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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 A 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 phag&1063-651%98)15010-9

PACS numbd(s): 68.10—m, 61.25.Em, 64.70.Dv

I. INTRODUCTION nally, very recent studies of water-supported Langmuir
monolayers othiral 2-alcohols(having their OH groups on
Surface freezing, the formation of a crystalline layer at thethe second carbon of the chainave shown marked struc-
surface of a one-component melt at a temperature highdural and stability deviations from those of thenchiral 1-
than its bulk freezing point, was originally observed in alcohols[12]. Thus, measurements on 1-alcohols should pro-
normal-alkaneg1—3]. The n-alkane molecule is a methyl- vide a base line against which 2-alcohols, and other chiral
terminated linear hydrocarbon chain, having a full moleculamolecules like 1,2-diolglinear hydrocarbon chain with hy-
inversion symmetry with respect to its center, and is welldroxyl groups on the first and second carbocsn be com-
represented by a cylindrical envelope in its rotator pid$e pared to elucidate the effects of chirality on surface freezing.
The molecule is nonpolar, and interacts solely by van der Using synchrotron x-ray surface scattering and surface
Waals(vdW) forces[5]. The surface-frozen layer is found to tension techniques we have studied surface freezing in 1-
be a single molecule thick, crystalline with hexagonal pack-alcohols. We find that surface freezing exists in alcohols as
ing, and exists for a temperature rangeAdf<3 °C above well, although the surface layer is now a bilayer rather than a
the bulk freezing temperature for chain lengths<kt6<50.  monolayer. Also, the effect is observed only in molecules
The properties and structure of the surface-frozen monolayewith an even number of carbons, unlike alkanes, where it
in n alkanes are described in detail in RE8] (hereafter occurs for both odd and even The hydroxyl groups of the
denoted ), and references therein. While considerableupper and lower layers point to the center of the bilayer,
progress has been made toward a theoretical understandiafiowing its stabilization by HB’s between the OH groups.
of the origins of this effecf7—11], many basic issues still The structure of the bilayer is determined both normal to the
remain open. One key question is how are these propertiesurface and in-plane over the full chain-length—temperature
and indeed the very existence of the surface freezing effecphase diagram. We find two two-dimensional rotator phases,
influenced by deviations from the simple molecular structureone with vertically aligned molecules, and the other with
and/or simple intermolecular vdW interactions of the al-molecules tilted towards next-nearest neighbors at an
kanes? To explore these issues we have chosen to study nerdependent angle. For the hydrated alcohols @n
mal 1-alcohols, CK(CH,),,_,OH, denoted here fOH. This  independent swelling of the surface bilayer was observed,
molecule is almost identical with-alkanes, the only differ- resulting from the intercalation of water into the center of the
ence being the exchange of an H on one terminal methyl byilayer, at an approximate ratio of one water molecule per
a hydroxyl OH group. This small structural deviation breakstwo alcohols. Hydration also changes the chain-length—
the inversion symmetry and renders the molecule slightitemperature phase diagram in a way which indicates that, for
polar. Moreover, it modifies the molecular interactions, sincen~ 12, the hydrogen bonding has a major influence on the
it allows for the formation of hydrogen bondsiB’s) be-  structure and on the occurrence of surface freezing, while for
tween adjacent molecules through their hydroxyl groups. Fin~ 30 its influence is negligible.
In the following sections we deal with the experimental
techniques and the data fitting procedures, discuss the results
*Present address: IBM Almaden Research Center, 650 Harry Rdgbtained from the measurements and the fits for both dry and
San Jose, CA 95120-6099. hydrated alcohols, and point to the implications of these re-
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sults for the basic mechanism underlying surface freezing in I 4 TR,
alcohols and the interplay between the various interactions varor g Za VAFOR
taking part in the determination of the bilayer’s structure. BULK z{ % 11 % z % CH, CHZ% % 3113
LIQUIZI{‘VF‘ 1{‘} j} > “>-> > on OH+H20‘1‘p Yy
Il. EXPERIMENT kS Y 2iiid o {114
. f‘r‘ .;.{.'i’:;.§.. <3 CH3_ 4__ 4 <
The structure of the surface was explored by x-ray tech-
nigues, and the thermodynamics by surface tension measure
ments. Since the experimental methods were described in (a) (b) ()
detail in I, only feature peculiar to the alcohol measurements _
will be discussed here. FIG. 1. Sc_hernaﬂc_ molecular arran_gement at the sur_face of an
alcohol melt in its high-temperature liquid state), and in the
surface-frozen phase, with the bulk remaining liquid, wiigndry
A. Samples and cell and (c) hydrated. The geometry of x-ray reflectivity at the vapor-

nguid interface is given in(a). As the incidence and detection

The experimental cells used in the surface tension ang. . .< a6 equab(= 8) the momentum transfaf, is normal to the
x-ray scattering measurements are the same as those use Jr?face

I. The alcohols were obtained from Sigma, Fluka or Aldrich
with a nominal 99% purity or higher, and used as received, . o
Samples were prepared by spreading g of melted mate- measurements, except that it has a small hole in its cover to
rial on a 2-in.-diameter thin copper plate, placed in the temP23% the wire connecting the balance to the plate. Each data
perature regulated<(0.005 °C) cell. In the hydrated alcohol point is an average of 20 measurements at a fixed tempera-

experiments a ring shaped container with 2—3 @hwater ture, taken within a period of 30 s. The temperature was

H H o =1
surrounded the plate, generating a saturated water vapor gvﬁ”ed stepwise at a rate0.3 m°Cs " to ensure ample

mosphere in the cell. The sample was thus hydrated by a erma_l eq_uilibra_ltion. Slower scan rates, and changing the
sorbing water from the vapor phase. Identical results wer&can direction, did not alter the results. The whole setup was
obtained in a few tests for samples hydrated by contact witﬁOmpUter controlled.

water drops, or direct mixing with water. When the water

was allowed to evaporate from the cell after the completion lll. RESULTS AND DISCUSSION

of the measurements, the measurements reproduced exactlyThe molecular order at the surface in the liquid, and in

the results obtained in the initial, dry-sample experiments foggth the dry and hydrated surface-frozen phases, as derived

both the surface tension and x-ray measurements. from the x-ray measurements, are shown schematically in
Fig. 1. Some of the dry alcohol results were discussed pre-
B. X-ray measurements viously [14], and will, therefore, be addressed here only

The x-ray measurements were carried out at the Harvardi"iefly. All other results, and in particular those of the hy-
BNL liquid surface diffractometer on beamline X22B, Na- drated alcohols, are discussed in detail in the following sec-

tional Synchrotron Light Source, Brookhaven Nationaltons.
Laboratory, with a typical wavelength of=1.54 A. The

density profile of the vapor-liquid interface was studied by A. Dry alcohol melt
x-ray reflectivity (XR) and the in-plane structure by grazing
incidence diffraction(GID) and Bragg rod(BR) measure- 1. Surface-normal structure

ments. The bilayer structure mandated the use of a somewhat The surface-normal structure was explored by XR mea-
different BR analysis than that presented in I, since now aryrements. Figure 2 shows the XR cun®(q,) [d,
interference from rays originating in the lower and in the —(44/)\)sine, wherea is the incidence angle relative to the
upper layers, as well as a possible shift between the latticesyrfacg measured for three different alcohol at two tempera-
in those two layers, had to be accounted for. The expressiongres each: one abov#riangles and one belowcircles the

employed are discussed below. surface freezing temperatufie. At the higher temperature,
_ R(q,) decreases monotonically withg,, as typical
C. Surface tension measurements for liquid surfaces. It is well describped byR(q,)

Surface tension measurements were used to probe theRe(d,)exp(-aio?), whereRe(q,) is the Fresnel reflectiv-
thermodynamics of surface freezing. The Wilhelmi plateity for an ideally flat and smooth interface, and the factor
method[13] was employed, with plates cut from filter paper, exp(—0;0?) arises from a Gaussian distributed interfacial
to enhance wetting by the alcohol melt. A disadvantage ofoughness with an effective height[6,15]. This roughness
this necessity is that it requires changing the paper plate froris mainly due to thermally excited capillary waviss]. Just
sample to sample to avoid contaminations. Thus unavoidablgbove T, the reflectivities can be fitted we(bolid lines
differences in the cutting of the paper to size increased thwith 0=4.5+0.1 A and a bulk electron densify,.=0.279
scatter of the data points by5% relative to that obtained /A3 for samples of all carbon numbers, as seen in Fig. 2.
when using the same plate throughout. The plate is attachethe corresponding electron density is given in a dash line in
to an electronic balance, which measured the tension. Thiae inset. BelowTg, modulations suddenly appear in the
samples were contained in a temperature regulated celleflectivities, indicating the appearance of a surface layer of a
which is basically the same as the one used for the x-raglensity different from that of the bulk. The interference be-
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FIG. 3. (a) X-ray reflectivityR of C,,OH at a fixedg,=0.2 A1
in the dry and hydrated states. The intensity increases upon the
24, and 28 in their liquid surface pha&epen trianglesand in the  surface layer formation, dt,, and drops abruptly upon bulk solidi-
surface crystalline bilayer phagepen circles The modulation pe- fication atT; . (b) Surface tension of GOH upon cooling from the
riods Aqg, discussed in the text, are marked on the figure. The solichigh-temperature liquid surface phase, for a dry and hydrated
lines are fits using the model density profile for the surface crystalsample. The surface freezing transition is marked by the sudden
line bilayer discussed in the text. The density profiles correspondinghange of the slope from negative to positive. Note the much-
to the fits, for the crystallind—-) and liquid (———) surface increased temperature range of existence of the surface crystalline
phases are shown in the inset. phase when hydrated.

