mN/m for C16. As-
suming Zisman’s value to apply to the C36(liquid)
uC36~crystal! interface, where gs1gsl523.19 mN/m,
yields gs521.20 mN/m andgsl52.00 mN/m for C36. In
either case it is clear that the contribution to the surfa
energy from the solid-liquid interface is much less than t
from the liquid-vapor interface.

We wish to point out that measuring the contact an
against an00l surface of a single crystal rather then agains
much more readily available polycrystalline solid is of cr
cial importance. In the former case the liquid is in conta
with a layer of terminal CH3 groups, mimicking accurately
the geometry of the surface-crystal/bulk-liquid interface
our measurements. By contrast, the surface of a polycrys
line sample is a random mixture of CH3 and CH2 groups,
and thus will yield a different contact angle against the l
uid, resulting in different surface energies. This is very w
demonstrated by homogeneous nucleation experiment
n-alkane melts, which yield an average surface energys)
for the solid-liquid interface, without distinguishing betwee
the ‘‘sides’’~CH2! gsl8 and ‘‘ends’’~CH3! gsl of the crystal-
lites @64,65#, where@66# gsl8

2
•gsl5(2/3)s3. Since we have

deducedgsl , we can uses to calculategsl8 . Using values for
s from Turnbull and Spaepen@64# of 10.4 and 11 mN/m for
C16 and C36, respectively, we computegsl8 513.9 mN/m for
C16 and gsl8 521.1 mN/m for C36, which yields a ratio of
gsl /gsl8 50.28 and 0.095 for these alkanes, respectively. T
this ratio is much less than unity implies that the surfa
energy density of the CH3 terminated surface is much les
than that of the CH2 terminated one, and supports the findin
that the molecules do not lie flat at the interface. This find
is vastly different from thegsl /gsl8 '17 obtained by Cormia,
Price, and Turnbull @65# for the polyethylene~solid!–
C18~liquid! interface where the polyethylene surface is n
dominated by terminal methyls, but rather by the hig
energy bends in the polymeric CH2 chain, resulting ingsl

@gsl8 .
A more detailed study of the chain length and temperat

dependence of the individual interfacial energies of the v
ous surfaces in the different phases is certainly desira
However, we have been able to determinegs ,gsl , andgsl8
individually, and demonstrate that our results, in conjunct
with the appropriate contact angle data, allow an accu
determination of these directly inaccessible surface energ

-

c-

e
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IV. CONCLUSION

We presented here a study of surface freezing in norm
alkane melts, which results in the formation of a crystalli
monolayer on the surface of the bulk liquid, at a temperat
Ts , a few degrees above its freezing temperatureTf . This is
a rare phenomenon, since other materials~except liquid crys-
tals! exhibit surface melting. The study employed tempe
ture (T) and molecular length (n)-dependent x-ray reflectiv
ity, grazing incidence diffraction, and surface tensi
measurements. The results of these measurements are
marized in Table I. The following results and conclusio
emerge from the study:

~1! For T.Ts the width of the liquid surface density pro
file is capillary wave dominated, with a width of;4.4 Å,
expected from capillary wave theory for the surface tens
measured.

~2! The ordered surface layer formed atTs is an hexago-
nally packed monolayer with vertically aligned molecules
n,30, tilted towards nearest neighbors for 30<n,44 and
tilted towards next-nearest neighbors forn>44.

~3! The surface monolayer is in a rotator phase
n,44 and in a nonrotator, crystalline phase forn>44.

~4! The tilt angle isn dependent, and rises continuous
from ,5° for C30 to ;23° for C44.

~5! The packing in the surface plane remains nearly h
agonal for the measured molecular lengths, even though
pendicular to the molecular axis the packing is distorted fr
the hexagonal~i.e., d.0).

~6! The molecular tilt is accompanied by an increase
the in-plane lattice constants.

~7! The single monolayer formed atTs persists down to
Tf for all alkanes. No further layers are formed. As a wetti
phenomenon, the monolayer formation is classified as a
tial wetting.

~8! The ordered monolayer phase appears only for m
lecular lengths of 16<n<50, within a temperature range o
up to;3 °C aboveTf .

~9! The disappearance of the surface phase forn<14 can
be interpreted as a surface freezing to surface melting t
sition.

~10! The decrease inDT for n>44 and the eventual dis
appearance of the effect atn.50 are probably due to a
increased packing frustration in the more ordered crystall
rather than rotator, surface phase forn>44. A contribution
to the frustration from the proliferation of intrachaingauch
transformations at these longer, higher melting-tempera
chains is very likely.

~11! A simple model based on the free energy of t
available conformational degrees of freedom, which cor
sponds to the entropy of the bulk melting transition, accou
quantitatively for then dependence of the surface tensi
slope change atTs .

~12! A related model, based on the variation of entro
and excess van der Waals free energy with chain lengt
the surface layer accounts very well for then dependence o
the temperature range of existence of the surface crysta
layerDT5Ts2Tf .

~13! The tilting transition and then dependence of the til
probably result from the competing effects of a decrea
l-
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chain distance and decreased chain overlap on the interc
attraction upon tilting.

~14! The condition for surface freezing i
gs1gsl,g l(Tf). For the alkanes exhibiting surface freezin
our data indicates that this condition is indeed fulfilled.

~15! gs1gsl is larger for the crystal phase than for th
rotator phase by a few mN/m. This invalidates the surfa
freezing condition forn'50 and above, and causes the va
ishing of the effect.

~16! In conjunction with the appropriate contact ang
data, our results yield values for theindividual surface ener-
giesgs andgsl , which are otherwise inaccessible to expe
ment.gsl is found to be much smaller thangs , g l , or gsl8 .

~17! For a surface consisting of methyl end groups, as
the case in our measurements,gsl is much smaller than for
surfaces consisting of predominantly CH2 groups, such as
polymers and polycrystalline alkanes.

Several important issues are, however, still outstand
The most important of these is a quantitative microsco
theoretical description of the monolayer formation and
behavior withT andn. In particular, it will have to explain
why surface freezing is favored over melting in this partic
lar case. We have observed the appearance of surface f
ing in a number of other chain molecules like alcohols@67#
and diols as well as mixtures of these molecules@9#. These
results strongly indicate that the chain-like structure plays
important role in the occurrence of surface freezing rat
than melting. One attempt to account for this assumes
the lower density of the CH3 end groups imparts them
slightly higher surface activity. The surface enrichment
the end groups will induce some vertical preferential alig
ment of the alkane chains even at temperatures higher
Ts , and lead eventually to a more ordered phase at the
face. This picture is supported by simulations@68#, lattice
gas calculations@69#, and nonlinear optics measurements
alkane melts@70#. Tkachenko and Rabin@55# suggested re-
cently that the crystalline surface layer may be stabilized
fluctuations along the molecular axis, which are suppres
in the bulk. The length of the chain molecules and th
alignment allow large fluctuations, and hence a sufficien
large entropic contribution, without violating the Lindeman
criterion for crystal melting. In smaller molecules this ma
not be possible. This explains both the role of the ch
structure in the occurrence of the surface freezing effect
the lower limit on the chain length at which this phenomen
occurs. While this theory accounts successfully for t
(n,T) phase diagram and several other features of the exp
mental results, its generality will have to be tested on oth
molecules as well.

We hope that the study presented here, as well as in
forthcoming publications dealing with other chain molecu
exhibiting similar effects like alcohols, alkane mixtures, et
will stimulate additional theoretical work and lead to a bet
understanding of the rare surface freezing effect prese
here.
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