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Synchrotron X-ray reflectivity is used to study the electron density profile normal to the interface between
bulk water and bulkn-docosane (&Hss). These measurements are interpreted in terms of an error function
electron density profile to yield an interfacial width of 570.2 A. In contrast with an earlier measurement

on the water-hexane interface, this interfacial width disagrees sharply with the prediction from capillary
wave theoryge.p= 3.5 A. This width can be accounted for by combining the capillary wave prediction with

a contribution from intrinsic structure due to the bulk correlation length of docosane. We also discuss the
absence of interfacial freezing at this interface, a phenomenon observeeafkanes of a similar chain
length at the alkanevapor and alkanesilicon oxide interfaces.

Introduction o7 1

An outstanding problem in the area of interfacial phenomena // \\
is the determination of structure at liquitiquid interfaces. This Kscat vapor Kin
structure is relevant, for example, to the understanding of ol akane, N7 o
electron and molecular transfer across biological membranes W, water W
and the partitioning of solvents and metal ions across liguid // °T \\

liquid interfaces. The Watefalk.ane. i“terfa‘_’e is an important Figure 1. Cross-sectional view of sample cell: W, Mylar windows;
model system for understanding interactions between hydro- 1 ihermistors to measure temperature. The kinematics of surface X-ray
carbon chains and water and is, therefore, of relevance toreflectivity is also indicatedk, is the incoming X-ray wave vector,
biological and technological interfacial phenomena. Optical kscatis the scattered wave vector, ands the angle of incidence and
reflection second-harmonic generation has been used to probgeflection.

the molecular ordering af-alkanes (carbon numbers-70) at

the water-alkane interfacé Here, we present an X-ray reflec-  Here, we use interfacial tension and X-ray reflectivity measure-
tivity study of the interface between bulk liquid water and bulk ments to demonstrate the absence of interfacial freezing at the
liquid n-docosane (§Has). water-docosane (gHae) interface.

We previously reported a measurement of the interfacial width
between water and hexahd&his width was shown to be in
agreement with a prediction from capillary wave theory. Here,  The measurements presented here are from liquid samples
we show that a significant deviation from the prediction of that are stirred and allowed to reach thermal equilibrium in a
capillary wave theory occurs for the water interface with a longer vapor-tight stainless steel sample cell, which is discussed in
chain alkanen-docosane. The measured width can be explained detail elsewheré’:8 High-purity water was produced from a
by combining the capillary wave contribution to the interfacial Barnstead NanoPure systemcgocosane (99.2%, purum grade)
width with a contribution from the bulk docosane correlation was purchased from Fluka. Docosane was further purified by
length. passing it several times through a heated{®0 °C) column

Ordering at the interface @falkanes with solid silicon oxide  of basic alumin&.The interfacial tension was measured with a
and surface freezing at the vapor interface of liquid alkanes haveWilhelmy plate in the same sample cell used for the X-ray
also been reported recen#iy? At the vapor interface, systematic measurements. At fixed temperature, the tension between
studies have shown that a single layer freezes at the alkanedocosane and water was constant to withi®.1 dyn/cm as a
surface within approximately-23 °C above the bulk freezing  function of time, where time is measured from the initial
temperaturé. This freezing occurs fon-alkanes with chain  formation of the wateralkane interface. Without the purifica-
lengths in the range from 16 to 50 carbons long. A related tion step, there was significant adsorption of impurities to the
observation, also for chain lengths from 16 to 50 carbons, was water-docosane interface, as indicated by a change in the
reported for thin films ofn-alkanes on the surface of Si® interfacial tension of approximately 15 dyn/cm over a period
of a few hours.

* Author to whom correspondence should be addressed. E-mail:  The interfacial area was 76 mm 100 mm (along the beam

Experimental Methods

Scﬂlgzsgr‘:riﬁéen‘{“df Phvsics x transverse) with X-rays penetrating through the upper phase
E Bropokhaven Natic,)r’,m Laboratory. (see Figure 1). At the chosen X-ray wavelength=(0.825+
8 Department of Chemistry. 0.002 A) the absorption lengths for docosane and water are 18
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BT 5P+ pd + 5low — po) erlizoV2] with erf) =

% [t (1)

where [p(z)0is the interfacial electron density averaged over
the plane of the interface angl, and pq represent the electron
densities (normalized to the value for water) of bulk water and
docosane, respectively. For this interfacial profile, the reflectivity
can be written, foiQ, > Q%13 as