FIG. 2. X-ray reflectivities of neat liquid alcohols with= 20,

tween rays reflected from the lower and upper interfaces ofional monolayers or bilayers are formed, showing the for-
this layer leads to a cag) modulation of the intensity, mation of the surface phase, when considered as a wetting
whereD is the layer thickness. Using the measured modulaeffect, to follow a strongly incomplete wetting scendr®].
tion periods(marked on the figupeAq,~0.123, 0.103, and The disappearance of the reflected signal ais due to the
0.090 A1, for n=20, 24, and 28, we estimaf2~51, 61, macroscopic roughening of the surface upon the bulk crys-
and 70 A, respectively. These lengths are roughlice the  tallization.
corresponding fully extended molecular lengths, indicating The reflectivity curves in the surface crystalline phase
that a bilayer is formed at the surface. Fwalkanes, by were analyzed quantitatively using a layered interface model
contrast, the surface crystalline phase consists of a singlé]. This model consists of four slaisee the schematic
molecular layef2,3,6], which is reflected in the correspond- model in Fig. 1b)]: two slabs of equal electron density cor-
ing modulation periods being twice as lofgee Fig. 4 in ). responding to the upper and lower layers of QtHains, one
The present surface bilayer structure is very similar to theslab of extra electron density at the center of the bilayer,
structure observed for the bulk rotator phase immediatelgorresponding to the denser OH headgroups, and one slab for
below T;, the bulk freezing temperatufé?7,1§. the less-dense GHlepletion layer at the bilayer-liquid inter-
X-ray reflectivity can be used also to follow the formation face. The CH depletion layer at the bilayer-vapor interface
of the surface layer, and detect variations in its structure withs absorbed into the surface roughness of that interface, and
temperature. Figure (8 presents a so-called T* scan,”  does not require a representation by an individual slab. All
where the spectrometer is positioned at a fixed incidencslabs were found necessary to obtain a good fit. The density
angle at which the reflectivities of the liquid and frozen sur-profiles obtained from the fit, are shown in the inset of Fig. 2,
face phases differ greatle.g.,q,=0.2 A~ for dry C,,OH, along with that of the liquid surface of ,gOH (dash line.
shown in the figurg and the intensity variation is recorded For all the alcohols, the average electron density obtained for
upon lowering of the temperature from aboVeg to below  the surface bilayer, i.e., the slab corresponding to thg CH
T;. As seen in the figure, the formation of the surface bilayerchains, wag.=0.309+0.009e/A3, about 10% higher than
is observed as a sharp jump in the reflectivity. Within ourthe average bulk liquid density 0.289A3. The surface den-
accuracy of a few m °C, the transition is discontinuous, i.e.sity is close to the bulk rotator phase density of 0.28083
first order, as expected of a freezing transition, and as founfb], but slightly lower than the surface density of surface-
in | for surface freezing in alkanes. The constant reflectivityfrozenn-alkane monolayers, 0.3%70.005e/A® [2,6].
for T;<T<T, indicates that no further structural changes The experimental conditions do not allow for a resolution
occur until bulk freezing is reached. In particular, no addi-of both the thickness and electron density of the depletion
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and the enhancement slabs, which are both thin, and their wl '(q) ' ' ' ]
density deviates only little from that of the GHlab. The 35| e
only refinable parameter for these two slabs is their inte- .
grated contribution to the density profilép 5d, wheredp is = 30 5 i
the electron density excessr depletion relative top, and © 25t a ¢ 1
&d is the thickness of the layer. The fit yield» 5d=0.22 200 ° ]
+0.03 and—0.27+0.03 /A2, for the OH and CH slabs, 15+ :
respectively. The CHslab value overlaps, within the com- 3.9F

bined experimental errors, with thépéd=—0.33=0.03

e/A? value found for alkanes6]. Since the cross section area
A of each molecular chain is constant-a0 A? (see below, ~ 351
the CH; group must have an actual lengtHarger than the

3.7F

3.3F

nominal 1.27 A of a single CHunit [6] to create a depletion I
zone. With a monolayer—bulk average density 0.293 3k
e/A3, and the nine electrons of the Gigroup,sis related to

Spéd by [9/(sA)—0.293s=psd=—0.27 e/A2 This =07
yields, for the depletion layer thickness=2.5+0.1 A, con- s
sistent with bulk alcohol crystalgl7] and the 2.70.2 A © 491
obtained for then-alkane surface crystal§]. We can simi- £

larly calculate the thickness of the slab at the center of the 481
bilayer, which contains two OH headgroups within the
~20 A? cross-sectional area of the molecule. For the®
=18 electrons of the two OH groups and (t¥8 0.293) n

=0.22e/A2, we obtain for the enhancement slab a thickness [~ , A< 4 function of the carbon number (a) the half-
of t=2.3+0.1 A’ about 10% less than the nominak2.27 thicknessd=D/2 of the bilayer, as obtained from the fit to the

A of two CH, groups. , , reflectivity curves for drycircles and wet(squaresalcohols, along

In Fig. 4@ we plot half the dry bilayer thicknesses it the estimated fully extended chain lengline). (b) The liquid-
=D/2 (listed in Table } for the measured range of molecular yapor interface roughness obtained from the fit. The lines are fits to
lengths(circles. Also plotted is the calculated fully extended a linearT (solid) and T2 (dash dependences, discussed in the text.
lengths of the moleculedine), deye=1.27<(n—1)+2 A,  Note the sharp decrease in the roughness for the gy@I&, which
where 1.27 A is the projected length of the C-C bond alongmay indicate a crystalline, rather than a rotator, surface phase for
the chain, and the extr2 A accounts approximately for the the dry, but not for the hydrated, alcohtt) The chain-chain spac-
size of the end group5]. For n<22, d agrees well with ing in the surface planed{,,, open symbolsand in the plane nor-
d.ac, implying that the alcohol chains in the bilayer are fully mal to the molecular axisdg, closed symbolsderived from the
extended and aligned normal to the surface. 22, we grazing incidence diffraction measurements. The lines are just
obtaind<dg,, indicating that the chains in the bilayer are guides to the eye.
either tilted or not fully extended.

The four-layered interface model above includes, in prin-model, including the bilayer-vapor one. Although tké of
ciple, a roughness parameter for each of the five interfaceshe fit deteriorated, in a few cases by as much as a factor of
As the present model has already a large number of paran?—3 as compared to the best separate-roughness fits, the
eters because of the bilayer structure and the three types ofrerall agreement with the measured data and, in particular,
molecular groups (CEH CH,, and OH, not all parameters with the other parameter values refined in the separate-
could be determined simultaneously with confidence if a dif-roughness fits, remained good. Thevalues thus obtained
ferent roughness was allowed for each interface. Testing seWtad considerably smaller uncertainties .1 A), and are
eral combinations, it was found that three independenplotted in Fig. 4b). Note the monotonic increase withfor
roughness parameters were sufficient, by the bilayer- n=26. As shown in the figure, the increase is consistent with
vapor interfacg2) both interfaces of the OH layer, ari@)  the /T behavior(dashed ling predicted by CWT, although
both interfaces of the lower GHayer. Of these, the last two the short range of the molecular lengths and the concomitant
were basically independent of The first,o¢, at the bilayer- temperature range, do not allow the exclusion of a linear
vapor interface, varied witm. The resultant fits are those dependencdsolid ling). This T dependence was found to
shown in Fig. 2, and the correspondibg2 values are listed prevail in alkanes, and was shown by Tkachenko and Rabin
in Table I. The uncertainty ior; was found to be about 0.4  [8,7] to support their theory of entropy-stabilized surface
A. This uncertainty, though not large, is about the same afreezing in chain molecules.
the n variation of oy predicted by capillary wave theory An intriguing feature in Fig. &) is the drop ofo for
(CWT) for the relevant temperature range. It prohibits, there-C,gOH by about 10% from that of £OH, in contrast with
fore, the extraction of the-dependence of;, and of the the monotonically increasing trend with A similar effect,
determination of any possible deviations from CWT, aswith a comparable relative drop i, was found for alkanes
found in | for alkaneg8]. To better assess thevariation of  at G4, and was shown in | to result from the appearance of
o, we have carried out another set of fits assuming an idera new surface phase, where the molecules’ rotational degrees
tical roughnesso;=0,=03=0c for all interfaces of the of freedom freeze out, and a crystalline, rather than a rotator,
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TABLE I. Experimental results of the x-ray and surface tension ' ' ' ' '
measurements for dry alcohol meltsis the carbon numbeb)/2 5.0 (@ 1T
the XR-measured half of the bilayer thickness, apdq, the in-
plane GID and BR peak positions. The bulk freezing temperature 2.5
T; and the temperature range of existedcE of the surface crys-

