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Surface freezing in chain molecules. II. Neat and hydrated alcohols
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Surface freezing is studied in dry and hydrated normal-alcohol melts by x-ray scattering and surface tensi-
ometry. A single crystalline bilayer forms at the surface, for even carbon numbers only, at temperatures up to
1 °C ~dry! or 2 °C ~wet! above the bulk freezing, and persists without change down to bulk freezing. The
packing is hexagonal, with untilted molecules for short chains and tilted molecules for long chains. The lattices
of the upper and lower monolayers are shifted along the next-nearest-neighbor direction. Hydration is found to
swell the bilayer by;2.5 Å due to water intercalation into the bilayer, at a molecular water:alcohol ratio of
;1:2. It also increases the transition temperatures, and the temperature and chain-length ranges for which
surface crystallization is observed. These effects are accounted for quantitatively by considering the surprising
increasein hydration upon freezing, and taking into account the Gibbs-rule-predicted water depletion at the
surface in the liquid surface phase.@S1063-651X~98!15010-9#

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

Surface freezing, the formation of a crystalline layer at
surface of a one-component melt at a temperature hig
than its bulk freezing point, was originally observed
normal-alkanes@1–3#. The n-alkane molecule is a methyl
terminated linear hydrocarbon chain, having a full molecu
inversion symmetry with respect to its center, and is w
represented by a cylindrical envelope in its rotator phase@4#.
The molecule is nonpolar, and interacts solely by van
Waals~vdW! forces@5#. The surface-frozen layer is found t
be a single molecule thick, crystalline with hexagonal pa
ing, and exists for a temperature range ofDT<3 °C above
the bulk freezing temperature for chain lengths 16<n<50.
The properties and structure of the surface-frozen monola
in n alkanes are described in detail in Ref.@6# ~hereafter
denoted I!, and references therein. While considera
progress has been made toward a theoretical understan
of the origins of this effect@7–11#, many basic issues stil
remain open. One key question is how are these proper
and indeed the very existence of the surface freezing eff
influenced by deviations from the simple molecular struct
and/or simple intermolecular vdW interactions of the
kanes? To explore these issues we have chosen to study
mal 1-alcohols, CH3(CH2)n21OH, denoted here CnOH. This
molecule is almost identical withn-alkanes, the only differ-
ence being the exchange of an H on one terminal methy
a hydroxyl OH group. This small structural deviation brea
the inversion symmetry and renders the molecule sligh
polar. Moreover, it modifies the molecular interactions, sin
it allows for the formation of hydrogen bonds~HB’s! be-
tween adjacent molecules through their hydroxyl groups.

*Present address: IBM Almaden Research Center, 650 Harry
San Jose, CA 95120-6099.
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nally, very recent studies of water-supported Langm
monolayers ofchiral 2-alcohols~having their OH groups on
the second carbon of the chain! have shown marked struc
tural and stability deviations from those of thenonchiral 1-
alcohols@12#. Thus, measurements on 1-alcohols should p
vide a base line against which 2-alcohols, and other ch
molecules like 1,2-diols~linear hydrocarbon chain with hy
droxyl groups on the first and second carbons! can be com-
pared to elucidate the effects of chirality on surface freezi

Using synchrotron x-ray surface scattering and surf
tension techniques we have studied surface freezing in
alcohols. We find that surface freezing exists in alcohols
well, although the surface layer is now a bilayer rather tha
monolayer. Also, the effect is observed only in molecu
with an even number of carbons, unlike alkanes, wher
occurs for both odd and evenn. The hydroxyl groups of the
upper and lower layers point to the center of the bilay
allowing its stabilization by HB’s between the OH group
The structure of the bilayer is determined both normal to
surface and in-plane over the full chain-length–temperat
phase diagram. We find two two-dimensional rotator phas
one with vertically aligned molecules, and the other w
molecules tilted towards next-nearest neighbors at
n-dependent angle. For the hydrated alcohols ann-
independent swelling of the surface bilayer was observ
resulting from the intercalation of water into the center of t
bilayer, at an approximate ratio of one water molecule
two alcohols. Hydration also changes the chain-leng
temperature phase diagram in a way which indicates that
n;12, the hydrogen bonding has a major influence on
structure and on the occurrence of surface freezing, while
n;30 its influence is negligible.

In the following sections we deal with the experimen
techniques and the data fitting procedures, discuss the re
obtained from the measurements and the fits for both dry
hydrated alcohols, and point to the implications of these

d.,
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PRE 58 6087SURFACE FREEZING IN CHAIN MOLECULES. II. . . .
sults for the basic mechanism underlying surface freezin
alcohols and the interplay between the various interacti
taking part in the determination of the bilayer’s structure.

II. EXPERIMENT

The structure of the surface was explored by x-ray te
niques, and the thermodynamics by surface tension meas
ments. Since the experimental methods were describe
detail in I, only feature peculiar to the alcohol measureme
will be discussed here.

A. Samples and cell

The experimental cells used in the surface tension
x-ray scattering measurements are the same as those us
I. The alcohols were obtained from Sigma, Fluka or Aldri
with a nominal 99% purity or higher, and used as receiv
Samples were prepared by spreading&1 g of melted mate-
rial on a 2-in.-diameter thin copper plate, placed in the te
perature regulated (&0.005 °C) cell. In the hydrated alcoho
experiments a ring shaped container with 2–3 cm3 of water
surrounded the plate, generating a saturated water vapo
mosphere in the cell. The sample was thus hydrated by
sorbing water from the vapor phase. Identical results w
obtained in a few tests for samples hydrated by contact w
water drops, or direct mixing with water. When the wa
was allowed to evaporate from the cell after the complet
of the measurements, the measurements reproduced ex
the results obtained in the initial, dry-sample experiments
both the surface tension and x-ray measurements.

B. X-ray measurements

The x-ray measurements were carried out at the Harv
BNL liquid surface diffractometer on beamline X22B, N
tional Synchrotron Light Source, Brookhaven Nation
Laboratory, with a typical wavelength ofl51.54 Å. The
density profile of the vapor-liquid interface was studied
x-ray reflectivity ~XR! and the in-plane structure by grazin
incidence diffraction~GID! and Bragg rod~BR! measure-
ments. The bilayer structure mandated the use of a some
different BR analysis than that presented in I, since now
interference from rays originating in the lower and in t
upper layers, as well as a possible shift between the latt
in those two layers, had to be accounted for. The express
employed are discussed below.

C. Surface tension measurements

Surface tension measurements were used to probe
thermodynamics of surface freezing. The Wilhelmi pla
method@13# was employed, with plates cut from filter pape
to enhance wetting by the alcohol melt. A disadvantage
this necessity is that it requires changing the paper plate f
sample to sample to avoid contaminations. Thus unavoid
differences in the cutting of the paper to size increased
scatter of the data points by;5% relative to that obtained
when using the same plate throughout. The plate is attac
to an electronic balance, which measured the tension.
samples were contained in a temperature regulated
which is basically the same as the one used for the x
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measurements, except that it has a small hole in its cove
pass the wire connecting the balance to the plate. Each
point is an average of 20 measurements at a fixed temp
ture, taken within a period of 30 s. The temperature w
varied stepwise at a rate<0.3 m °C s21 to ensure ample
thermal equilibration. Slower scan rates, and changing
scan direction, did not alter the results. The whole setup
computer controlled.

III. RESULTS AND DISCUSSION

The molecular order at the surface in the liquid, and
both the dry and hydrated surface-frozen phases, as der
from the x-ray measurements, are shown schematically
Fig. 1. Some of the dry alcohol results were discussed p
viously @14#, and will, therefore, be addressed here on
briefly. All other results, and in particular those of the h
drated alcohols, are discussed in detail in the following s
tions.

