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Surface freezing in hydrated alcohol melts was studied by surface tension and x-ray methods.
An ~2.5 A swelling of the surface-frozen bilayer is observed at saturated humidity, due to water
intercalation into the bilayer. The concomitant upshifts of 2.5 and &;®bserved in the bulk and
surface freezing temperatures, respectively, are traced to the surpnsi@g@sein hydration upon
freezing. For the liquid surface phase, the Gibbs-rule-predicted water depletion at the surface, relative
to the bulk, accounts well for the unequal upshifts. It also explains the observed increases in the chain
length and temperature ranges over which surface freezing exists. [S0031-9007(97)05229-0]

PACS numbers: 68.10.—m, 61.25.Em, 64.70.Dv

Almost all materials, including metals [1], semiconduc- not only for physics but also for biology and the molecular
tors [2], and ice [3], undergo surface melting, i.e., theirlevel study of life processes.
surfaces melt at a temperature lower than that of the bulk. In this paper hydration, recently shown to modify
The notable and, so far, only exceptions are alkanes [4,5jonsiderably the structure and boundaries of bulk alcohol
and alcohols [6] which were recently shown to exhibit sur-phases [11], was used to tune the HB component of the
facefreezing,where an ordered phase forms at the liquidinteraction in order to elucidate its role in surface freezing.
surface of the melt at a temperatufe aboveits bulk- We find a uniform swelling of~2.5 A in the surface-
freezing temperatur&,. In alkanes, CK(CH,),—>,CHs, frozen bilayer due to water intercalation at its center.
the van der Waals (vdW) intermolecular interaction in-More strikingly, a doubling ofAT and a large increase
duces a single crystalline monolayer at the melt's surin the range of chain lengths showing surface freezing
face, with temperature and chain length existence rangeme observed. We show that both of these effects can
of AT =T, — T, =3°Candl6 = n = 50. However, be well accounted for quantitatively by considering the
in alcohols, CH(CH,),-,CH,OH (denoted COH here- differences in hydration at the surface and in the bulk for
after), a crystallinebilayer, rather than a monolayer, is the ordered and liquid phases.
formed atTy, albeit with smallerAT = 1°C and 16 = The commercially obtained samples wer®9% pure
n = 28. Since the formation of a bilayer is energetically and used as received. About 0.5 g of the material was
less favorable than that of a monolayer [7], stabilizationplaced inside a sealed cell, the temperature of which was
by interactions additional to the vdW interaction has to beregulated to better than 0.01 K. Hydration was done
assumed. The only structural difference between alkandsy keeping the sample under an atmosphere of saturated
and alcohols is a replacement of a hydrogen by a hydroxylater vapor throughout the measurement. A complete
group. This makes hydrogen bonding (HB) between theestitution of all properties measured on the dry alcohol
hydroxyl groups of the two layers, both of which reside atwas observed upon drying the hydrated samples. The
the center of the bilayer, the likeliest candidate for the stastructural studies employed x-ray reflectivity (XR), x-
bilizing interaction. The dependence of surface freezingay grazing incidence diffraction (GID), and Bragg rod
on the vdW interaction was explored in binary mixtures,(BR) measurements at the vapor-melt interface, using
where this interaction was tuned by mixing alkanes [8] andhe HarvardBNL Liquid Surface Diffractometer [12] at
alcohols [9] of different lengths. This revealed a rich arraybeam line X22B, NSLS, Brookhaven National Labora-
of new phenomena, including an increased surface phasery, with a typical wavelengthh = 1.54 A. X-ray reflec-
stability, indicated by a largek T, new crystalline surface tivity probes the surface-normal electron density profile
phases, and the suppression of surface freezing in some ifi-3,14]. The formation of a surface layer of electron den-
stances. However, the role, suggested above, of HB argity different from the bulk results in the appearance of
its importance relative to the vdW interaction in stabilizing periodic modulations in the reflectivity curve. The modu-