C,0H
talline phase were derived from the x-ray and surface tension mea- 5 10.0 - ¢,,0H 1T
surements independently. is the molecular tilt angle from the ]

vertical, derived from the BR measurements. The entropy change\c/ 7.5

upon surface freezingAS;, is calculated from the difference in C,s0H
slope of the surface tension below and above the layer formation Z 5.0 .

temperatureT. The corresponding bulk valudS, was obtained
from published valuef17]. 2.5 1 Cg0H
D/2 ay d, 0 T; AT AS; AS, ot

n & AH AH () (O °C) (MImZK™)

ts)

rb

INTENSITY

142 146 1.50 154 0 0.1 02 03 04 05 0.6

12 21.1 q (A7) q, (A1)
14 37.0 1.33
16 <50 490 015 1.4 1.66 FIG. 5. The in-plane diffraction peaks for the dry alcoh@s

18 24.42 150 01 <50 57.15 0.6 1.7 1.82 and the corresponding Bragg rods. The solid lines inb) are the
' ' ' ' ' ' : ' fits, for a hexagonal packing and the layer stacking discussed in the
20 26.75 1.50 0.1 <50 63.7 08 175 218

text and shown schematically in the insetgkip The rod of GgOH
22 2915 150 0.09 <50 698 09 23 240 is typical of vertically aligned molecules, while all others indicate a
24 3129 149 016 120 7395 08 24 270 g opard next-nearest neighbors. Note that fagr@H two peaks
26 3271 148 026 220 774 0.65 275 296 gre observable in the rod. Also, a second in-plane peak is observed,

28 3461 146 024 170 812 09 26 only for this compound, corresponding to the highempeak in the
144  0.47 Bragg rod. These observations support the identification of the bi-
30 84.0 layer as crystalline for OH.

clearly shows that fon= 24 the molecules tilt away from the

surface phase results. We discuss below the possibility of theormal. They do so rigidly, with the axis-normal distance of
occurrence of a similar rotator-to-crystal phase transitiorfdjacent molecules remaining constant. These conclusions
here. If indeed this is the case here, the decrease ia  ar€ also supported by the Bragg rod measurements discussed
likely due to the decrease in the large translational disordeP&loW. _ o

along the molecules’ axis, characteristic of the rotator phase The area occupied by one chain is 20.3 Aased on the
[20]. Alternatively (or even in parallg| the decrease i chain-chain spacing 01.‘4.84r A. The resultant electron density
may indicate an increase in the bending rigidikyof the  Of the alkyl chain, having eight electrons per £Cgtoup and
bilayer, from a near-zero value to a finite value, accompany@ Projected length of 1.27 A along the molecular axis, can be

ing the transition from a plastic-crystallitieotatop to a crys-  then estimated directly as 8/(2x3.27)=0.310 e/A%, in
talline phase. excellent agreement with the value 0.384° obtained in

the XR measurements. Since the reflectivity measurements
probe the macroscopic x-ray-illuminated area, averaging
over both crystalline antpbossible disordered regions, while

a. Grazing incidence diffractionTo probe the structure the GID probes the crystalline part only, this agreement is a
within the surface plane, grazing incidence diffraction meastrong indication of a complete coverage of the surface by
surements were carried out. The in-plane resolution of thesge crystalline bilayer. The area per alcohol molecules is
measurementsiq,=7x10"> A%, was achieved by using ahout 3% larger than the 19.2A4ound per alkane molecule
Soller slits. For alh, a single in-plane peak was observed atof the same length, presumably due to the bulkier headgroup.
q,~1.50+0.01 A™* (except for GgOH, described below, This is also consistent with the fact that the electron density
where two in-plane peaks were obseryéddicating a hex-  of the alcohol layer, 0.308/A3, obtained above from the
agonal packing within the surface plane. The peak positiorKR, is 97.5% of the 0.31®/A% measured for alkanes in I.
remains constant fan<22, and gradually decreases with Figure §a) shows the in-plane peaks for sevemalwhere
for n=24, indicating an increase in the lattice Spacing. Thqhe o peak position decreasdas discussed abo)leand
nearest-neighbor chain separatidnsthe surface plands  width increases witm for n=24. Forn<22, the in-plane
given by dn,=2m/(q, cos30°) for our case of hexagonal peak is resolution limited, indicating that the coherence
packing. Using they, positions of the in-plane peakSable |engths are at least several thousand A. Measurements of the
), obtained from the Bragg rod measurements below, thgeak intensitys azimuthal rotation of the sample show that
scattering vector at the peak is given gy \/q‘z‘ +q22. and  the sample surface is covered by only a few very large crys-
hence the nearest-neighbor spacingwed along the chain tals. Coverage consideratiofa1] indicate that these are of
axis is given bydy=2m/(qcos30°). Bothd,, andd, are  at least a few millimeters in size. For=24, an azimuthal
plotted in Fig. 4c). An increase ind,, for n=24is clearly = sample rotation at the GID peak position results in an almost
observed, whilel, remains constant for ail. These results, constant intensity. This indicates that for thesthe surface
along with the layer thickness variation discussed aboves covered with many small crystals, i.e., the surface bilayer

2. Surface-parallel structure
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is a good two-dimensional powder. Indeed, the GID peak ~ 30l ® 4 o dry alcohols 1
widths broaden considerably, and correspond to coherence ¢ J o alkanes
lengths of a few hundred A only. This drastic reduction in Otre = s . ]
the crystalline domain size is probably related to strains in- 10 20 30 40 50
troduced by the molecular tilt, as also observed in Langmuir n
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monolayers of surfactants on watg22]. The hydrogen )
bonding may also have an influence on the reduction in the FIG. 7. The temper_ature range of existence of the surface crys-
coherence lengths, since in | the tilted phases of the surfac&!line phaseAT vs chain lengti, for the dry(b) and hydratedc)
frozen monolayer of alkanes do not show any reduction irflcohols, and, forscomparlgon, for alkan@g. The lines are fits to
the coherence length as compared to the untilted ones. theAT:a/n—b/_n expression shown to hold for alkanes. The rel-

Finally, only G,;OH shows two in-plane peaks, given in evant bulk freezing temperatures are showiidn
Fig. S(ag\. ;I'he separation of the two peaks is smallg,
~0.02 A" ~. This indicates a very slightly distorted hexago- o —~ =
nal packing, though the tilt direction remains the same: next{rom the moltla(c%lar t':t dlric(;mn 10 = G- 'll'hetIFormt fac-
nearest neighbors, as for all other tilted alcohais=@4). or s peaked a Q.= ! or —equivaiently  at g,
This crystalline packing may, again, indicate a different sur-=|Gni/tané cosys. For chain molecules of lengtti, the
face phase, as mentioned above. form factor isF(Q,,Q,)~sin(Qd/2)/(Q,d/2). Our surface

b. Bragg rod measurementhe intensity distribution layer is a bilayer, and we find that in order to obtain a_)good
along g, at each in-planeq;) peak position, the so-called fit to the BR data it is necessary to allow for a shét
Bragg rods(BR’s), have been measured with a linear posi-between the lattices of the upper and lower layers. In all fits
tion sensitive detector, placed vertically behind the Sollenwe find that the molecules of the lower layer reside in the
slits. From the BR’s one can deduce the molecular tilt. The'hollows” between the hexagonally-packed molecules of
BR, shown in Fig. ), is determined by the product of the the first layer. As shown in the inset of Fig(, there are
molecular form factor and the structure factor of the hexagotwo possibilities for such an arrangement Wﬁz(zgl

nally packed bilayer. The structure factor consists of Iinest‘,;1 /3 (open circles and with 8. .= (a.+2a,)/3 (open
along the surface normal, while the form factor is dependent 2)f3 (op 5 12= (@ 2)f3 (op

on the molecular shape. In our case, it is symmetric relativ qugre}; wherea, , are the latlice vectors of the upper layer
to the molecular axis, which is not necessarily directed alon solid circles. Thus, interference between waves diffracted

the upper and lower layers will modify the Bragg rods
the surface normal. Wave-vector components algraymal rom X : ;
to) the molecular axis denotedQ, (Q,), and those along due to the difference in the optical path lengths, and the rod