A. Dry alcohol melt

1. Surface-normal structure

The surface-normal structure was explored by XR m
surements. Figure 2 shows the XR curveR(qz) @qz
5(4p/l)sina, wherea is the incidence angle relative to th
surface# measured for three different alcohol at two tempe
tures each: one above~triangles! and one below~circles! the
surface freezing temperatureTs . At the higher temperature
R(qz) decreases monotonically withqz , as typical
for liquid surfaces. It is well described byR(qz)
5RF(qz)exp(2qz

2s2), whereRF(qz) is the Fresnel reflectiv-
ity for an ideally flat and smooth interface, and the fac
exp(2qz

2s2) arises from a Gaussian distributed interfac
roughness with an effective heights @6,15#. This roughness
is mainly due to thermally excited capillary waves@16#. Just
aboveTs , the reflectivities can be fitted well~solid lines!
with s54.560.1 Å and a bulk electron densityr`50.279
e/Å3 for samples of all carbon numbers,n, as seen in Fig. 2.
The corresponding electron density is given in a dash line
the inset. BelowTs , modulations suddenly appear in th
reflectivities, indicating the appearance of a surface layer
density different from that of the bulk. The interference b

FIG. 1. Schematic molecular arrangement at the surface o
alcohol melt in its high-temperature liquid state~a!, and in the
surface-frozen phase, with the bulk remaining liquid, when~b! dry
and ~c! hydrated. The geometry of x-ray reflectivity at the vapo
liquid interface is given in~a!. As the incidence and detectio
angles are equal (a5b) the momentum transferqz is normal to the
surface.
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6088 PRE 58GANG, WU, OCKO, SIROTA, AND DEUTSCH
tween rays reflected from the lower and upper interfaces
this layer leads to a cos(qzD) modulation of the intensity,
whereD is the layer thickness. Using the measured modu
tion periods~marked on the figure! Dqz'0.123, 0.103, and
0.090 Å21, for n520, 24, and 28, we estimateD'51, 61,
and 70 Å, respectively. These lengths are roughlytwice the
corresponding fully extended molecular lengths, indicat
that a bilayer is formed at the surface. Forn-alkanes, by
contrast, the surface crystalline phase consists of a si
molecular layer@2,3,6#, which is reflected in the correspond
ing modulation periods being twice as long~see Fig. 4 in I!.
The present surface bilayer structure is very similar to
structure observed for the bulk rotator phase immedia
below Tf , the bulk freezing temperature@17,18#.

X-ray reflectivity can be used also to follow the formatio
of the surface layer, and detect variations in its structure w
temperature. Figure 3~a! presents a so-called ‘‘T scan,’’
where the spectrometer is positioned at a fixed incide
angle at which the reflectivities of the liquid and frozen s
face phases differ greatly~e.g.,qz50.2 Å21 for dry C22OH,
shown in the figure!, and the intensity variation is recorde
upon lowering of the temperature from aboveTs to below
Tf . As seen in the figure, the formation of the surface bila
is observed as a sharp jump in the reflectivity. Within o
accuracy of a few m °C, the transition is discontinuous, i
first order, as expected of a freezing transition, and as fo
in I for surface freezing in alkanes. The constant reflectiv
for Tf<T<Ts indicates that no further structural chang
occur until bulk freezing is reached. In particular, no ad

FIG. 2. X-ray reflectivities of neat liquid alcohols withn520,
24, and 28 in their liquid surface phase~open triangles! and in the
surface crystalline bilayer phase~open circles!. The modulation pe-
riodsDq, discussed in the text, are marked on the figure. The s
lines are fits using the model density profile for the surface crys
line bilayer discussed in the text. The density profiles correspond
to the fits, for the crystalline~—–! and liquid (222) surface
phases are shown in the inset.
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tional monolayers or bilayers are formed, showing the f
mation of the surface phase, when considered as a we
effect, to follow a strongly incomplete wetting scenario@19#.
The disappearance of the reflected signal atTf is due to the
macroscopic roughening of the surface upon the bulk cr
tallization.

The reflectivity curves in the surface crystalline pha
were analyzed quantitatively using a layered interface mo
@6#. This model consists of four slabs@see the schematic
model in Fig. 1~b!#: two slabs of equal electron density co
responding to the upper and lower layers of CH2 chains, one
slab of extra electron density at the center of the bilay
corresponding to the denser OH headgroups, and one sla
the less-dense CH3 depletion layer at the bilayer-liquid inter
face. The CH3 depletion layer at the bilayer-vapor interfac
is absorbed into the surface roughness of that interface,
does not require a representation by an individual slab.
slabs were found necessary to obtain a good fit. The den
profiles obtained from the fit, are shown in the inset of Fig.
along with that of the liquid surface of C28OH ~dash line!.
For all the alcohols, the average electron density obtained
the surface bilayer, i.e., the slab corresponding to the C2
chains, wasrs50.30960.009e/Å3, about 10% higher than
the average bulk liquid density 0.279e/Å3. The surface den-
sity is close to the bulk rotator phase density of 0.300e/Å3

@5#, but slightly lower than the surface density of surfac
frozenn-alkane monolayers, 0.31760.005e/Å3 @2,6#.

The experimental conditions do not allow for a resoluti
of both the thickness and electron density of the deplet

id
l-
g

FIG. 3. ~a! X-ray reflectivityR of C22OH at a fixedqz50.2 Å21

in the dry and hydrated states. The intensity increases upon
surface layer formation, atTs , and drops abruptly upon bulk solidi
fication atTf . ~b! Surface tension of C22OH upon cooling from the
high-temperature liquid surface phase, for a dry and hydra
sample. The surface freezing transition is marked by the sud
change of the slope from negative to positive. Note the mu
increased temperature range of existence of the surface crysta
phase when hydrated.
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and the enhancement slabs, which are both thin, and
density deviates only little from that of the CH2 slab. The
only refinable parameter for these two slabs is their in
grated contribution to the density profile,drdd, wheredr is
the electron density excess~or depletion! relative tors and
dd is the thickness of the layer. The fit yieldsdrdd50.22
60.03 and20.2760.03 e/Å2, for the OH and CH3 slabs,
respectively. The CH3 slab value overlaps, within the com
bined experimental errors, with thedrdd520.3360.03
e/Å2 value found for alkanes@6#. Since the cross section are
A of each molecular chain is constant at;20 Å2 ~see below!,
the CH3 group must have an actual lengths larger than the
nominal 1.27 Å of a single CH2 unit @6# to create a depletion
zone. With a monolayer–bulk average densityr50.293
e/Å3, and the nine electrons of the CH3 group,s is related to
drdd by @9/(sA)20.293#s5drdd520.27 e/Å2. This
yields, for the depletion layer thickness,s52.560.1 Å, con-
sistent with bulk alcohol crystals@17# and the 2.760.2 Å
obtained for then-alkane surface crystals@6#. We can simi-
larly calculate the thickness of the slab at the center of
bilayer, which contains two OH headgroups within t
;20 Å2 cross-sectional area of the molecule. For the 239
518 electrons of the two OH groups and (18/tA20.293)t
50.22e/Å2, we obtain for the enhancement slab a thickn
of t52.360.1 Å, about 10% less than the nominal 231.27
Å of two CH2 groups.

In Fig. 4~a! we plot half the dry bilayer thicknessesd
5D/2 ~listed in Table I! for the measured range of molecul
lengths~circles!. Also plotted is the calculated fully extende
lengths of the molecules~line!, dcalc51.273(n21)12 Å,
where 1.27 Å is the projected length of the C-C bond alo
the chain, and the extra 2 Å accounts approximately for th
size of the end group@5#. For n<22, d agrees well with
dcalc, implying that the alcohol chains in the bilayer are ful
extended and aligned normal to the surface. Forn.22, we
obtaind,dcalc, indicating that the chains in the bilayer a
either tilted or not fully extended.

The four-layered interface model above includes, in pr
ciple, a roughness parameter for each of the five interfa
As the present model has already a large number of par
eters because of the bilayer structure and the three type
molecular groups (CH3, CH2, and OH!, not all parameters
could be determined simultaneously with confidence if a d
ferent roughness was allowed for each interface. Testing
eral combinations, it was found that three independ
roughness parameters were sufficient, for~1! the bilayer-
vapor interface~2! both interfaces of the OH layer, and~3!
both interfaces of the lower CH3 layer. Of these, the last two
were basically independent ofn. The first,s1 , at the bilayer-
vapor interface, varied withn. The resultant fits are thos
shown in Fig. 2, and the correspondingD/2 values are listed
in Table I. The uncertainty ins1 was found to be about60.4
Å. This uncertainty, though not large, is about the same
the n variation of s1 predicted by capillary wave theor
~CWT! for the relevant temperature range. It prohibits, the
fore, the extraction of then-dependence ofs1 , and of the
determination of any possible deviations from CWT,
found in I for alkanes@8#. To better assess then variation of
s1 we have carried out another set of fits assuming an id
tical roughnesss15s25s3[s for all interfaces of the
eir
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model, including the bilayer-vapor one. Although thex2 of
the fit deteriorated, in a few cases by as much as a facto
2–3 as compared to the best separate-roughness fits
overall agreement with the measured data and, in particu
with the other parameter values refined in the separ
roughness fits, remained good. Thes values thus obtained
had considerably smaller uncertainties (60.1 Å!, and are
plotted in Fig. 4~b!. Note the monotonic increase withn for
n<26. As shown in the figure, the increase is consistent w
the AT behavior~dashed line! predicted by CWT, although
the short range of the molecular lengths and the concomi
temperature range, do not allow the exclusion of a lineaT
dependence~solid line!. This T dependence was found t
prevail in alkanes, and was shown by Tkachenko and Ra
@8,7# to support their theory of entropy-stabilized surfa
freezing in chain molecules.