the crystalline surface phase in alcohols were not studiethtion period is inversely proportional to the layer thick-
to date. As concurrent HB and vdW interactions play aness, and its amplitude depends on the electron density
crucial role in many biological molecules, nucleic acidsdifference between the layer and the bulk. GID measure-
being a prominent example [10], such a study is importanents probe the structure within the surface plane, with
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sharp diffraction peaks indicating a crystalline structure. The comparison in Fig. 2 of the fit results for all dry
BR measurements, i.e., the surface-normal intensity disand hydrated alcohols studied demonstrates the system-
tribution at the diffraction peaks, probe the length andatic swelling of the bilayer's OH region by 2.4-2.7 A.
orientation of the molecules within the layer [13]. The Direct integration over the density profiles yields an in-
surface thermodynamics were probed by surface tensiotrease of~14 electrons upon hydration in a molecular
measurements using the Wilhelmy plate method [15]. Nearea ofA =~ 19.5 A? [4,6]. This is somewhat more than,
glecting intramolecular energy changes, the excess surfateit not too far from, the 10 electrons of a single wa-
free energy yields a negative slopey(T)/dT = AS =  ter molecule, indicating the intercalation of approximately
—(Ssurf — Swvuik), for the surface tension curyg7) when  one water molecule in between each pair of upper and
both surface and bulk are liquid. The sharp reduction idower alcohol molecules in the bilayer. This approxi-
the surface entropy§,., Upon surface freezing changes mately 1:2 water-to-alcohol ratio is close to that of the
the slope abruptly from negative to positivelat These hydrated bulk [11]. The swelling at the surface is, how-
measurements allow not only a macroscopic and conveever, consistently~0.5 A higher than that in the corre-
nient detection of the occurrence of surface freezing, busponding bulk rotator phases. This is not unreasonable,
also an accurate determination Bf, T,, AS, and vari- considering the somewhat different energetics of the sur-
ous related thermodynamic quantities. For further detailsface and the bulk. The fits also indicate a small, consistent
see [5,15]. increase,~0.5 A, in the capillary-wave-induced surface
Figure 1 shows the XR curves measured for dry andoughnessr, barely outside the experimental error. This
hydrated GsOH at T, < T < T,. The slight decrease must result from wavelengths in the capillary-wave spec-
observed in the period of the modulation upon hydratiortrum below the cutoff imposed by the intermolecular dis-
indicates a small increase in the surface bilayer thicknessance, since the only other contribution is proportional to
i.e., swelling. The fits shown employ the matrix methody ~!/2 [16] and the measuredl is virtually unchanged by
[5], and a five-box model for the electron density profile  hydration. The increase in the below-cutoff contribution
of both dry and hydrated alcohols. The modelis convolvedmplies an increase in the static or dynamic up-down dis-
with a Gaussian, representing the interface roughness. Theeder of adjacent individual molecules in the layer, with
five boxes represent (1) the outermost;@etminal group, no near-neighbor correlations. The GID and BR mea-
(2) the(CH,),,— chain of the upper layer, (3) the OH head surements indicate the same in-plane hexagonal packing
groups region, (4) théCH,),,—; chain of the lower layer for both dry and hydrated alcohols. The lattice parame-
[same as box (2)], and (5) the innermost £términal  ter and tilt orientation (next-nearest neighbor) remain the
group [same as box (1)]. An additional box representsame, and only a slight decrease of X4 observed in
the liquid subphase. Note the excellent fits obtained. Théhe molecular tilt in the tilted phases & 24). Conse-
corresponding density profiles for{OH in the inset show quently, the true swelling for these lengths is 0.2—0.6 A
an increase of the thickness in the OH headgroup regioless than that obtained from the XR measurements.
by ~2.5 A upon hydration and a slight increase in the The most dramatic effect of hydration is the large, and
roughness of the free surface of the bilayer (the first CH unequal, changes i, and 7y, 67, = T, — T}‘j“f and