(normal tg the surface normaldenotedy, (q,), are related profile will be given by[14,19

the reciprocal lattice vector considered apg, is the angle

by ' 2
PO L P
Q,=0,Ccosf—q,siné, D Q:
X |1+ Ce—idz'a(e—idu' 811+ e—idu' 5\|,2)/2|2|T(B) | 2,
Q= a;+(q,sin6+qy coso)?, 2

3

with 6 beinq the tilt angle awa)i from the SUrfaC? normal Here eXID_(QZUO)Z] represents the decay of the molecule’s
[6,15], gyx=|Ghk|costnk anddy=|Gphylsin ¢, WhereGyyis  electron density at its two ends, §xp(q,0)?] accounts for
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the surface roughness, and(B)|?> is the surface en- observations of the second BR peak positions and their cor-
hancement factdi23], which is about 4 for exit at a grazing respondingq,, one cannot exclude the possibility of a
angle B~a,, and approaches unity forB>a,. distorted-hexagonal structure for=24 and 26. Also, the
C=exd—(g,07)%2] represents thermal fluctuations in the area and molecule and the distortion paraméteannot be
shift §;, with a Gaussian distribution widt, . In all our fits ~ determined26].
0,~0.5 A, so thatC~0.75, virtually independent of. For n=28 a behavior different from that of=24 and 26
P P P 2 is observed. The H data display two peaks
|1+ C exp(id, dlexp(iar- &) +expliar a2 in- - =% BT qzzﬁoom AL :fndya sligfﬁ)tly diff::élnt

cludes a phase factor due to the shift between the upper and
P PP g, as discussed above. This is consistent with a distorted

lower layers’ lattices, assuming equal probabilities for thehexagonal packing, and a next-nearest-neighbor tilt, A de
two nonequivalent shifts of the lower layer relative to thetailed analysis, using Eqs2)—(4), yields a fitted chain

upper one. Note that this term does not appear_in the equiv:i\éngth ofd=33.0+1 A close to. but about 1.6 A shorter
lent expression for a monolaygsompare Eq(11) in 1]. For than, the chain length obtained from the reflectivity measure-

surface-normal moleculeQ,=q,, Q=0q; andq,-d=q,d.  ments. More importantly, the fitted tilt angl&=17°, is

Thus the form _factor, and the rod intensity, have their maxi-smallerthan that of G:OH. This is contrary to the trend of

mum atq,=0, i.e. at the plane of the surface. For a hexagop, increasing tilt with chain length as long as phase bound-

nal lattice, the six lowest-order in-plane reflectiddg. 1),  aries are not crossed. This trend was observed in | for al-

G(o+1), and= G, -1y have identical Bragg rods, witB; o !<anes, and also here for%:thﬁ. By pontrast, when cross-

and G g ;) being the primitive reciprocal lattice vectors. ing a phase boundary, a jump in the tilt angle, and sometimes
The Bragg rods for 18 n<22 are well fittedsolid lines also in the tilt d|rec§|on, may occur gs.found fog@lkane in

in Fig. 5(b)] by a model assuming molecules aligned along! @nd for alkane mixturef27]. The tilt jump from GOH to

the surface normal, although tilts 6£5° cannot be ex- C,g0H, supports, therefore, the suggestion, discussed above,

cluded. Note that the nonzero BR peak positions observe@f @ rotator-to-crystal surface phase transition at this point.
q,~0.1 A-L, do not result from a tilt, as in the case of a Additional support for this suggestion is obtained from the

monolayer(see Fig. 8 in), but rather from interference be- fact that theg,, peak is not observed for=24 and 26, while
tween waves reflected from the upper and the lower layerd! iS rather prominent fon=28. Asq_, and the correspond-
The second-layer molecules are found to reside in the hol9 Q> are rather large, the exponential roughness terms
lows of the first-layer ones. The molecular lengths obtained®XH —(d;0)°] and exp—(Q,00)°] will have a substantial ef-
from the fits agree well with, though are somewhatX A) fect on the peak intensity. The trend observed may result
shorter than, those derived from the reflectivity measurefrom a large reduction in the roughness upon moving from
ments. n=26 ton=28. This is in line with the considerably larger
For n=24, the rather large nonzero peak position of the@Xial disorder of the rotator phag@-9,20, as compared
BR indicates that the molecules are tilted. In this case, not aivith that in the crystalline phase. The conclusion of a
six lowest-order BRs are identical. One of the high-rotator-to-crystal phase transition here is further supported
symmetry tilt direction is toward a nearest neighyas]. Py the reduced roughness parameter observed fgDK in
This is found, for example, in the surface-frozen crystallinethe reflectivity measurements, discussed above. RgDI&
monolayer of long chaim-alkane meltd6]. Such a tilt di- We obtain a molecular-axis-normal area per molecéle,

: - 2 =20.5 A, and a distortion parametér=0.031. Comparing
rection yields one BR peak at,=0, for G(.,q, and an- ' ; X
yields o peak al; . (=10); these to the untilted molecule, wheke-= 20.26 &, we find a
other at a finiteq,=|G g 1)|cos30° ta®, for G, and

- very smallincrease in A This is in contrast to alkanes,
G(-11). The absence of §,=0 peak in the measured BR'S \yhere A decreasedrom ~19.7 to 18.7 & in the surface

for n=24[Fig. 5b)] excludes the possibility of the nearest- rotator-crystal transition. Also, the distortion parameter is
neighbor tilt direction here. Another high-symmetry tilt di- myuch smaller than that of the crystalline surface monolayer
rection is toward the next-nearest-neighbor. For this strucpf C,, alkane,£€=0.112, and is closer to that of bulR,,

ture, the first-order peaks splits into two groups, both akotator phase§4,17,24. These differences may result from
nonzerog,. One is a,; =|Gp|cos 60° tard, for G;9and  the different tilt directions in alkanes and alcohols, from the
G(-1,1, and the other is af,~20q,,=|Gptand, for  pilayer vs monolayer structure, or all these differences may
G(O,l)- Note, however, that unlike the cases of surface-frozefindeed have a common source, presumably the HB which
layers ofn-alkanes[6] and Langmuir films on watef25],  exists in alcohols but not in alkanes. Clearly, further studies
which are bothmondayers, in our case the interference be-on a wider range of chain molecules are called for to fully
tween the waves originating at the two layers of the bilayefynderstand the interplay between the interactions and struc-
will modlfy both the positions and the intensities of theSEture in the surface-frozen |ayer_

two peaks, as already discussed above for the nontilted
phase. The low-order peak,; [see Fig. B)] is clearly ob-
served in the experiments. It shifts to higlgrwith increas-

ing n, indicating an increasing tilt angle. A fit of E@3) The surface tensioy measured for GOH as a function
above to the measured BR yields the tilt angles listed irof temperature is shown in Fig(l3. By comparison to th&
Table I. Note that in spite of an extensive search of thescan, discussed above, in FigaBthe formation of the bi-
(9,,9;) plane noq,, peaks were found for the significantly layer can be observed as the clear cuspatAt this tem-
tilted C,,OH and G4OH, although for GgOH a prominent perature the slope of changes abruptly from a small nega-
0,2 peak was observed, and is shown in Figh)5Without tive value forT>Tg, typical of simple liquids, to a large

3. Thermodynamical properties
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positive value folT<Tg. This change is a clear indication of for Asg'cohﬂ' and 2><Asg'kane. This demonstrates that the

the formation of an ordered surface layer on top of the bulkariation of AS; comes in both cases from the chain, and not
liquid, as discussed in | fon-alkanes[6], and also for so-  from changes in the headgroups, as indeed expected. Figure
dium dodecyl sulfat¢SDS-water lyotropicg29], and lig-  § also shows that S#"k 2 A SEkaesystematically. This
uid metals[30]. Sincey is the excess free energy per unit .54 pe understood by assuming that a few, QHits adjacent
area of the surface over that of the b{d3], it can be written {5 the OH groups remain ordered even in the liquid phase
as due to the stabilizing effect of the HB network. Hence the
, , , reduction in entropy upon surface freezing is obtained from
y=€-T(S'=9=¢€-T55, 4 less than the full chain length. A similarly reduced entropy
gain per chain was observed in alcohols for the bulk liquid-
rotator transition[17] and in Langmuir monolayers of alco-
fols on water[17,32,33, where the entropy reduction is
even further diminished by the enhanced HB due to the wa-
Y&r subphase. The downshift mrequired to bring the “al-
cohols dry” line in Fig. 6 to overlap the “alkanes 2" line
is a rough estimate for the number of ordered,QHits per
o alcohol moleculegbecause of the bilayer structure

brunt ch £l in Fidb " . From Fig. 6 this can be estimated as3.6 or about 1.8
? rtup dC atnge 9{. SOE{’e S‘.atfp Irt]h 'gf Bsugoggs S, agan, ?I ordered CH units per molecule. This is less then, but similar
rst-order transition, o within the Tew m % expenmental, o 3" ordered CH units estimated for the three-