An intriguing feature in Fig. 4~b! is the drop ofs for
C28OH by about 10% from that of C26OH, in contrast with
the monotonically increasing trend withn. A similar effect,
with a comparable relative drop ins, was found for alkanes
at C44, and was shown in I to result from the appearance
a new surface phase, where the molecules’ rotational deg
of freedom freeze out, and a crystalline, rather than a rota

FIG. 4. As a function of the carbon numbern, ~a! the half-
thicknessd5D/2 of the bilayer, as obtained from the fit to th
reflectivity curves for dry~circles! and wet~squares! alcohols, along
with the estimated fully extended chain length~line!. ~b! The liquid-
vapor interface roughness obtained from the fit. The lines are fit
a linearT ~solid! andT1/2 ~dash! dependences, discussed in the te
Note the sharp decrease in the roughness for the dry C28OH, which
may indicate a crystalline, rather than a rotator, surface phase
the dry, but not for the hydrated, alcohol.~c! The chain-chain spac
ing in the surface plane (dnn , open symbols! and in the plane nor-
mal to the molecular axis (d0 , closed symbols! derived from the
grazing incidence diffraction measurements. The lines are
guides to the eye.
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surface phase results. We discuss below the possibility o
occurrence of a similar rotator-to-crystal phase transit
here. If indeed this is the case here, the decrease ins is
likely due to the decrease in the large translational disor
along the molecules’ axis, characteristic of the rotator ph
@20#. Alternatively ~or even in parallel!, the decrease ins
may indicate an increase in the bending rigidityK of the
bilayer, from a near-zero value to a finite value, accompa
ing the transition from a plastic-crystalline~rotator! to a crys-
talline phase.

2. Surface-parallel structure

a. Grazing incidence diffraction. To probe the structure
within the surface plane, grazing incidence diffraction me
surements were carried out. The in-plane resolution of th
measurements,Dqi5731023 Å21, was achieved by using
Soller slits. For alln, a single in-plane peak was observed
qi;1.5060.01 Å21 ~except for C28OH, described below
where two in-plane peaks were observed!, indicating a hex-
agonal packing within the surface plane. The peak posi
remains constant forn<22, and gradually decreases withn
for n>24, indicating an increase in the lattice spacing. T
nearest-neighbor chain separationsin the surface planeis
given by dnn52p/(qi cos 30°) for our case of hexagon
packing. Using theqz positions of the in-plane peaks~Table
I!, obtained from the Bragg rod measurements below,
scattering vector at the peak is given byq5Aqi

21qz
2, and

hence the nearest-neighbor spacingviewed along the chain
axis is given byd052p/(q cos 30°). Bothdnn and d0 are
plotted in Fig. 4~c!. An increase indnn for n>24 is clearly
observed, whiled0 remains constant for alln. These results
along with the layer thickness variation discussed abo

TABLE I. Experimental results of the x-ray and surface tens
measurements for dry alcohol melts.n is the carbon number,D/2
the XR-measured half of the bilayer thickness, andqi ,qz the in-
plane GID and BR peak positions. The bulk freezing tempera
Tf and the temperature range of existenceDT of the surface crys-
talline phase were derived from the x-ray and surface tension m
surements independently.u is the molecular tilt angle from the
vertical, derived from the BR measurements. The entropy cha
upon surface freezing,DSs , is calculated from the difference in
slope of the surface tension below and above the layer forma
temperature,Ts . The corresponding bulk valueDSb was obtained
from published values@17#.

D/2 qi qz u Tf DT DSs DSb

n ~Å! (Å21) (Å21) (°) ~°C! °C! (mJ m22 K21)

12 21.1
14 37.0 1.33
16 ,5.0 49.0 0.15 1.4 1.66
18 24.42 1.50 0.1 ,5.0 57.15 0.6 1.7 1.82
20 26.75 1.50 0.1 ,5.0 63.7 0.8 1.75 2.18
22 29.15 1.50 0.09 ,5.0 69.8 0.9 2.3 2.40
24 31.29 1.49 0.16 12.0 73.95 0.8 2.4 2.7
26 32.71 1.48 0.26 22.0 77.4 0.65 2.75 2.9
28 34.61 1.46 0.24 17.0 81.2 0.9 2.6

1.44 0.47
30 84.0
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clearly shows that forn>24 the molecules tilt away from the
normal. They do so rigidly, with the axis-normal distance
adjacent molecules remaining constant. These conclus
are also supported by the Bragg rod measurements discu
below.

The area occupied by one chain is 20.3 Å2, based on the
chain-chain spacing of 4.84 Å. The resultant electron den
of the alkyl chain, having eight electrons per CH2 group and
a projected length of 1.27 Å along the molecular axis, can
then estimated directly as 8/(20.331.27)50.310 e/Å3, in
excellent agreement with the value 0.309e/Å3 obtained in
the XR measurements. Since the reflectivity measurem
probe the macroscopic x-ray-illuminated area, averag
over both crystalline and~possible! disordered regions, while
the GID probes the crystalline part only, this agreement i
strong indication of a complete coverage of the surface
the crystalline bilayer. The area per alcohol molecules
about 3% larger than the 19.7 Å2 found per alkane molecule
of the same length, presumably due to the bulkier headgro
This is also consistent with the fact that the electron den
of the alcohol layer, 0.309e/Å3, obtained above from the
XR, is 97.5% of the 0.317e/Å3 measured for alkanes in I.

Figure 5~a! shows the in-plane peaks for severaln, where
the quu peak position decreases~as discussed above!, and
width increases withn for n>24. For n<22, the in-plane
peak is resolution limited, indicating that the coheren
lengths are at least several thousand Å. Measurements o
peak intensityvs azimuthal rotation of the sample show th
the sample surface is covered by only a few very large cr
tals. Coverage considerations@21# indicate that these are o
at least a few millimeters in size. Forn>24, an azimuthal
sample rotation at the GID peak position results in an alm
constant intensity. This indicates that for thesen the surface
is covered with many small crystals, i.e., the surface bila

e

a-

ge

n

FIG. 5. The in-plane diffraction peaks for the dry alcohols~a!,
and the corresponding Bragg rods~b!. The solid lines in~b! are the
fits, for a hexagonal packing and the layer stacking discussed in
text and shown schematically in the insets to~b!. The rod of C18OH
is typical of vertically aligned molecules, while all others indicate
tilt toward next-nearest neighbors. Note that for C28OH two peaks
are observable in the rod. Also, a second in-plane peak is obse
only for this compound, corresponding to the higher-qz peak in the
Bragg rod. These observations support the identification of the
layer as crystalline for C28OH.
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is a good two-dimensional powder. Indeed, the GID pe
widths broaden considerably, and correspond to cohere
lengths of a few hundred Å only. This drastic reduction
the crystalline domain size is probably related to strains
troduced by the molecular tilt, as also observed in Langm
monolayers of surfactants on water@22#. The hydrogen
bonding may also have an influence on the reduction in
coherence lengths, since in I the tilted phases of the surf
frozen monolayer of alkanes do not show any reduction
the coherence length as compared to the untilted ones.

Finally, only C28OH shows two in-plane peaks, given
Fig. 5~a!. The separation of the two peaks is small:Dqi

'0.02 Å21. This indicates a very slightly distorted hexag
nal packing, though the tilt direction remains the same: ne
nearest neighbors, as for all other tilted alcohols (n>24).
This crystalline packing may, again, indicate a different s
face phase, as mentioned above.

b. Bragg rod measurements. The intensity distribution
along qz at each in-plane (qi) peak position, the so-calle
Bragg rods~BR’s!, have been measured with a linear po
tion sensitive detector, placed vertically behind the So
slits. From the BR’s one can deduce the molecular tilt. T
BR, shown in Fig. 5~b!, is determined by the product of th
molecular form factor and the structure factor of the hexa
nally packed bilayer. The structure factor consists of lin
along the surface normal, while the form factor is depend
on the molecular shape. In our case, it is symmetric rela
to the molecular axis, which is not necessarily directed alo
the surface normal. Wave-vector components along~normal
to! the molecular axis, denotedQz (Qi), and those along
~normal to! the surface normal, denotedqz (qi), are related
by

Qz5qz cosu2qx sinu, ~1!

Qi5Aqy
21~qz sinu1qx cosu!2, ~2!

with u being the tilt angle away from the surface norm
@6,15#, qx5uGW hkucoschk andqy5uGW hkusinchk, whereGW hk is

FIG. 6. The slope differences as derived from the surface
sion measurements for the dry~circles! and hydrated~squares! al-
cohols, along with straight lines fitted to them as guides to the e
The two sets are identical within the experimental error. The sl
difference for alkanes, and double its value, are also shown.
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the reciprocal lattice vector considered andchk is the angle
from the molecular tilt direction toqi

W5GW hk . The Form fac-
tor is peaked at Qz50, or equivalently at qz

5uGW hkutanu coschk. For chain molecules of lengthd, the
form factor isF(Qi ,Qz);sin(Qzd/2)/(Qzd/2). Our surface
layer is a bilayer, and we find that in order to obtain a go
fit to the BR data it is necessary to allow for a shiftd i

W
between the lattices of the upper and lower layers. In all
we find that the molecules of the lower layer reside in t
‘‘hollows’’ between the hexagonally-packed molecules
the first layer. As shown in the inset of Fig. 5~b!, there are
two possibilities for such an arrangement withd i ,1

W5(2aW 1

1aW 2)/3 ~open circles! and with d i ,2
W5(aW 112aW 2)/3 ~open

squares!, whereaW 1,2 are the lattice vectors of the upper lay
~solid circles!. Thus, interference between waves diffract
from the upper and lower layers will modify the Bragg ro
due to the difference in the optical path lengths, and the
profile will be given by@14,15#

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

Qzd/2 D 2

e2~Qzs0!2Ge2~qzs!2

3u11Ce2 iqW z•dW~e2 iqW i•dW i ,11e2 iqW i•dW i ,2!/2u2uT~b!u2.