Reflectivity
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z z
Q, A"
) - . . . T 2 2
Figure 2. X-ray reflectivity of water-docosane interface. Filled circles ~ Where Q, = 4/Q;—Qg is the z component of wave vector
and triangles are measurements at 44.6°C (circles) andl = 51.6 transfer with respect to the lower phase. The critical wave vector

°C (triangles). Solid line through the data points is a one-parameter fit transfer, Q., is calculated from the bulk densities & =
to the 44.6°C data (see eq 2 and text). Long-dashed line is the calculated Aareow — pa)]¥2 = 0.00963 Al (wherere = /md@), in

reflectivity when the width is determined solely by capillary waves. . Se
Short-dashed line is the calculated reflectivity assuming a single layer agreement with our measurements. A fit of the data to eq 2

of frozen docosane at the watedocosane interface. using a single fitting parametew, is illustrated by the solid
line in Figure 2 and yields the interfacial width= 5.7 + 0.2

and 5.6 mm, respectively. The sample cell is contained in a A for both temperatures.

one-stage cylindrical aluminum thermostat and temperature

controlled to+0.03°C. Two thermistors mounted immediately

above and below the liquid chamber measure the sample In the spirit of a hybrid model of the interface that describes

temperature and allow us to determine when the sample cellan intrinsic structural profile roughened by capillary waves, the

has thermally equilibrated. interfacial width,o, can be represented as a combination of an
X-ray reflectivity was conducted at beamline X19C at the intrinsic profile width,o,, and a resolution-dependent, capillary

National Synchrotron Light Source (Brookhaven National wave contributiof1°

Laboratory, Upton, NY) with a liquid surface spectrometer and T )

measurement techniques described in detail elsewhéhe o2 = 0(2) +2 f f 2d q = 020 . 3)

ar’y a° +4

Discussion

kinematics of reflectivity is illustrated in Figure 1; note that
= 90 is normal to the surface. For specular reflection, the wave

vector transferQ = Kscar- kin, is only in thez direction, normal  \yhereksT is Boltzmann’s constant times the temperatyrés

to the interfaceQc = Qy = 0, wherex andy are in the plane  the measured interfacial tension; the correlation lengthis

of the interface, an@, = (4/4) sin a. __given by & = y/Apng and determines the exponential decay
_To set the incident beam size and reduce the vertical ot the interfacial correlations given by the heigtieight

divergence to 2Qurad, two slits placed approximately 60 cm ¢ rrejation function of interfacial motiof® Apm is the mass

apart were used |_mmed|ately prior to the I_|qU|d _sam_ple. The density difference of the two phases, agis the constant of

slit gaps were typically 510 um in the vertical direction at 4 itational acceleration. Integration is over in-plane capillary

the smallest reflection anglgs (horizontal sl!t gaps were 10 mm, . ove vectorgy corresponding to the range of capillary waves

ml'JCthII I?rger thtan.the Z(')rl[zcl)nltalf befm;tslze»et Imm). A g that the measurement probes. After some simplifications, the

scintillator monitor immediately in front of the sample measure - N _

the incident X-ray flux. The sample was followed by a slit with capillary contrlbu_tlon evaIL_Jates ‘ﬂfap kaT/(2ty) 10g(Gmad

Omin), Wheregmax is determined by the cutoff for the smallest

a vde:;[:cal gaﬁlor\'zdmtm tto reduce the (;)a(;:kgrougq tsciatlt)eringi.t wavelength capillary waves that the interface can support and
anahe scintiiator detector was preceded immediarely by a St Omin = (27/A)Ap sin o is determined by the incident angte
with a vertical gap of either 0.4 or 0.6 mm, which set the detector and the angular acceptance of the detea{fR!

resolution. The capillary wave contribution to the interfacial widthap
calculated from the interfacial tension (measured with a Wil-
helmy plate) and eq 3 iscap= 3.5 A, significantly different
Figure 2 illustrates the X-ray reflectivity measurements for from our measured value for the interfacial width= 5.7 +
the water-docosane interface at two different temperatures, 44.6 0.2 A22 A calculated prediction for the reflectivity based on
and 51.6°C, both above the bulk melting temperature of only the capillary wave contribution to the interfacial width is
docosaneTmer = 44.1+ 0.2 °C, that we measured for our shown in Figure 2. At the highest value @, the measured
samplet! The X-ray measurements at these two temperaturesreflectivity is a factor of 3 lower than the prediction from
agree within error bars. Below a critical wave vector transfer capillary wave theory. This deviation is easily measured.
for total reflection,Q., the reflectivity is nearly one; abo\@, For long-chain polymers, it has been shown that adsorption
the reflectivity drops off rapidly with increasing,. Reflectivity of a polymer melt against a hard wall should be governed by a
measurements of this form can be fit using one parameter, bulk correlation length&, ~ pgl’z, which we write as&, =
that represents the width of an error function interfacial profile. Cy(lpp) =22, wherepy is the bulk monomer number densi,
This profile describes the variation in electron density as a is an adjustable parameter of order 1, dne1.54 A is the
function of the normal coordinatethrough the wateralkane carbon-carbon bond lengtf Letting C, = 1 yields&, = 4.4
interface, given by A, which is very close to the chairchain separation in