resolution. The absence of any further slope changes imp"ecﬁmensional bull{17] from the extrapolated intercept of the
that no further layering occurs down to bulk freezing, in full liquid-rotator transition entropyAS vs n with the AS=0
3igreeme(rj1t \g't\r/‘ the x-rayi’ scan shown in Fig. (& and axis. While an intercept analysis in our case is less accurate
Scussed above. . . : because of the larger error bars and limitedhnge, it yields
The slope foT>T, is relatlvgly small and mdepgndent of ~1.6 ordered CHl units, in good agreement with the shift
n, whereas the slope faF<Ts is larger and_ significantly method result. The near-headgroup Gddering in our case
dependent. For aILl flciolhOIS vye obt§|r1d7(/dT)T>TS is expected to increase upon hydration due to the enhance-
=—0.09+0.01 mNm=°C"", consistent with the literature ment of HB, which is reflected in the increaseTinandTs.
values[5,31], and close to the values obtained for alkanesThis may account for the fitted “alcohols wetAS line
By contrast, the slope fof <T; increases significantly with  peing slightly lower than the corresponding dry one in Fig. 6.
n. Denoting the slope difference above and belbwby This is further discussed below. Finally, note that in | the
rotator-to-crystal phase transition in the surface-frozen
A(dy/dT)=(dy/dT)7<r —(dy/dT) -7, (5)  monolayer in alkanes at=44 was accompanied by a large
change inAS, due to the freezing out of the rotational
—(Sl.. =Sl )=A ©) degrees of freedom. The absence of such a change in Fig. 6
N ST>Ts ST<Ts =AS;, for n=28 argues against the suggestion, made above, of a

) _similar phase transition in the surface bilayer in alcohols.
whereAS;, the surface entropy difference between the lig-

uid and frozen phases, is defined by the last equation. The
experiment shows a linear dependencenpmamely,AS
=A(dy/dT)exp= (—0.37+0.11)n mJ m2°C~1. Using the Surface freezing does not occur for all chain length#n
values from I, we obtain fon-alkanesAS;=A(dy/dT)ey,  dry alcohols it is observed for ¥6n<28 only. Moreover, it
=(—0.054+0.06)n mJm 2°C™ %, i.e., roughly half that of has only been observed for even carbon numbers. This is in
alcohols. This is as expected, since the surface layer in alc@ontrast with alkanes, where odd-even effects are not ob-
hols is a bilayer, and in alkanes a monolayer. In Fig. 6 weserved either in the occurrence of the effect or in the tem-
plot AS;=A(dy/dT)es for alkanes and alcohols. This perature range of existend€rl(n). This is in line with the
quantity is proportional to the loss in the number of degreeslkane bulk behavior, where no odd-even effects were ob-
of freedom upon chain freezing. For alkanes, the surface vakerved in the transition temperatures of the liquid-rotator
ues are consistent with those of the corresponding bulk rotgshase transitions for the range under discussidd]. The

tor phases, extracted from the latent heat and melting tenabsence of surface freezing in odd alcohols cannot be attrib-
perature measuremenfd—6], and normalized to a single uted to the preemption of surface freezing by bulk freezing,
molecular layer and a unit area. For bulk alcohols, the ensince no odd-even effects occur in the bulk liquid-rotator
tropy change in the liquid-rotator transition [47] AS, transition temperatures in alcohdl$7]. While the rotator-
=(—0.58+0.138n mJm2°C 1, close to, but systemati- crystal bulk transition does show an odd-even effect, the
cally larger by~20% both in magnitude and in the slope, transitions for odd carbon numbers occur at temperatures
than that of the surface\S;. This may be due to a slightly lower than those extrapolated from their neighbouring even
larger disorder of the chain enden the vapor and liquid ones. This results in a larger temperature range for the less-
sides in the surface-frozen bilayer, as compared to chain®rdered rotator phase, indicating a reduced tendency for or-
included in a bilayer residing in the bulk, where the mol- dering. The preference of the surface of odd alcohols to stay
ecules are more confined. As can be seen in Fig. 6, the slopés the disordered liquid phase rather than form an order bi-
of the linear fits to the measurexiS, values are very close layer may be another reflection of the same tendency. On a

wheree€’ is the excess surface energy per unit area, $nd
and S are the entropy densities in the surface layer and th
bulk liquid, respectively. For the normal liquid surface at
T>T, the surface molecules are less constrained than tho
in the bulk and thusS’ is larger thanS, yielding dy/dT
=—(S'—9)<0. As the surface freezes at=T, the surface
molecules become more constrained than those in the liqui
bulk so thatS'<S, leading tody/dT=—(S'—S)>0. The

4. Surface phase diagram
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molecular level, the reason for the odd-even effect in surface 10
freezing is most likely related to differences in the orienta-
tion of the terminal OH group relative to the molecular axis, !
which may render the formation of HB unfavorable in odd 107" L o
alcohols by making the relevant HCH distances much dif-
ferent from the optimat-2.8 A of this bond34]. Langmuir
monolayers of alcohols, and some of their derivatives, on 1073 L
water were shown to have considerably different terminal
hydroxyl group orientations for odd and even chain lengths.
This difference was claimed to be the cause for the large
odd-even effect in the efficiency of these Langmuir mono-
layers as ice nucleators from supercooled wg2@r34,35. It
is true that analogies from effects observed in Langmuir
monolayers on water to surface freezing in general, and to
our bilayers in particular, have to be drawn with caution, as
discussed in Sec. I C in I. This is particularly true for alco-
hols, because of the considerably different structynack- Y . sg=
ing, tilt magnitude and direction, crystalline rather than rota- - LS Gl N I*-0-87A"-'I
tor, etc) of those monolayers from the bilayer observed here. oML
Nevertheless, it is highly likely that the orientation of the © hydrated
hydroxyl group is the common cause of the odd-even effects = o dry
in both systems. To date very few studies addressed these 13 ‘ . . . )
orientations in the bulk, and none of them for the rotator 1 0 0.1 0.2 0.3 0.4 0.5
phases, which are most relevant for surface freezing. -

The (n,AT) phase diagrams of alcohols for even carbon qz(A )
numbers, both dry and hydrated, have been derived from

both the surface tension and the x-ray measurements, and ahreFIG' 8. X-ray reflectivity measurements for d(yquar_e}s and.
. . . . ydrated(circles alcohols. Note the decreased modulation periods
shown in Figs. ) and 7c). For comparison, Fig. (3

shows the same phase diagram for alkanes. As for alkaneAq (marked on the figujeof the hydrated samples, indicating

. . . §Nelling. The corresponding electron density profiles are shown in
the nonmonotonicr dependence is due to the competition y - inset.

between energy and entropy, as discussed in detail for liquid

alkanes in |: while energy terms increase withand thus
drive for more order and a larga&T, the increasing entropy
terms drive for less order and thus for a smalleF range.
The more complex interactions in alcohols, which now in-

clude HB between molecules in the two layers, result in a

— hydrated
/ —dy i

—
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the much larger range df; values for the alkanes, as com-
pared to alcohols, and thacreasein T; in hydrated alco-
hols, also discussed in Sec. Il B.

balance different from that of alkanes, and as can be seen in B. The hydrated alcohol melt
the figure, reduce considerably both the temperatlife . .
(<1°C vs 3°Q and then (16<n<28 vs 16<n<50) To obtain a better assessment of the role of HB'’s in the

ranges of existence, relative to alkanes. The relaigh ~ formation, the thermodynamics, and the structure of the sur-
—a/n—b/n®, found to be valid (with a=103.8, b face bilayer, we have done x-ray and surface tension mea-
=19393.5) for alkanes in I, agrees withil for alcohols as surements on hyo_lrated aIcoho_Is_._This study was also part of
well, both dry @=33.4, b=7628.8) and hydrated a( a program exploring the possibility of controlling the ther-
—49.1, b=4701.6), as shown by the lines in Figga/z- modynamms and structure of surface-frozen layers by bulk
7(c). It gives a characteristic increase from zero at the fow- addltlves[37,3£ﬂ. The hydrated al_cohols were found to ex-
end of the diagram. The occurrence of this end-atl4 for hibit surface freezing over considerably largerand AT

both alcohols and alkanes may be a coincidence, in view o nges than the dry alcghols. As for dry alcohqls, no surface
the different structure of the surface layer. For alkanes, th eezing was observed in hydrated alcohols with oddVve
fall-off at the highn end of the phase diagram, faster than now present the results obtained by these measurements and

that predicted by the empiricl T above, was ascribed in | compare them to those obtained for dry alcohols.
to the strains accompanying the rotator-to-crystal transition
in the surface layer at=44. The even more abrupt disap-
pearance of the surface phase in alcoholsite30 may well Figure 8 compares the XR curves measured for dry and
have a similar origin, and supports the possibility of ahydrated GOH and GgOH in their surface-frozen phase.
rotator-to-crystal phase transition in the surface bilayen at Clearly, the bilayer structure is preserved upon hydration.
=28, as discussed abo{®@6]. The implications of the con- The periods of the modulations observed for these two hy-
siderable reduction upon hydration of the lowimit (from  drated alcoholsAqy®~0.103 and 0.087 A! are somewhat
n=16 to 10, observed in Fig. ), while leaving the hight  smaller than theAq2¥~0.108 and 0.090 A of the same
limit unchanged, ah=30, are discussed in Sec. IlI B. The dry alcohols. The hydrated layer thicknesses estimated from
bulk freezing temperaturég; vs n for the alcohols showing the modulation period€)"'®'~60.8 and 72.2 A, are 2-2.5 A
surface freezing are plotted in Fig(dj. This demonstrates larger than the corresponding dry valug&¥~58.2 and 70