~3!

Here exp@2(Qzs0)
2# represents the decay of the molecule

electron density at its two ends, exp@2(qzs)2# accounts for

n-

e.
e

FIG. 7. The temperature range of existence of the surface c
talline phaseDT vs chain lengthn, for the dry~b! and hydrated~c!
alcohols, and, for comparison, for alkanes~a!. The lines are fits to
theDT5a/n2b/n3 expression shown to hold for alkanes. The re
evant bulk freezing temperatures are shown in~d!.
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the surface roughness, anduT(b)u2 is the surface en-
hancement factor@23#, which is about 4 for exit at a grazin
angle b'ac , and approaches unity forb@ac .
C5exp@2(qisi)2/2# represents thermal fluctuations in th
shift d i , with a Gaussian distribution widths i . In all our fits
s i;0.5 Å, so thatC;0.75, virtually independent ofn.

u11C exp(2iqWz•dW)@exp(2iqWi•dWi,1)1exp(2iqWi•dWi,2)#/2u2 in-
cludes a phase factor due to the shift between the upper
lower layers’ lattices, assuming equal probabilities for t
two nonequivalent shifts of the lower layer relative to t
upper one. Note that this term does not appear in the equ
lent expression for a monolayer@compare Eq.~11! in I#. For
surface-normal moleculesQz5qz , Qi5qi and qW z•dW 5qzd.
Thus the form factor, and the rod intensity, have their ma
mum atqz50, i.e. at the plane of the surface. For a hexa
nal lattice, the six lowest-order in-plane reflectionsGW (61,0) ,
GW (0,61) , and6GW (1,61) have identical Bragg rods, withGW (1,0)

andGW (0,1) being the primitive reciprocal lattice vectors.
The Bragg rods for 18<n<22 are well fitted@solid lines

in Fig. 5~b!# by a model assuming molecules aligned alo
the surface normal, although tilts of&5° cannot be ex-
cluded. Note that the nonzero BR peak positions obser
qz'0.1 Å21, do not result from a tilt, as in the case of
monolayer~see Fig. 8 in I!, but rather from interference be
tween waves reflected from the upper and the lower lay
The second-layer molecules are found to reside in the
lows of the first-layer ones. The molecular lengths obtain
from the fits agree well with, though are somewhat (<2 Å!
shorter than, those derived from the reflectivity measu
ments.

For n>24, the rather large nonzero peak position of t
BR indicates that the molecules are tilted. In this case, no
six lowest-order BRs are identical. One of the hig
symmetry tilt direction is toward a nearest neighbor@24#.
This is found, for example, in the surface-frozen crystall
monolayer of long chainn-alkane melts@6#. Such a tilt di-
rection yields one BR peak atqz50, for GW (61,0) , and an-
other at a finite qz5uGW (0,1)ucos30° tanu, for GW (0,1) and
GW (21,1) . The absence of aqz50 peak in the measured BR’
for n>24 @Fig. 5~b!# excludes the possibility of the neares
neighbor tilt direction here. Another high-symmetry tilt d
rection is toward the next-nearest-neighbor. For this str
ture, the first-order peaks splits into two groups, both
nonzeroqz . One is atqz15uGhkucos 60° tanu, for G(1,0) and
G(21,1) , and the other is atqz2'2qz25uGhkutanu, for
G(0,1) . Note, however, that unlike the cases of surface-fro
layers of n-alkanes@6# and Langmuir films on water@25#,
which are bothmonolayers, in our case the interference b
tween the waves originating at the two layers of the bila
will modify both the positions and the intensities of the
two peaks, as already discussed above for the nont
phase. The low-order peakqz1 @see Fig. 5~b!# is clearly ob-
served in the experiments. It shifts to higherqz with increas-
ing n, indicating an increasing tilt angle. A fit of Eq.~3!
above to the measured BR yields the tilt angles listed
Table I. Note that in spite of an extensive search of
(qz ,qi) plane noqz2 peaks were found for the significantl
tilted C24OH and C26OH, although for C28OH a prominent
qz2 peak was observed, and is shown in Fig. 5~b!. Without
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observations of the second BR peak positions and their
respondingqi , one cannot exclude the possibility of
distorted-hexagonal structure forn524 and 26. Also, the
area and molecule and the distortion parameterj cannot be
determined@26#.

For n528 a behavior different from that ofn524 and 26
is observed. The C28OH data display two peaks atqz1
50.24 Å21 and qz250.47 Å21, and a slightly different
qi , as discussed above. This is consistent with a disto
hexagonal packing, and a next-nearest-neighbor tilt. A
tailed analysis, using Eqs.~2!–~4!, yields a fitted chain
length of d533.061 Å, close to, but about 1.6 Å shorte
than, the chain length obtained from the reflectivity measu
ments. More importantly, the fitted tilt angle,u517°, is
smaller than that of C26OH. This is contrary to the trend o
an increasing tilt with chain length as long as phase bou
aries are not crossed. This trend was observed in I for
kanes, and also here for 22<n<26. By contrast, when cross
ing a phase boundary, a jump in the tilt angle, and sometim
also in the tilt direction, may occur as found for C44 alkane in
I, and for alkane mixtures@27#. The tilt jump from C26OH to
C28OH, supports, therefore, the suggestion, discussed ab
of a rotator-to-crystal surface phase transition at this po
Additional support for this suggestion is obtained from t
fact that theqz2 peak is not observed forn524 and 26, while
it is rather prominent forn528. Asqz2 and the correspond
ing Qz2 are rather large, the exponential roughness te
exp@2(qzs)2# and exp@2(Qzs0)

2# will have a substantial ef-
fect on the peak intensity. The trend observed may re
from a large reduction in the roughness upon moving fr
n526 to n528. This is in line with the considerably large
axial disorder of the rotator phase@7–9,20#, as compared
with that in the crystalline phase. The conclusion of
rotator-to-crystal phase transition here is further suppor
by the reduced roughness parameter observed for C28OH in
the reflectivity measurements, discussed above. For C28OH
we obtain a molecular-axis-normal area per molecule,A
520.5 Å2, and a distortion parameterj50.031. Comparing
these to the untilted molecule, whereA520.26 Å2, we find a
very small increase in A. This is in contrast to alkanes
where A decreasesfrom ;19.7 to 18.7 Å2 in the surface
rotator-crystal transition. Also, the distortion parameter
much smaller than that of the crystalline surface monola
of C44 alkane,j50.112, and is closer to that of bulkRIV
rotator phases@4,17,28#. These differences may result from
the different tilt directions in alkanes and alcohols, from t
bilayer vs monolayer structure, or all these differences m
indeed have a common source, presumably the HB wh
exists in alcohols but not in alkanes. Clearly, further stud
on a wider range of chain molecules are called for to fu
understand the interplay between the interactions and st
ture in the surface-frozen layer.

3. Thermodynamical properties

The surface tensiong measured for C22OH as a function
of temperature is shown in Fig. 3~b!. By comparison to theT
scan, discussed above, in Fig. 3~a! the formation of the bi-
layer can be observed as the clear cusp atTs . At this tem-
perature the slope ofg changes abruptly from a small neg
tive value for T.Ts , typical of simple liquids, to a large
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positive value forT,Ts . This change is a clear indication o
the formation of an ordered surface layer on top of the b
liquid, as discussed in I forn-alkanes@6#, and also for so-
dium dodecyl sulfate~SDS!–water lyotropics@29#, and liq-
uid metals@30#. Sinceg is the excess free energy per un
area of the surface over that of the bulk@13#, it can be written
as

g5e82T~S82S!5e82TdS, ~4!

wheree8 is the excess surface energy per unit area, andS8
and S are the entropy densities in the surface layer and
bulk liquid, respectively. For the normal liquid surface
T.Ts the surface molecules are less constrained than th
in the bulk and thusS8 is larger thanS, yielding dg/dT
52(S82S),0. As the surface freezes atT5Ts the surface
molecules become more constrained than those in the li
bulk so thatS8!S, leading todg/dT52(S82S).0. The
abrupt change of slope seen in Fig. 3~b! suggests, again,
first-order transition, to within the few m °C experiment
resolution. The absence of any further slope changes imp
that no further layering occurs down to bulk freezing, in fu
agreement with the x-rayT scan shown in Fig. 3~a! and
discussed above.