box) by ~0.6 A. 8T, = T — 73", Unlike other impurities [8,9], hy-
dration increasesthese temperatures showing the water
10° : : : : : to have a stabilizing effect. OusT, = 2.5°C, shown
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FIG. 1. X-ray reflectivity of surface-frozen ,gOH (points), h

the box-model fits (lines), and the corresponding electron

density profilesp, (inset). The shorter modulation period when FIG. 2. The surface bilayer thickness, refined from the reflec-

hydrated indicates a swelling of the surface bilayer.

tivity fits. A uniform ~2.5 A swelling is observed.
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in Fig. 3(a), is approximately constant withand agrees bulk water concentration in the melip), = 0.663 —
closely with previous measurements [1147,, however, 0.1911In(n), is a convenienad hocfunctional fit to the
decreases from6 to ~3 °C with n and is larger thad7,,  only extant such data [18] which, however, extends up
for all n. This approximately doubles the existence rangeto n = 17 only. The calculated bullé T}, [solid line in

AT = T — T} (wherej = wer or dry), of the surface Fig. 3(a)] required only a slight adjustment @f,, from
bilayer, from=1 to ~2 °C, as shown in Fig. 3(b). The the nominal ¥3 (the 1:2 ratio discussed above) to 0.28 to
surface-freezing effect vanishes for= 30 for both dry  reach the excellent agreement with experiment seen in the
and hydrated alcohols [17]. The lowimit, however, is  figure. Consider nows7,. Since the difference in hydra-
considerably extended upon hydration, increasing by 50940n between the solid and the liquid phases determines
the n range showing surface freezing. We now show tha® 7, the measuredT, > 8T, indicates a larger hydration
8T,, 8T, and the lown limit extension can all be ac- difference for the surface than for the bulk. The x-ray
counted for quantitatively, based on the entropy-of-mixingmeasurements, however, show a roughly equal hydration
of water and alcohol and on the surprisingreasein wa-  for the solid bulk and surfaceg, ~ ¢; ~ 1/3. The

ter solubility from an HO:alcohol molecular ratio of1:4  liquid surface must, therefore, have a lower hydration than
for the molten phase [18] te-1:2 for the ordered rotator the liquid bulk. This bulk/surface hydration difference can
phase [11]. be obtained from Gibbs’ rule [19)!/x;, = [(1 — x!)/

Equating the chemical potentials of the rotatoy énd (1 — x) 1V exd—A, (yw — va)/ksT], which applies in
the liquid () bulk (p) [surface §)] hydrated alcohol phases our low concentration and low heat-of-mixing case, having
atT, (T,) yields for the temperature upshiff’, (57,)[11]  unequal sized moleculesA,, =~ 11.6 A? is the molecular
the following: area of watery = (1.27/1.9) X n is the alcohol/water

length ratio, and denotes volume fractions. Indeed, given

8T; = kpT; In[(1 — ¢)/(1 — $1)]/AS;, (1)  the much higher surface tension of watgr,~ 72 mN/m,
as compared to alcoholsgy, = 27 mN/m, Gibbs rule
ds a¢! varying from ~0.068 for n = 10 to ~0.01
n = 28, about threefold lower than the corresponding
bulk concentrations$,. Using Gibbs rule forn!, Eq. (1)
yields the solid line in Fig. 3(a) for the surface with
¢! = 0.29, slightly higher than, but close to, the bufk,
above, and the nominat1/3. The agreement of the cal-
T culateddT; curves with the measured data is remarkable,
particularly since virtually no adjustable parameters are
| involved. The differentdT; for the surface and the bulk
surface | leads to a considerable increaseAifi upon hydration, as
] shown in Fig. 3(b). The solid line marked “dry” is a fit

i ] to AT = a/n — b/n® (a = 41.5,b = 10299, ¢ = 2.8),

1, ] . l . . bU”f 1 an empirical form shown to apply in alkanes [5,15]. This

' ' ' was also used to obtain the di; for n = 10,12, 14,
which are not measurable and which are used in calcu-
lating the 6T points for these: in Fig. 3(a). The “wet”
solid line, ATY = (1Y + 8T,) — (T)° + 6T)) =
ATIY + (8T, — 8T,), uses the calculatedsT; in
Fig. 3(a) and the dry solid linA\T9Y. The excellent
agreement for both curves with the measurements strongly
supports the suggested hydration-difference mechanism.

Another dramatic effect of hydration is observed on
the low+ limit for the occurrence of surface freezing.
In Fig. 3(b) the dryAT curve goes negative for <
16, indicating a preemption of surface freezing by bulk
freezing, i.e.,T; < T,. Upon hydration, however, the
unequal upshifts of the two temperatures reverse this
relation; AT becomes positive and surface freezing occurs
FIG. 3. The measured (points) and calculated (lines) (a) upeven for chain lengths as short as= 10. As the good

shift, 57, in the surface- and bulk-freezing temperatures upon, g reement between the solid line and the measured et
hydration, and (b) temperature range of existence of the surface

freezing. Both lines in (a) and the wet line in (b) are calculatedn Fig. 3(b) demonstrates for thisrange, the calculations
with virtually no adjustable parameters. The effect vanishes fopresented above predict this effect, and accurately estimate
n = 30, hence no points are shown for this the AT ranges observed. The-range increase of the

wherei = b, s, and¢f” andAS; are the water molar con- iel
centrations at the indicated phase and the entropy chan%lgr
at the transition, respectively. From oymeasurements,
AS; = (dy/dT)exp = —0.37 + 0.11n mNm~ 'K~ for
both wet and dry alcohols and [14S, = AS,. The
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surface-freezing effect has, thus, the same origin as thiedicious choice of the architecture and properties of addi-
increase iNAT. tive molecules.
Unlike the lown limit, the vanishing of the effect at ~ Contributions by J. Patel and T. Peterson, and support

n = 30 is not influenced by hydration. This can be un-by the Israel Science Foundation, Jerusalem (M.D.)
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to inhibit surface ordering, increases with chain length andNo. DE-AC02-76CH00016.
temperature and is not expected to change significantly
with hydration. The latter interaction concerns only the
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