1. Surface-normal structure
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10! : : : : : TABLE Il. Same as Table I, but for hydrated alcohol melts.
0 D/2 (o d; 0 T¢ AT AS
o noA) AYH AYH () (O (O (mIm2K Y
107k 12 17.91 23.4 1.7 0.82
14 20.38 395 1.7 1.28
{10—2 L 16 23.38 516 1.8 1.38
e 18 25.72 1.48 0.1 <5.0 599 20 1.7
1073 20 66.5 2.0 1.6
22 3041 147 0.09 <50 728 138 1.95
4 24 76.35 1.9 1.8
10T 26 80.2 1.4 2.8
s 28 37.16 1.46 0.2 19.0 837 16 2.45
10 30 86.5

o ] ~_ (or a single water moleculdound for the bulk[17]. Note
FIG. 9. X-ray reflectivity, norma_llzed to the Fresnel reflectivity that due to the bilayer structure of both the surface-frozen
Re, for several hydrated alcohols in the surface-frozen phase. Thgnd pulk rotator phases, this corresponds to an approximately
two shortest alcohols do not show surface freezing when dry, ang - \vater-alcohol molecular ratio.
C;OH has only a very smalkT=0.15°C when dry, but nearly 2 Thg |ayer's half-thicknesd obtained from the XR fits are
°C when wet. The lines are fits to the model discussed in the textshown in Fig. 4a). Note their consistently 2.5 A larger thick-
ness, compared to the dry alcohol, as mentioned above. To

A. The magnitude of this swelling, its independence, and Within the fit error, the slope od(n) is the same as that of
its appearance for nontilted molecules likgGH, indicate  the dry alcohols, indicating that, apart from the swelling, no

that it is not due to a mere variation in the molecular tilt, butM&jor changes occur in the structure of the bilayer such as a

rather to a more profound structural change. Following simichange in the tilt and/or conformation of the chains. Since

lar studies of bulk rotator phases in alcohfl], an inter-  the liquid-vapor surface roughnees is an important diag-
calation of water molecules in the center of the surface bil'OStiC tool for phase changes, as discussed above, we have

layer seems a very likely cause for the swelling. The increas epeated the XR fits using a single roughness paramseter

o : or all interfaces of the model, as done above for the dry
upon hydration in thex range of the alcohols showing sur- alcohols, to allow an accurate assessment of the roughness

face freezing, discussed t?elow, allowed for XR MEASUrey,, riation with n. The results obtained are plotted in Fig.
ments om=12 and 14, which do_n_ot show surface frgezmg4(b)_ Aside from the GQ,0H result, which is anomalously
when dry. The measured reflectivity curves, normalized tG,igh pecause of the imperfect surface layer, all values follow
Rg, are shown in Fig. 9. Note that while for, fOH a good {he same trend of the dry alcohols™ seems to be slightly
contrast between maxima and minima is observed, fopigher thans, although the difference is within the com-
C120H a poor contrast was obtained, indicating an incomyined measurement errors. This higher roughness may be
plete coverageonly 20—-25 % of the surface by the surface- indicative of an enhancement of the bilayer’s rotator nature,
frozen layer. Nevertheless, the length determined from the dominant characteristic of which is a high axial disorder
modulation period of that curve, as well as from the other[20]. The roughness change upon hydration, observed in the
reflectivity curves shown, including (OH, are consistent figure, for GgOH is significant. If the surface bilayer of the
with a fully extended molecule, oriented normal to the sur-dry C,gOH can be considered to be crystalline, rather than
face, as expected from the XR and the BR results obtainetbtator, as discussed above, then this increase, iand the

for dry alcohols in thisn range. agreement with the value extrapolated from the loweal-

To pinpoint the structure, we have fitted the XR curves bycohols, all of which have rotator bilayers, can be interpreted
the same four-layer model discussed above for the dry alcaas indicating that the hydrated,§OH is also a rotator. Al-
hols, taking the values refined for dry alcohols as startinghough this evidence is by no means conclusive, further sup-
values for all parameters. As shown in Figs. 8 and 9, excelport for this suggestion is provided by the BR measurements
lent fits were obtained, even for the low-contrast,@H  discussed below.
curve. All parameter values remained, within the fit error, the The T scan shown in Fig. @) demonstrates that, similar
same as those of the dry alcohols except for a systematio dry alcohols, the surface freezing of hydrated alcohols is a
increase in the thickness of the OH layer by 2.4—2.7 A, andirst-order effect, to within a few m°C. The constant inten-
an increase in the roughness at the bilayer-vapor surface Isjty belowT; indicates that no further layers are formed, and
~0.6 A. The fitted layer thicknesses are listed in Table Il,no changes occur in the bilayer downTg. The consider-
along with other structural and thermodynamic properties ofible increase upon hydration in the temperature range of ex-
the hydrated surface layer. The swelling+9.5 A larger istenceAT observed in both surface tension ahgcan mea-
then that observed in the correspondmgk rotator phase of surements presented in Fig. 3 is discussed below in detail.
hydrated alcohol§17]. A direct integration over the surface
electron density profiles yields- 14 additional electrons in
the OH layer per molecular area-Q0 A) upon hydration. The GID and BR measurements are shown in Fig. 10 for
This is slightly more than, though close to, the ten electronswo hydrated alcohols. As a comparison of theand g,

2. Surface-parallel structure
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FIG. 10. Same as Fig. 5, but for the hydrated alcohols indicated.
Note that only a single in-plane peak and a single Bragg rod peak F|G. 11.(a) The increas&T; , measuredpoints and calculated
are now observed for gOH, indicating that hydration may induce (jines), in the surface and bulk freezing temperatures upon hydra-
a transition to a rotator surface phase for this compound. tion. The dashed “wet” line assumesindependent hydration of

the surface-frozen bilayer, and the solid line a lineargependent

values forn=18 and 22 in Tables | and I reveals, a small gne. (b) The corresponding temperature ranges of existence of the
~2% in-plane lattice expansion occurs upon hydration. Th&urface freezing. The solid and dashed “wet" lines correspond to
observation of a single GID peak with a loyy-BR peak for  the same lines itfa), respectively. Note the excellent agreement of
n=18 and 22 indicates that the packing remains hexagonathe solid lines with the measured data in b@hand(b). The effect
and the molecules untilted. Note that in the bulk rotatorvanishes fon=30, hence no points are shown for thisThe inset
phase of the same molecules no change was observed in thigows the molar fraction of water in thiguid surface phaséash
in-plane spacing upon hydrati¢@a7]. The in-plane tempera- line) as derived, using the modified Gibbs adsorption rule, from the
ture expansion coefficient, observed to be anomalously largeorrespondindiquid bulk value(solid line), extrapolated from pre-
in the bulk[17], could not be determined here due to theViously measured dafe1].
limited range of existencAT of the surface bilayer. For the

only tilted surface phase measuregg@H, no in-plane lat- g inquced residual order of a few headgroup-adjacent CH
tice expansion is observed upon hydra“oﬂ' bl.Jt the s_mq}ler groups in the dry liquid phase, as discussed above. The in-
posmon,'as Well as the. fuII.-rod flt.shown in Fig. @0, indi- crease in the number of these ordered carbons upon hydra-
cate a slight2® reduction in the tilt, as compared to the dry tion can be estimated from thredownshift required to bring
sample, but no change in the next-nearest-neighbor tilt dire%e “wet” line into overlap with the “dry” one in Fig. 6

tion. For the bulk tilted phases the tilt angle is significantly.l.his is an avera .
. : ge of-1.6 carbons. The bilayer structure
.re%ucfedlt;y hli/ldratlcr)]n, squat|meshdo;vn to zH@@e Jablgl:l implies, therefore, an increase of the ordered part by slightly
Ibn'l ef.[ ]).d _otet at simi a_rr;to rtw}e g%?_' an h%h less than a single CHunit upon hydration. This corresponds
layers, and in contrast with thery C,0H, no highe, 1 3 rather small reduction in the total vdw energy-oi

peallz (.:OUII_d be fOlF']nd for thlhydrzT(t_ed CZBOI!_I: Tﬁe Zi_ngle ko/moI upon hydration. Another, more prominent, manifes-
peak implies an hexagonal packing, unlike the distorteds,iiqn of the increased stability is the significamtreasein

hexagonal of dry OH. Moreover, the absence of the high- both T; and T, upon hydration, shown in Fig. 14). This is

g, peak may be assigned, as done for themhy24 and 26 i, onirast with thedecreaseobserved in the bulk freezing
rotators, to roughness due to high axial disorder, a characte

istic of th h h b X h fémperatures of alcohols and alkanes with increasing non-
Istic of the rotator phases. These observations support, thergg, s impurity concentration, as demonstrated, for ex-

fore, the suggestion above of a crystal-to-rotator phase trasnole. in bi ixt f diff t-lenath alk
sition upon hydration for the £LOH surface bilayer. anmdpaefc(l)?]m;{n;g])_/ mixtures of different-length alkanksy]