The slope forT.Ts is relatively small and independent o
n, whereas the slope forT,Ts is larger and significantlyn
dependent. For all alcohols we obtain (dg/dT)T.Ts

520.0960.01 mN m21 °C21, consistent with the literature
values@5,31#, and close to the values obtained for alkan
By contrast, the slope forT,Ts increases significantly with
n. Denoting the slope difference above and belowTs by

D~dg/dT!5~dg/dT!T,Ts
2~dg/dT!T.Ts

~5!

52~ST.Ts
8 2ST,Ts

8 !5DSs , ~6!

whereDSs , the surface entropy difference between the l
uid and frozen phases, is defined by the last equation.
experiment shows a linear dependence onn, namely,DSs
[D(dg/dT)expt5(20.3710.11)n mJ m22 °C21. Using the
values from I, we obtain forn-alkanesDSs5D(dg/dT)expt
5(20.05410.06)n mJ m22 °C21, i.e., roughly half that of
alcohols. This is as expected, since the surface layer in a
hols is a bilayer, and in alkanes a monolayer. In Fig. 6
plot DSs5D(dg/dT)expt for alkanes and alcohols. Thi
quantity is proportional to the loss in the number of degr
of freedom upon chain freezing. For alkanes, the surface
ues are consistent with those of the corresponding bulk r
tor phases, extracted from the latent heat and melting t
perature measurements@4–6#, and normalized to a single
molecular layer and a unit area. For bulk alcohols, the
tropy change in the liquid-rotator transition is@17# DSb
5(20.5810.138)n mJ m22 °C21, close to, but systemati
cally larger by;20% both in magnitude and in the slop
than that of the surface,DSs . This may be due to a slightly
larger disorder of the chain ends~on the vapor and liquid
sides! in the surface-frozen bilayer, as compared to cha
included in a bilayer residing in the bulk, where the mo
ecules are more confined. As can be seen in Fig. 6, the sl
of the linear fits to the measuredDSs values are very close
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for DSs
alcohol and 23DSs

alkane. This demonstrates that then
variation ofDSs comes in both cases from the chain, and n
from changes in the headgroups, as indeed expected. F
6 also shows thatDSs

alcohol,23DSs
alkanesystematically. This

can be understood by assuming that a few CH2 units adjacent
to the OH groups remain ordered even in the liquid ph
due to the stabilizing effect of the HB network. Hence t
reduction in entropy upon surface freezing is obtained fr
less than the full chain lengthn. A similarly reduced entropy
gain per chain was observed in alcohols for the bulk liqu
rotator transition@17# and in Langmuir monolayers of alco
hols on water@17,32,33#, where the entropy reduction i
even further diminished by the enhanced HB due to the
ter subphase. The downshift inn required to bring the ‘‘al-
cohols dry’’ line in Fig. 6 to overlap the ‘‘alkanes3 2’’ line
is a rough estimate for the number of ordered CH2 units per
two alcohol molecules~because of the bilayer structure!.
From Fig. 6 this can be estimated as;3.6 or about 1.8
ordered CH2 units per molecule. This is less then, but simil
to the ;3 ordered CH2 units estimated for the three
dimensional bulk@17# from the extrapolated intercept of th
liquid-rotator transition entropyDS vs n with the DS50
axis. While an intercept analysis in our case is less accu
because of the larger error bars and limitedn range, it yields
;1.6 ordered CH2 units, in good agreement with the shi
method result. The near-headgroup CH2 ordering in our case
is expected to increase upon hydration due to the enha
ment of HB, which is reflected in the increase inTf andTs .
This may account for the fitted ‘‘alcohols wet’’DSs line
being slightly lower than the corresponding dry one in Fig.
This is further discussed below. Finally, note that in I t
rotator-to-crystal phase transition in the surface-froz
monolayer in alkanes atn544 was accompanied by a larg
change inDSs , due to the freezing out of the rotationa
degrees of freedom. The absence of such a change in F
for n528 argues against the suggestion, made above,
similar phase transition in the surface bilayer in alcohols

4. Surface phase diagram

Surface freezing does not occur for all chain lengthsn. In
dry alcohols it is observed for 16<n<28 only. Moreover, it
has only been observed for even carbon numbers. This
contrast with alkanes, where odd-even effects are not
served either in the occurrence of the effect or in the te
perature range of existenceDT(n). This is in line with the
alkane bulk behavior, where no odd-even effects were
served in the transition temperatures of the liquid-rota
phase transitions for then range under discussion@4#. The
absence of surface freezing in odd alcohols cannot be at
uted to the preemption of surface freezing by bulk freezi
since no odd-even effects occur in the bulk liquid-rota
transition temperatures in alcohols@17#. While the rotator-
crystal bulk transition does show an odd-even effect,
transitions for odd carbon numbers occur at temperatu
lower than those extrapolated from their neighbouring ev
ones. This results in a larger temperature range for the l
ordered rotator phase, indicating a reduced tendency for
dering. The preference of the surface of odd alcohols to s
in the disordered liquid phase rather than form an order
layer may be another reflection of the same tendency. O
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molecular level, the reason for the odd-even effect in surf
freezing is most likely related to differences in the orien
tion of the terminal OH group relative to the molecular ax
which may render the formation of HB unfavorable in o
alcohols by making the relevant HŌH distances much dif-
ferent from the optimal;2.8 Å of this bond@34#. Langmuir
monolayers of alcohols, and some of their derivatives,
water were shown to have considerably different termi
hydroxyl group orientations for odd and even chain lengt
This difference was claimed to be the cause for the la
odd-even effect in the efficiency of these Langmuir mon
layers as ice nucleators from supercooled water@22,34,35#. It
is true that analogies from effects observed in Langm
monolayers on water to surface freezing in general, and
our bilayers in particular, have to be drawn with caution,
discussed in Sec. I C in I. This is particularly true for alc
hols, because of the considerably different structure~pack-
ing, tilt magnitude and direction, crystalline rather than ro
tor, etc.! of those monolayers from the bilayer observed he
Nevertheless, it is highly likely that the orientation of th
hydroxyl group is the common cause of the odd-even effe
in both systems. To date very few studies addressed t
orientations in the bulk, and none of them for the rota
phases, which are most relevant for surface freezing.

The (n,DT) phase diagrams of alcohols for even carb
numbers, both dry and hydrated, have been derived f
both the surface tension and the x-ray measurements, an
shown in Figs. 7~b! and 7~c!. For comparison, Fig. 7~a!
shows the same phase diagram for alkanes. As for alka
the nonmonotonicn dependence is due to the competiti
between energy and entropy, as discussed in detail for liq
alkanes in I: while energy terms increase withn and thus
drive for more order and a largerDT, the increasing entropy
terms drive for less order and thus for a smallerDT range.
The more complex interactions in alcohols, which now
clude HB between molecules in the two layers, result in
balance different from that of alkanes, and as can be see
the figure, reduce considerably both the temperatureDT
(<1 °C vs 3 °C! and the n (16<n<28 vs 16<n<50)
ranges of existence, relative to alkanes. The relationDT
5a/n2b/n3, found to be valid ~with a5103.8, b
519393.5) for alkanes in I, agrees withDT for alcohols as
well, both dry (a533.4, b57628.8) and hydrated (a
549.1, b54701.6), as shown by the lines in Figs. 7~a!–
7~c!. It gives a characteristic increase from zero at the lown
end of the diagram. The occurrence of this end atn'14 for
both alcohols and alkanes may be a coincidence, in view
the different structure of the surface layer. For alkanes,
fall-off at the high-n end of the phase diagram, faster th
that predicted by the empiricalDT above, was ascribed in
to the strains accompanying the rotator-to-crystal transi
in the surface layer atn544. The even more abrupt disap
pearance of the surface phase in alcohols forn530 may well
have a similar origin, and supports the possibility of
rotator-to-crystal phase transition in the surface bilayer an
528, as discussed above@36#. The implications of the con-
siderable reduction upon hydration of the low-n limit ~from
n516 to 10!, observed in Fig. 7~c!, while leaving the high-n
limit unchanged, atn530, are discussed in Sec. III B. Th
bulk freezing temperaturesTf vs n for the alcohols showing
surface freezing are plotted in Fig. 7~d!. This demonstrates
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the much larger range ofTf values for the alkanes, as com
pared to alcohols, and theincreasein Tf in hydrated alco-
hols, also discussed in Sec. III B.