X-ray Data and Analysis
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€ 28 T . r ; : (Figure 3b, waterdocosane) indicates that the excess interfacial
L >, @) entropyS = —dy/dT is constant and provides no evidence for

> 27 ¢ . b . . . . . .

) . . an interfacial phase transition. This combination of X-ray
S26 . ] reflectivity and interfacial tension measurements indicates an
g * absence of interfacial freezing at a temperature above the bulk
T, . ] freezing temperature. These measurements reveal a significant
€l . o ] difference between alkane ordering at the interface with vapor
@ . . . . . or with water.

4 5 60 70 %0 90 100 We have shown that the bulk correlation length sets the length
£ Te","perat“re (, ) — scale for the intrinsic structure that contributes to the interfacial
< ®) T width of the watetr-docosane interface. Measurements of the
) B %, o ] surface nonlinear susceptibility using optical second harmonic
5 * . ] generation at the watemlkane interface for shorteralkanes
2l e . ] (C7—C10) suggest that these interfaces may be highly ordered.
5 . If similar ordering exists for this longer alkane (C22), then itis
s sensible to expect that this molecular order is related to the
T 53 s - . . intrinsic structure that we have measured. As just discussed,
= 45 50 55 60 our results exclude the possibility that this ordering is due to a

Temperature (T) perpendicular orientation of the molecules to the interface.
Figure 3. (a) Docosanevapor surface tension. (b) Watedocosane Because of current limitations in the experimental rang@®pf
interfacial tension. it is not possible to test whether some molecular ordering arises

from molecules preferentially oriented parallel to the surface.
hydrocarbon liquids of 4.6 A%2° If we regard this bulk  Models of our data that include molecular layering parallel to
correlation length as setting the length scale for the interfacial the interface require more than one layer to fit our data, and
width due to intrinsic structurey, then the total interfacial width  suych a complex interface is not justified by our current
can be calculated by adding in quadrature the contributions to measurements. In addition, our interfacial tension measurements
the width from intrinsic structure and capillary waves (see eq indicate the absence of an interfacial phase transition distinct
3). The width, o, calculated in this way isr = 5.6 A, in from the bulk freezing transition in which alkane molecules
agreement with our measured value of 3:0.2 A. order parallel to the interface.

To test for the possibility of an interfacial alkane freezing We have also measured the interfacial width at the water
analogous to the alkane surface freezing previously reported,ajkane interface fon-alkanes with lengths between those of
we measured reflectivity from the watedocosane interface at  hexane and docosafeFor shorter chain lengths, the interfacial
temperatures 0.5 and 78 above the bulk melting temperature idth varies with carbon number, leading to a crossover between
(T = 44.6 and 51.6°C, respectively). Measurements at the the interfacial width for the waterhexane interface, determined
alkane-vapor interface have shown that the topmost layer of py capillary waves, and the larger interfacial width at the water

alkane freezes approximately@ (3.13°C for docosane) above  gocosane interface that is due to both intrinsic structure and
the bulk melting temperature and only that single layer remains capjjlary waves.

frozen as the temperature is lowered until the bulk fre€zes.

possib_ly re_lated freezing occurs_for asingle monolayer of alkane Acknowledgment. We thank Sai Venkatesh Pingali for help
on sqlld SiQ. There,_the layer is frozen until the temperature j, purifying the docosane. This work was supported by the
is raised to approximately 3.8C above the bulk melting  qonors of the Petroleum Research Fund administered by the

temperaturé.in both of these cases, the frozen alkane monolayer ocs, the UIC Campus Research Board, and the NSF Division
contains ordered alkanes with their chains oriented normal to of \aterials Research. Brookhaven National Laboratory is
the surface. A recent model for surface freezing relies upon this spported by the U.S. Department of Energy.
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