Figure 11a) shows the considerable increasesT,
=TY_TIY and 5T;=TW- T, in T; and Ts, respec-

The measured/(T) curve for hydrated &OH is shown  tively, upon hydration. The increases are found to be un-
in Fig. 3(b). The slope observed far<Ts is slightly smaller  equal, withsT> 5T for all n, so that the temperature range
than that of the dry alcohol for this particular case. A com-of existence,AT"®, becomes up to twofold larger than
parison ofAS for each chain length, shown in Fig. 6, indi- ATV, T, is approximately constant withat ~2.5°C, and
cates that within the experimental scatter_FC(.ZS agrees C|OSE|y with other bulk measureme[ﬂ:g]_ 5‘TS,
mJm 2°C), AS{®~AS{"”. Nevertheless, a linear fit to all however, varies by a factor of 2 and decreases frofn°C
AS‘;,VQt values results in a slightly lower line than that fitted to for n=10 to ~3 °C for n=28. As shown in Fig. 1(b), the
the measureds‘s’ry. Thus, the stabilizing effect that the hy- vanishing of the surface freezin@P effect atn=30 [36]
dration has on the bilayer is reflected in only a slight de-persists upon hydration. However, the lowtimit of the SF
crease in the entropy reduction upon freezing. Assume now effect is decreased considerably, downnte 10. This in-

3. Thermodynamic properties and phase diagram



PRE 58 SURFACE FREEZING IN CHAIN MOLECULES. 1I. ... 6097

creases the-range of existence of the SF effect By50%.  equal shifts indicates, therefore, that different hydration lev-

The dramatic increases iFx, T and then range can be els indeed exist at the surface and bulk in the liquid and
accounted for quantitatively, by considering the hydrationrotator phases.
levels of the bulk and the surface, and taking into account the To calculate5T; and 6Tg as a function ofn from the
differences in that level due to adsorption or depletion ofequations above, and compare them with the measured val-
water at the surface, as predicted by the Gibbs fd4l@  ues, we need to knovd)'w'i, ¢y, andAS for the bulk (
appropriately modified for the case at hand. The detailed=Db) and the surfacei &s). Note that, according to E¢10),
discussion of the calculations, given below, is divided fortg obtain 8Ts¢>0, as observed, we must haxﬁ,’i< ¢(N’i_
calrity into separate sections. The required quantities were obtained as follows.

(@) Consider first the hydrated alcohol. In the alcohol- (i) For the bulk, the water concentration in the me, ,, ,
water binary mixture, the excess free energy per molecule &35 measured by Lawrenet al.[41], and indeed shows an
the surface i =e—TJS, wheree is the energy andSis  ynusualower water concentration in the liquid phase than in
the entropy difference between surface and bulk. For a mixthe solid rotator phase. Their data extend, however, up to
ture of_N alcohol molecules and! water molecules, and _17 only. We find thagé'vv’b(n)z(o.663—0.1911) In@), is a
assuming a negligible alcohol-water repulsion term, the freg,oo functional fit to their data, which we use to calculate
energy at the surface is ¢{N,b for n>17, and is shown in a solid line in the inset to

_ Fig. 11(b).
F=NTatMfy,+ NkgTIn da+ MkeTIn by, ™ (i) From our surface tension measurememtS,(n)
=A(dy/dT)eyp= (—0.37+0.11n mIm 2°C~ ! for both

where the subscripte and a indicate water and alcohol,
wet and dry alcohols. The bulk measuremdid show that

respectively, andp,, and ¢,=1— ¢,, are the corresponding

molar fractions in the mixture. The chemical potentials of thed Sp=AS;. o )

alcohol at the liquid ) and rotator ) phases at the surface | n€ calculated bulléT; [Solldr line in Fig. 11a)] required

are given by,ula = (9,:/(9N:flasJr kBTIn(l—qS!NS) and uf only a sllghtl adjustment .ofqﬁw,b from the nominal, n-

! +kBT|n(1’—¢\rNs), respectively. A|30,f|as’—f;s:A’€ independent; (the 1:2 ratio dlscussed abdon 0.28 to _

—T?j‘)‘S'—&Sr)er’—T(S'S— S)=Ae-TAS, “Where Ae rre]acch the excellent agreement with the experiment seen in
S . the figure.

=e.—el, S, and S| are thesurfaceentropies in the liquid (iii? For the surface, we find experimentally thaT.

> 6T;, which implies alarger hydration differencéetween

and surface-frozen rotator phases, ak§; is the entropy
change in the surface phase transition. The equality of th?ne liquid and rotator phases for the surface than for the bulk.
However, the x-ray measurements in the surface-frozen

chemical potentials/,L'aysz wh s, at the surface freezing tem-

peratureTg®' yields phase, discussed above, show a roughly 1:2 water:alcohol
wet 4 1\ _ Twety cwet wety /4 o1 ratio, about the same as that of the bul; ,~ ¢y, ~3. The
AetkgTs®In(1— ¢y, o) =TI"ASI*+ kg TLIn(1 ¢W'S).(8) liquid surface must have, therefore, a lower hydratitlp,
than the liquid bulk¢f,vyb to make the hydration difference
(b) For the dry surfaceM =0 and¢,,=0, ¢,=1, so that between liquid and rotator phases larger at the_surfa_ce than at
dhe bulk. To determine the bulk-surface hydration difference
freezing temperaturéljgry, fla,’dsry:f;,gry_ This, in turn, gives ?t tl;(he quuidfphase, \{[vre usehthe Plrigogine par:;llel—layrer mot(r:l]el
Ae= TIYASIY. Making the assumption that the difference for the surface, In the athermal approximation, where the
in the energy of the molecule between the liquid and rotatolnteraCtlon energy perameter be_tyveen the tWO. species can be
neglected42]. This yields a modified form of Gibbs’ surface

phases of the molecule remains unchanged upon hydr""t'ogdsorption rule, valid for a binary mixture of different-size
we can substituté e in the last equation, and obtain

molecules, as is the case h¢dd]:

u=dJdF/dN=1f and the procedure above yields at the surfac

TIVASIY+KgTe®In(1- ¢y, o)

) SWet BWej we - r X\IN’S/X{N'b:[(l_x\llv’s)/(l_xbv’b)]llr

=TYASY + kg TE¥IN(1— ¢y, o). 9 s« extl— A yo— yo)kaT] 11
W w a .

(c) Experimentally,AS{V=AS" (see Fig. 6. Thus, de-

noting 5TS=T;VG‘—T§’V, we finally obtain This applies in our low concentration casedenotes the

volumefraction corresponding to thmolar fraction ¢, the
~ 2 _
ST = kBTSIn[(l_¢\I/v,s)/(1_¢\5v,s)]/ASSI (10) molecular area of wateA,~11.6 _A, end r=(1.27/1.9)
X n is the alcohol-water length ratio. Given the surface ten-

wheres denotes the surface. This is the expression for th&ion of water,y,,~72 mN/m, which is much higher than that
shift 5T in the surface freezing temperatuFe. An identi-  Of alcohols,y,~27 mN/m, this rule yields concentration val-
cal expression, witt (for “bulk” ) replacings, can be ob- ues fromx, ;~0.068 forn=10 to x,, ~0.01 for n=28,
tained for the shiftST; in the bulk freezing temperatufE . about threefold lower than the corresponding bulk concentra-
Both depend on the respective molar concentrations of watélOnS,X{N,b- The volume to molar concentration conversion is
in the liquid and rotator phases,;; of the surfacei(=s) and  ¢w,s=Xw,sVa/[Xw,sVaT (1 =Xy JVi], where V,,=30 A®

of the bulk (=Db). Unequal hydration levels in the bulk and andV,=(1.27xX19.5)xn are the molecular volumes of the
the surface in one or both phases will results in unequatvater and alcohol in A respectively. This calculation yields
shifts for the freezing temperatures. The observation of unfor ¢1N’S the dash line in the inset to Fig. . It is signifi-
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cantly lower than the corresponding bulk curve, as indeedneasured “wet”AT in Fig. 11(b) demonstrates that for this
expected from Gibbs’ rule, in view of the higher surface nrange the calculations presented above not only predict this
tension of water as compared to that of alcohols. lowering of then limit, but also estimate accurately the mea-
Using the caIcuIatee)S{MS and assuming anrindependent suredAT ranges. We conclude, therefore, that the increase
water concentration at the surface crystalline layer yields @bserved in theé range has the same origin as the increase in
good approximation to the measureﬂ's, shown by a AT, namely, the Unequal UpShlﬁSTl of the surface and
dashed line in Fig. 1@), for a surface molar fraction of bulk, due to d_ifferences in t_he hydration of the surface be-
¢!, s~0.29. This value is slightly higher than, but close to Ween the liquid and crystalline phases.
that of the bulk, discussed above, and the nominal ob- The highn limit of the SF effect is not influenced by

tained from the x-ray measurements. However, relaxing th ydrat|on_ and remains at=28 [36], as can b? seen in Fig.
. . ' L 1(b). This can be understood by considering the various
requirement ofn-independents,, ¢ and allowing it to vary