B. The hydrated alcohol melt

To obtain a better assessment of the role of HB’s in
formation, the thermodynamics, and the structure of the s
face bilayer, we have done x-ray and surface tension m
surements on hydrated alcohols. This study was also pa
a program exploring the possibility of controlling the the
modynamics and structure of surface-frozen layers by b
additives@37,38#. The hydrated alcohols were found to e
hibit surface freezing over considerably largern and DT
ranges than the dry alcohols. As for dry alcohols, no surf
freezing was observed in hydrated alcohols with oddn. We
now present the results obtained by these measurements
compare them to those obtained for dry alcohols.

1. Surface-normal structure

Figure 8 compares the XR curves measured for dry
hydrated C22OH and C28OH in their surface-frozen phase
Clearly, the bilayer structure is preserved upon hydrati
The periods of the modulations observed for these two
drated alcohols,Dqz

wet'0.103 and 0.087 Å21 are somewhat
smaller than theDqz

dry'0.108 and 0.090 Å21 of the same
dry alcohols. The hydrated layer thicknesses estimated f
the modulation periods,Dwet'60.8 and 72.2 Å, are 2–2.5 Å
larger than the corresponding dry valuesDdry'58.2 and 70

FIG. 8. X-ray reflectivity measurements for dry~squares! and
hydrated~circles! alcohols. Note the decreased modulation perio
Dq ~marked on the figure! of the hydrated samples, indicatin
swelling. The corresponding electron density profiles are show
the inset.
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Å. The magnitude of this swelling, itsn independence, and
its appearance for nontilted molecules like C18OH, indicate
that it is not due to a mere variation in the molecular tilt, b
rather to a more profound structural change. Following si
lar studies of bulk rotator phases in alcohols@17#, an inter-
calation of water molecules in the center of the surface
layer seems a very likely cause for the swelling. The incre
upon hydration in then range of the alcohols showing su
face freezing, discussed below, allowed for XR measu
ments onn512 and 14, which do not show surface freezi
when dry. The measured reflectivity curves, normalized
RF , are shown in Fig. 9. Note that while for C14OH a good
contrast between maxima and minima is observed,
C12OH a poor contrast was obtained, indicating an inco
plete coverage~only 20–25 %! of the surface by the surface
frozen layer. Nevertheless, the length determined from
modulation period of that curve, as well as from the oth
reflectivity curves shown, including C14OH, are consisten
with a fully extended molecule, oriented normal to the s
face, as expected from the XR and the BR results obtai
for dry alcohols in thisn range.

To pinpoint the structure, we have fitted the XR curves
the same four-layer model discussed above for the dry a
hols, taking the values refined for dry alcohols as start
values for all parameters. As shown in Figs. 8 and 9, ex
lent fits were obtained, even for the low-contrast C12OH
curve. All parameter values remained, within the fit error,
same as those of the dry alcohols except for a system
increase in the thickness of the OH layer by 2.4–2.7 Å, a
an increase in the roughness at the bilayer-vapor surfac
;0.6 Å. The fitted layer thicknesses are listed in Table
along with other structural and thermodynamic properties
the hydrated surface layer. The swelling is;0.5 Å larger
then that observed in the correspondingbulk rotator phase of
hydrated alcohols@17#. A direct integration over the surfac
electron density profiles yields;14 additional electrons in
the OH layer per molecular area (;20 Å! upon hydration.
This is slightly more than, though close to, the ten electr

FIG. 9. X-ray reflectivity, normalized to the Fresnel reflectivi
RF , for several hydrated alcohols in the surface-frozen phase.
two shortest alcohols do not show surface freezing when dry,
C16OH has only a very smallDT50.15 °C when dry, but nearly 2
°C when wet. The lines are fits to the model discussed in the t
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~or a single water molecule! found for the bulk@17#. Note
that due to the bilayer structure of both the surface-froz
and bulk rotator phases, this corresponds to an approxima
1:2 water-alcohol molecular ratio.

The layer’s half-thicknessd obtained from the XR fits are
shown in Fig. 4~a!. Note their consistently 2.5 Å larger thick
ness, compared to the dry alcohol, as mentioned above
within the fit error, the slope ofd(n) is the same as that o
the dry alcohols, indicating that, apart from the swelling,
major changes occur in the structure of the bilayer such a
change in the tilt and/or conformation of the chains. Sin
the liquid-vapor surface roughnesss1 is an important diag-
nostic tool for phase changes, as discussed above, we
repeated the XR fits using a single roughness parametes
for all interfaces of the model, as done above for the d
alcohols, to allow an accurate assessment of the rough
variation with n. The results obtained are plotted in Fi
4~b!. Aside from the C12OH result, which is anomalously
high because of the imperfect surface layer, all values foll
the same trend of the dry alcohols.swet seems to be slightly
higher thansdry, although the difference is within the com
bined measurement errors. This higher roughness may
indicative of an enhancement of the bilayer’s rotator natu
a dominant characteristic of which is a high axial disord
@20#. The roughness change upon hydration, observed in
figure, for C28OH is significant. If the surface bilayer of th
dry C28OH can be considered to be crystalline, rather th
rotator, as discussed above, then this increase ins, and the
agreement with the value extrapolated from the lower-n al-
cohols, all of which have rotator bilayers, can be interpre
as indicating that the hydrated C28OH is also a rotator. Al-
though this evidence is by no means conclusive, further s
port for this suggestion is provided by the BR measureme
discussed below.

The T scan shown in Fig. 3~a! demonstrates that, simila
to dry alcohols, the surface freezing of hydrated alcohols
first-order effect, to within a few m °C. The constant inte
sity belowTs indicates that no further layers are formed, a
no changes occur in the bilayer down toTf . The consider-
able increase upon hydration in the temperature range of
istenceDT observed in both surface tension andT-scan mea-
surements presented in Fig. 3 is discussed below in deta

2. Surface-parallel structure

The GID and BR measurements are shown in Fig. 10
two hydrated alcohols. As a comparison of theqi and qz

he
d

t.

TABLE II. Same as Table I, but for hydrated alcohol melts.

D/2 qi qz u Tf DT DSs

n ~Å! (Å21) ~Å21) (°) ~°C! ~°C! (mJ m22 K21)

12 17.91 23.4 1.7 0.82
14 20.38 39.5 1.7 1.28
16 23.38 51.6 1.8 1.38
18 25.72 1.48 0.1 ,5.0 59.9 2.0 1.7
20 66.5 2.0 1.6
22 30.41 1.47 0.09 ,5.0 72.8 1.8 1.95
24 76.35 1.9 1.8
26 80.2 1.4 2.8
28 37.16 1.46 0.2 19.0 83.7 1.6 2.45
30 86.5
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values forn518 and 22 in Tables I and II reveals, a sm
;2% in-plane lattice expansion occurs upon hydration. T
observation of a single GID peak with a low-qz BR peak for
n518 and 22 indicates that the packing remains hexago
and the molecules untilted. Note that in the bulk rota
phase of the same molecules no change was observed i
in-plane spacing upon hydration@17#. The in-plane tempera
ture expansion coefficient, observed to be anomalously la
in the bulk @17#, could not be determined here due to t
limited range of existenceDT of the surface bilayer. For the
only tilted surface phase measured, C28OH, no in-plane lat-
tice expansion is observed upon hydration, but the smalleqz
position, as well as the full-rod fit shown in Fig. 10~b!, indi-
cate a slight&2° reduction in the tilt, as compared to the d
sample, but no change in the next-nearest-neighbor tilt di
tion. For the bulk tilted phases the tilt angle is significan
reduced by hydration, sometimes down to zero~see Table III
in Ref. @17#!. Note that similar to the dry C24OH and C26OH
bilayers, and in contrast with thedry C28OH, no high-qz
peak could be found for thehydratedC28OH. The single
peak implies an hexagonal packing, unlike the distort
hexagonal of dry C28OH. Moreover, the absence of the hig
qz peak may be assigned, as done for the dryn524 and 26
rotators, to roughness due to high axial disorder, a chara
istic of the rotator phases. These observations support, th
fore, the suggestion above of a crystal-to-rotator phase t
sition upon hydration for the C28OH surface bilayer.

3. Thermodynamic properties and phase diagram

The measuredg(T) curve for hydrated C22OH is shown
in Fig. 3~b!. The slope observed forT,Ts is slightly smaller
than that of the dry alcohol for this particular case. A co
parison ofDS for each chain length, shown in Fig. 6, ind
cates that within the experimental scatter (60.25
mJ m22 °C), DSs

wet'DSs
dry . Nevertheless, a linear fit to a

DSs
wet values results in a slightly lower line than that fitted

the measuredDSs
dry . Thus, the stabilizing effect that the hy

dration has on the bilayer is reflected in only a slight d
crease in the entropy reduction upon freezing. Assume no

FIG. 10. Same as Fig. 5, but for the hydrated alcohols indica
Note that only a single in-plane peak and a single Bragg rod p
are now observed for C28OH, indicating that hydration may induc
a transition to a rotator surface phase for this compound.
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HB-induced residual order of a few headgroup-adjacent C2

groups in the dry liquid phase, as discussed above. The
crease in the number of these ordered carbons upon hy
tion can be estimated from then downshift required to bring
the ‘‘wet’’ line into overlap with the ‘‘dry’’ one in Fig. 6.
This is an average of;1.6 carbons. The bilayer structur
implies, therefore, an increase of the ordered part by slig
less than a single CH2 unit upon hydration. This correspond
to a rather small reduction in the total vdW energy of;1
kJ/mol upon hydration. Another, more prominent, manife
tation of the increased stability is the significantincreasein
both Tf andTs upon hydration, shown in Fig. 11~a!. This is
in contrast with thedecreaseobserved in the bulk freezing
temperatures of alcohols and alkanes with increasing n
aqueous impurity concentration, as demonstrated, for
ample, in binary mixtures of different-length alkanes@27#
and alcohols@39#.

Figure 11~a! shows the considerable increases,dTs

5Ts
wet2Ts

dry and dTf5Tf
wet2Tf

dry , in Tf and Ts , respec-
tively, upon hydration. The increases are found to be
equal, withdTs.dTf for all n, so that the temperature rang
of existence,DTwet, becomes up to twofold larger tha
DTdry. dTf is approximately constant withn at ;2.5 °C, and
agrees closely with other bulk measurements@17#. dTs ,
however, varies by a factor of 2 and decreases from;6 °C
for n510 to ;3 °C for n528. As shown in Fig. 11~b!, the
vanishing of the surface freezing~SF! effect atn530 @36#
persists upon hydration. However, the low-n limit of the SF
effect is decreased considerably, down ton510. This in-

d.
k FIG. 11. ~a! The increasedTi , measured~points! and calculated
~lines!, in the surface and bulk freezing temperatures upon hyd
tion. The dashed ‘‘wet’’ line assumesn-independent hydration o
the surface-frozen bilayer, and the solid line a linearlyn-dependent
one. ~b! The corresponding temperature ranges of existence of
surface freezing. The solid and dashed ‘‘wet’’ lines correspond
the same lines in~a!, respectively. Note the excellent agreement
the solid lines with the measured data in both~a! and~b!. The effect
vanishes forn530, hence no points are shown for thisn. The inset
shows the molar fraction of water in theliquid surface phase~dash
line! as derived, using the modified Gibbs adsorption rule, from
correspondingliquid bulk value~solid line!, extrapolated from pre-
viously measured data@41#.
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creases then-range of existence of the SF effect by;50%.
The dramatic increases inTf , Ts and then range can be

accounted for quantitatively, by considering the hydrat
levels of the bulk and the surface, and taking into account
differences in that level due to adsorption or depletion
water at the surface, as predicted by the Gibbs rule@40#
appropriately modified for the case at hand. The deta
discussion of the calculations, given below, is divided
calrity into separate sections.

~a! Consider first the hydrated alcohol. In the alcoh
water binary mixture, the excess free energy per molecul
the surface isf 5e2TdS, wheree is the energy anddS is
the entropy difference between surface and bulk. For a m
ture of N alcohol molecules andM water molecules, and
assuming a negligible alcohol-water repulsion term, the f
energy at the surface is

F5N fa1M f w1NkBT ln fa1MkBT ln fw ~7!

where the subscriptsw and a indicate water and alcohol
respectively, andfw andfa512fw are the corresponding
molar fractions in the mixture. The chemical potentials of t
alcohol at the liquid (l ) and rotator (r ) phases at the surfac
are given byma,s

l 5]F/]N5 f a,s
l 1kBT ln(12fw,s

l ) and ma,s
r

5 f a,s
r 1kBT ln(12fw,s

r ), respectively. Also,f a,s
l 2 f a,s

r 5De
2T(dSl2dSr)5De2T(Ss

l 2Ss
r)[De2TDSs , where De

5es
l 2es

r , Ss
l and Ss

r are thesurfaceentropies in the liquid
and surface-frozen rotator phases, andDSs is the entropy
change in the surface phase transition. The equality of
chemical potentials,ma,s

l 5ma,s
r , at the surface freezing tem

peratureTs
wet yields

De1kBTs
wetln~12fw,s

l !5Ts
wetDSs

wet1kBTs
wetln~12fw,s

r !.
~8!

~b! For the dry surface,M50 andfw50, fa51, so that
m5]F/]N5 f and the procedure above yields at the surfa
freezing temperature,Ts

dry , f a,s
l ,dry5 f a,s

r ,dry . This, in turn, gives
De5 Ts

dryDSs
dry . Making the assumption that the differenc

in the energy of the molecule between the liquid and rota
phases of the molecule remains unchanged upon hydra
we can substituteDe in the last equation, and obtain

Ts
dryDSs

dry1kBTs
wetln~12fw,s

l !

5Ts
wetDSs

wet1kBTs
wetln~12fw,s

r !. ~9!

~c! Experimentally,DSs
dry5DSs

wet ~see Fig. 6!. Thus, de-
noting dTs5Ts

wet2Ts
dry , we finally obtain

dTs5kBTsln@~12fw,s
l !/~12fw,s

r !#/DSs , ~10!

wheres denotes the surface. This is the expression for
shift dTs in the surface freezing temperatureTs . An identi-
cal expression, withb ~for ‘‘bulk’’ ! replacings, can be ob-
tained for the shiftdTf in the bulk freezing temperatureTf .
Both depend on the respective molar concentrations of w
in the liquid and rotator phasesfw,i

l ,r of the surface (i 5s) and
of the bulk (i 5b). Unequal hydration levels in the bulk an
the surface in one or both phases will results in uneq
shifts for the freezing temperatures. The observation of
n
e
f

d
r

-
at

x-

e

e

e

e

r
n,

e

er

al
-

equal shifts indicates, therefore, that different hydration l
els indeed exist at the surface and bulk in the liquid a
rotator phases.

To calculatedTf and dTs as a function ofn from the
equations above, and compare them with the measured
ues, we need to knowfw,i

l , fw,i
r and DSi for the bulk (i

5b) and the surface (i 5s). Note that, according to Eq.~10!,
to obtaindTs, f.0, as observed, we must havefw,i

l , fw,i
r .

The required quantities were obtained as follows.
~i! For the bulk, the water concentration in the melt,fw,b

l ,
was measured by Lawrenceet al. @41#, and indeed shows an
unusuallower water concentration in the liquid phase than
the solid rotator phase. Their data extend, however, up tn
517 only. We find thatfw,b

l (n)5(0.66320.1911) ln(n), is a
good functional fit to their data, which we use to calcula
fw,b

l for n.17, and is shown in a solid line in the inset
Fig. 11~b!.

~ii ! From our surface tension measurementsDSs(n)
[D(dg/dT)expt5(20.3710.11)n mJ m22 °C21 for both
wet and dry alcohols. The bulk measurements@17# show that
DSb'DSs .

The calculated bulkdTf @solid line in Fig. 11~a!# required
only a slight adjustment offw,b

r from the nominal,n-
independent,13 ~the 1:2 ratio discussed above! to 0.28 to
reach the excellent agreement with the experiment see
the figure.

~iii ! For the surface, we find experimentally thatdTs
.dTf , which implies alarger hydration differencebetween
the liquid and rotator phases for the surface than for the b
However, the x-ray measurements in the surface-fro
phase, discussed above, show a roughly 1:2 water:alc
ratio, about the same as that of the bulk:fw,b

r 'fw,s
r ' 1

3. The
liquid surface must have, therefore, a lower hydrationfw,s

l

than the liquid bulkfw,b
l to make the hydration differenc

between liquid and rotator phases larger at the surface tha
the bulk. To determine the bulk-surface hydration differen
at the liquid phase, we use the Prigogine parallel-layer mo
for the surface, in the athermal approximation, where
interaction energy parameter between the two species ca
neglected@42#. This yields a modified form of Gibbs’ surfac
adsorption rule, valid for a binary mixture of different-siz
molecules, as is the case here@40#:

xw,s
l /xw,b

l 5@~12xw,s
l !/~12xw,b

l !#1/r

3exp@2Aw~gw2ga!/kBT#. ~11!

This applies in our low concentration case.x denotes the
volumefraction corresponding to themolar fraction f, the
molecular area of waterAw'11.6 Å2, and r 5(1.27/1.9)
3n is the alcohol-water length ratio. Given the surface te
sion of water,gw'72 mN/m, which is much higher than tha
of alcohols,ga'27 mN/m, this rule yields concentration va
ues from xw,s

l '0.068 for n510 to xw,s
l '0.01 for n528,

about threefold lower than the corresponding bulk concen
tions,xw,b

l . The volume to molar concentration conversion
fw,s

l 5xw,s
l Va /@xw,s

l Va1(12xw,s
l )Vw#, where Vw530 Å3

andVa5(1.27319.5)3n are the molecular volumes of th
water and alcohol in Å3, respectively. This calculation yield
for fw,s

l the dash line in the inset to Fig. 11~b!. It is signifi-
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cantly lower than the corresponding bulk curve, as inde
expected from Gibbs’ rule, in view of the higher surfa
tension of water as compared to that of alcohols.