. ; . : . interaction rticipating in the SF eff hei iati
linearly with n, yields a much-improved agreement with the teractions participating in the SF effect and their variation

&T. . This is sh in the “wet” solid line in Fi with chain length and temperature. Fealkanes, the inter-
measurew . [his1s shown inthe "wet” solid in€ In F19.  516cylar vdW interaction tends to induce order, while the

11(a), obtained fqrd’Cv,s: 0.2r5+0.002<n. This varies rthe entropy and the formation of gauche kinks at the chain ends
water concentration fromp,, ;~0.28 for n=14 10 ¢y s  tend to reduce the ord¢6]. A balance of these determines
~0.31 forn=28. Both these limiting values are in agree- the occurrence or otherwise, and fhandn ranges of the SF
ment with the nominat and the bulk value. The small varia- effect. In alcohols, the hydroxyl head groups allow for an
tion, 10% of the surface-crystal hydration over the fall aqditional interaction: hydrogen bonding. This, in turn, is
range showing SF, is not at odds with any experimental obresponsible for the formation of a bilayer, rather than the
servations presented here. Moreover, it is conceivable thghonolayer formed in alkanes. This interaction must then be
the increase observed in the area per molecule wijtlas  jncluded in the balance that determines the boundaries of
reflected in the deCfeaSimg values in Table I, will facilitate existence of SF in alcohols. The hydrogen bonding concerns
the intercalation of water molecules into the bilayer and rethe headgroup only and is, therefore, chain lerigttepen-
sult in a slight increase in the hydration with The agree- dent[33]. By contrast, the vdW interaction increases with
ment of the calculatedT; curves with the measured data in chain length, as do the entrofgiue to the increase iff;)
Fig. 11(a) is remarkable, in view of the simple theoretical and the tendency to form gauche conformations at the chain
expressions employed and the fact that virtually no adjustends(due to the increase in both the melting temperafre
able parameters were used, except for the minimal change ghd chain length Thus the importance of the hydrogen bond
¢\, from the nominal 1:2 value. relative to the vdW, entropy, and chain-end disordering de-
As observed in Fig. 1), 6Ts> oT; for all n, which  creases quickly witim, and the balance between the ordering
results in a considerable increaseliil upon hydration. This  and disordering effects at the surface becomes increasingly
is shown in Fig. 1{b) where the solid line marked “dry” is  independent of the hydrogen bonding. Hydration, which af-
the same fit toAT™=a/n—b/n® (a=33.4, b=7628.8) fects the hydrogen bonding only, should therefore be most
used in Fig. Th) and discussed there. Since SF does nosignificant for short chains, close to the lowlimit of SF.
occur in the dry sample fan=10, 12, and 14, because it is The largen limit, on the other hand, is dominated by the
preempted by bulk freezind, values are not measurable for balance between intrachain conformational disorder and the
thesen. TheseT, values, marked by closed triangles in Fig. interchain vdW interaction. It should thus have a marginal
11(b), were therefore extrapolated from the analyticdependence only on changes in the headgroup interactions
expression above, and used in calculating dfig points for  induced by hydration. These two expectations fully conform
n=10, 12, and 14 in Fig. 1&). The “wet” lines in Fig.  to the observations. The reduction in the relative importance
11(b),  AT"e=(TIV4 5T — (TIV+ 6T;)=ATI+ (ST,  of the headgroups’ hydrogen bonding is also manifested in
— 8T;), are obtained from the calculated; in Fig. 11(a), the convergence tendency 6T toward 6T, and conse-
and the “dry” solid line ATY. The solid(dashediline here  quently also ofAT"® toward AT%Y, with increasingn, ob-
corresponds to the solitashed line in Fig. 11a), i.e., to  served in Figs. 1&) and 11b). In fact, the figure indicates
the linearly n-dependent r§-independent hydration of the that if the SF effect was to continue beyone 28, it would
surface-frozen layer. The excellent agreement observed withave soon reached the limit 6~ 6T;, and thus cause the
the measurements f@T; andAT"®, for bothn-independent hydration-induced increase T to vanish. All these effect
and linearly n-dependent hydration, strongly supports thesupport the interpretation of a fast decrease of the importance
hydration-difference mechanism suggested here to accounf hydrogen bonding witm in the surface layer, from near
for the shifts in the crystallization temperatures and increasdominance ah~10 to near insignificance at~28.
in the T ranges of existence. To obtain a(very) rough numerical estimate of the bind-
The discussion above also clarifies the reason for the drdng energies discussed above, we can assume safely that all
matic decrease observed in the lovimit for the occurrence the disordering interactiorig@ntropy, chain-end disordgust
of surface freezing. In Fig. 1) the “dry” AT curve be- balance the ordering ondsdW and hydrogen bondingt
comes negative fon<16, indicating that SF is pre-empted the lowern limit of SF in dry alcohols. Hydration reduces
by bulk freezing, so thafT,<T;. Hydration, however, the lown limit by ~6 carbons, and since the binding energy
causes an unequal shift in these temperatures, and revergesr CH, unit is [43] <1 kJmol}, this represents a5
this relation near the low-limit. Thus, AT becomes positive kJmol ! decreasein the binding energy. The fact that we
and surface freezing occurs even for chain lengths as short atill have SF forn=10 means that there must be a corre-
n=10. The good agreement between the solid line and thepondingincreaseof ~5 kJmol ! in the only interaction
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changed by hydration: hydrogen bonding. Note, howeverThe structure of the bilayer formed was fully characterized in
that this increase is just an upper limit, since by going fromboth cases by surface-specific x-ray techniques, and the ther-
n=16 (the dry lown limit) to n=10 (the wet lown limit)  modynamics by surface tension measurements. The water
we lower also the disordering interactions: we red@€;,  was found to intercalate the surface-frozen bilayer at a wat-
and thus also the entropic disordering effects, and @$0 er:alcohol molecular ratio of 1:2, and swell the bilayer by
the tendency to form gauche kinks at the chain ends, botBhout 2.5 A. The surprising stabilizing influence of hydration
because of the shorter chain and the lower temperature. It isn the surface layer was shown to result from differences in
therefore not unreasonable to assume that the actual incre%ration between the surface and the bulk in their liquid

in hydrogen bonding upon hydration, which balances the réphase  in accordance to a modified form of the Gibbs adsorp-
duction in the vdW interaction against the entropic and;,, rule, relevant to our case.

chain-end disordering effects, is lower, just about 1-2
kJmol %, in good agreement with the estimate obtained af
the beginning of this section from the shift of th&y®! line
from the AS2"Y one in Fig. 6. For the dry alcohol at the high-
n limit, the addition of two CH units, with a gain of~2
kJmol !, is insufficient to compensate for the increase in
entropy and the chain-end disordering caused by the increa
in T¢ and chain length, upon going from=28 to 30, and
hence the SF effect vanishes for 30. Apparently, the ad-
ditional 1—2 kJmol?! contributed by hydration is still too
small to shift the upper limit fronm= 28 to 30. This is hardly
surprising, considering that this contribution is equal to, or
even smaller than the vdW gain upon addition of two,CH ) ) ]
units, and is indeed only a small addition to the total binding We thank S. K. SinhdANL) for important suggestions

energy stabilizing the bilayer at the highlimit, where the and discussions, and gratefully acknowledge the support by
vdW interaction alone is of order 30 kJ mor L. the Israel Science Foundation, Jerusa(&fD.), the State of

Illinois under HECA(X.Z.W.), and the Petroleum Research
Fund administered by the American Chemical Society
(X.Z.W.). Brookhaven National Laboratory is supported by

We presented an x-ray and surface tension study of dryhe Division of Materials Research, DOE under contract DE-
and hydrated alcohol melts close to, but above, bulk meltingAC02-98CH10886.

It is expected that intercalation of the bilayer by other
uitable molecules, able to form hydrogen bonds with the
hydroxyl head groups of the alcohols, will allow for varying
the structure and properties of the surface-frozen alcohol bi-
layer in a controlled way. Measurements, now in progress,
employing «,w-diols indicate that this is indeed a viable
?)%ssibility for molecular-level structural “engineering” in
these films.
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