Using the calculatedfw,s
l and assuming ann-independent

water concentration at the surface crystalline layer yield
good approximation to the measureddTs , shown by a
dashed line in Fig. 11~a!, for a surface molar fraction o
fw,s

r '0.29. This value is slightly higher than, but close
that of the bulk, discussed above, and the nominal; 1

3 ob-
tained from the x-ray measurements. However, relaxing
requirement ofn-independentfw,s

r and allowing it to vary
linearly with n, yields a much-improved agreement with th
measureddTs . This is shown in the ‘‘wet’’ solid line in Fig.
11~a!, obtained forfw,s

r 50.2510.0023n. This varies the
water concentration fromfw,s

r '0.28 for n514 to fw,s
r

'0.31 for n528. Both these limiting values are in agre
ment with the nominal13 and the bulk value. The small varia
tion, 10% of the surface-crystal hydration over the fulln
range showing SF, is not at odds with any experimental
servations presented here. Moreover, it is conceivable
the increase observed in the area per molecule withn, as
reflected in the decreasingqi values in Table I, will facilitate
the intercalation of water molecules into the bilayer and
sult in a slight increase in the hydration withn. The agree-
ment of the calculateddTi curves with the measured data
Fig. 11~a! is remarkable, in view of the simple theoretic
expressions employed and the fact that virtually no adju
able parameters were used, except for the minimal chang
fw,i

r from the nominal 1:2 value.
As observed in Fig. 11~a!, dTs. dTf for all n, which

results in a considerable increase inDT upon hydration. This
is shown in Fig. 11~b! where the solid line marked ‘‘dry’’ is
the same fit toDTdry5a/n2b/n3 (a533.4, b57628.8)
used in Fig. 7~b! and discussed there. Since SF does
occur in the dry sample forn510, 12, and 14, because it
preempted by bulk freezing,Ts values are not measurable fo
thesen. TheseTs values, marked by closed triangles in Fi
11~b!, were therefore extrapolated from the analy
expression above, and used in calculating thedTs points for
n510, 12, and 14 in Fig. 11~a!. The ‘‘wet’’ lines in Fig.
11~b!, DTwet5(Ts

dry1dTs)2(Tb
dry1dTf)5DTdry1(dTs

2dTf), are obtained from the calculateddTi in Fig. 11~a!,
and the ‘‘dry’’ solid lineDTdry. The solid~dashed! line here
corresponds to the solid~dashed! line in Fig. 11~a!, i.e., to
the linearly n-dependent (n-independent! hydration of the
surface-frozen layer. The excellent agreement observed
the measurements fordTi andDTwet, for bothn-independent
and linearly n-dependent hydration, strongly supports t
hydration-difference mechanism suggested here to acc
for the shifts in the crystallization temperatures and incre
in the T ranges of existence.

The discussion above also clarifies the reason for the
matic decrease observed in the low-n limit for the occurrence
of surface freezing. In Fig. 11~b! the ‘‘dry’’ DT curve be-
comes negative forn,16, indicating that SF is pre-empte
by bulk freezing, so thatTs,Tf . Hydration, however,
causes an unequal shift in these temperatures, and rev
this relation near the low-n limit. Thus,DT becomes positive
and surface freezing occurs even for chain lengths as sho
n510. The good agreement between the solid line and
d
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measured ‘‘wet’’DT in Fig. 11~b! demonstrates that for thi
n range the calculations presented above not only predict
lowering of then limit, but also estimate accurately the me
suredDT ranges. We conclude, therefore, that the incre
observed in then range has the same origin as the increase
DT, namely, the unequal upshiftsdTi of the surface and
bulk, due to differences in the hydration of the surface b
tween the liquid and crystalline phases.

The high-n limit of the SF effect is not influenced by
hydration and remains atn528 @36#, as can be seen in Fig
11~b!. This can be understood by considering the vario
interactions participating in the SF effect and their variati
with chain length and temperature. Forn-alkanes, the inter-
molecular vdW interaction tends to induce order, while t
entropy and the formation of gauche kinks at the chain e
tend to reduce the order@6#. A balance of these determine
the occurrence or otherwise, and theT andn ranges of the SF
effect. In alcohols, the hydroxyl head groups allow for
additional interaction: hydrogen bonding. This, in turn,
responsible for the formation of a bilayer, rather than t
monolayer formed in alkanes. This interaction must then
included in the balance that determines the boundaries
existence of SF in alcohols. The hydrogen bonding conce
the headgroup only and is, therefore, chain lengthindepen-
dent @33#. By contrast, the vdW interaction increases w
chain length, as do the entropy~due to the increase inTf)
and the tendency to form gauche conformations at the ch
ends~due to the increase in both the melting temperatureTf
and chain length!. Thus the importance of the hydrogen bon
relative to the vdW, entropy, and chain-end disordering
creases quickly withn, and the balance between the orderi
and disordering effects at the surface becomes increasi
independent of the hydrogen bonding. Hydration, which
fects the hydrogen bonding only, should therefore be m
significant for short chains, close to the low-n limit of SF.
The large-n limit, on the other hand, is dominated by th
balance between intrachain conformational disorder and
interchain vdW interaction. It should thus have a margin
dependence only on changes in the headgroup interac
induced by hydration. These two expectations fully confo
to the observations. The reduction in the relative importa
of the headgroups’ hydrogen bonding is also manifested
the convergence tendency ofdTs toward dTf , and conse-
quently also ofDTwet towardDTdry, with increasingn, ob-
served in Figs. 11~a! and 11~b!. In fact, the figure indicates
that if the SF effect was to continue beyondn528, it would
have soon reached the limit ofdTs'dTf , and thus cause the
hydration-induced increase inDT to vanish. All these effect
support the interpretation of a fast decrease of the importa
of hydrogen bonding withn in the surface layer, from nea
dominance atn'10 to near insignificance atn'28.

To obtain a~very! rough numerical estimate of the bind
ing energies discussed above, we can assume safely th
the disordering interactions~entropy, chain-end disorder! just
balance the ordering ones~vdW and hydrogen bonding! at
the lower-n limit of SF in dry alcohols. Hydration reduce
the low-n limit by ;6 carbons, and since the binding ener
per CH2 unit is @43# &1 kJ mol21, this represents a;5
kJ mol21 decreasein the binding energy. The fact that w
still have SF forn510 means that there must be a corr
spondingincreaseof ;5 kJ mol21 in the only interaction
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changed by hydration: hydrogen bonding. Note, howev
that this increase is just an upper limit, since by going fro
n516 ~the dry low-n limit ! to n510 ~the wet low-n limit !
we lower also the disordering interactions: we reduce~a! Tf ,
and thus also the entropic disordering effects, and also~b!
the tendency to form gauche kinks at the chain ends, b
because of the shorter chain and the lower temperature.
therefore not unreasonable to assume that the actual inc
in hydrogen bonding upon hydration, which balances the
duction in the vdW interaction against the entropic a
chain-end disordering effects, is lower, just about 1
kJ mol21, in good agreement with the estimate obtained
the beginning of this section from the shift of theDSs

wet line
from theDSs

dry one in Fig. 6. For the dry alcohol at the high
n limit, the addition of two CH2 units, with a gain of;2
kJ mol21, is insufficient to compensate for the increase
entropy and the chain-end disordering caused by the incr
in Tf and chain length, upon going fromn528 to 30, and
hence the SF effect vanishes forn530. Apparently, the ad-
ditional 1–2 kJ mol21 contributed by hydration is still too
small to shift the upper limit fromn528 to 30. This is hardly
surprising, considering that this contribution is equal to,
even smaller than the vdW gain upon addition of two C2
units, and is indeed only a small addition to the total bind
energy stabilizing the bilayer at the high-n limit, where the
vdW interaction alone is of order;30 kJ mol21.

IV. CONCLUSION

We presented an x-ray and surface tension study of
and hydrated alcohol melts close to, but above, bulk melt
.
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The structure of the bilayer formed was fully characterized
both cases by surface-specific x-ray techniques, and the
modynamics by surface tension measurements. The w
was found to intercalate the surface-frozen bilayer at a w
er:alcohol molecular ratio of 1:2, and swell the bilayer
about 2.5 Å. The surprising stabilizing influence of hydrati
on the surface layer was shown to result from differences
hydration between the surface and the bulk in their liqu
phase, in accordance to a modified form of the Gibbs ads
tion rule, relevant to our case.

It is expected that intercalation of the bilayer by oth
suitable molecules, able to form hydrogen bonds with
hydroxyl head groups of the alcohols, will allow for varyin
the structure and properties of the surface-frozen alcoho
layer in a controlled way. Measurements, now in progre
employing a,v-diols indicate that this is indeed a viab
possibility for molecular-level structural ‘‘engineering’’ in
these films.
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