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Synchrotron x-ray reflectivity is used to study the interface between bulk water and bulk r-alkanes
with carbon numbers 6 through 10, 12, 16, and 22. For all interfaces, except the water-hexane interface,
the interfacial width disagrees with the prediction from capillary-wave theory. The variation of interfacial
width with carbon number can be described by combining the capillary-wave prediction for the width
with a contribution from intrinsic structure. This intrinsic structure is determined by the gyration radius
for the shorter alkanes and by the bulk correlation length for the longer alkanes.

PACS numbers: 61.10.Kw, 68.10.—m, 68.35.Ct

Alkanes have been studied extensively as a model for the
organization of hydrocarbon chains in soft condensed mat-
ter [1]. Ordering at the interface of alkanes with silicon and
at the vapor interface of liquid alkanes has been recently
reported [2—4]. Optical reflection second harmonic gener-
ation has been used to probe the ordering of n-alkanes at
the water-alkane interface [5]. Here, we present an x-ray
reflectivity study of the interface between bulk liquid water
and bulk liquid alkanes. This is an important model sys-
tem for understanding the interactions between hydro-
carbon chains and water, and is therefore of relevance to
biological and technological interfacial phenomena.

We previously reported a measurement of the interfa-
cial width between water and hexane [6]. This width was
shown to be in agreement with a prediction from capillary-
wave theory. Here, we present the extension of those mea-
surements to straight chain alkanes up to 22 carbons long.
Significant deviations from the predictions of capillary-
wave theory occur for the water interface with these longer
alkanes. We present a simple explanation of the variation
of interfacial width with alkane chain length.

The measurements presented here are from equilibrium
liquid samples in a vapor-tight stainless steel sample cell
(discussed elsewhere [6,7]). High purity water was pro-
duced by a Barnstead NanoPure system; n-alkanes (99+ %)
were purchased from Sigma and Fluka. The alkanes were
purified by passing them several times through a column of
basic alumina [8]. The interfacial tension, measured with a
Wilhelmy plate, between these purified alkanes and water
was constant to within =0.1 dyn/cm as a function of time,
where time is measured from the initial formation of the
water-alkane interface. Without this purification step, even
the highest purity commercially available alkanes showed
significant adsorption of impurities to the water-alkane in-
terface as indicated by changes in the interfacial tension of
up to 10 to 20 dyn/cm over a period of a few hours.

The interfacial area was 76 mm X 100 mm (along the
beam X transverse) with x rays penetrating through the
upper phase (see Fig. 1). At the chosen x-ray wavelength
(A = 0.825 + 0.002 A) the absorption lengths for the
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alkanes and water are approximately 20 and 5.6 mm,
respectively. The sample cell is contained in a one-stage
cylindrical aluminum thermostat and temperature con-
trolled to =0.03 °C. Two thermistors mounted immedi-
ately above and below the liquid chamber measure the
sample temperature and allow us to determine when the
sample cell has thermally equilibrated.

X-ray reflectivity was conducted at beamline X19C at
NSLS (Brookhaven National Laboratory, USA) with a lig-
uid surface spectrometer and measurement techniques de-
scribed elsewhere [7,9]. The kinematics of reflectivity is
illustrated in Fig. 1. For specular reflection, the wave vec-
tor transfer, Q = kg, — Kj, is only in the z direction,
normal to the interface; Q, = Q, = 0 where x and y are
in the plane of the interface, and Q, = (47 /A) sina.

Two x-ray slits prior to the sample set the incident beam
size and reduced the vertical divergence. For the smallest
reflection angles the vertical slit gaps were typically 5 to
10 pm, corresponding to a vertical divergence of 20 urad
(horizontal slit gaps were 10 mm, much larger than the
horizontal beam size of ~2 mm). A monitor before the
sample measured the incident flux. The sample was fol-
lowed by a slit with a vertical gap of ~2 mm to reduce
background scattering and the scintillator detector was pre-
ceded by a slit with a vertical gap between 0.4 and 0.6 mm
which set the detector resolution.

FIG. 1. Cross-sectional view of sample cell: W, Mylar win-
dows; T, thermistors to measure temperature. The kinematics of
surface x-ray reflectivity is also indicated: kj, is the incoming
x-ray wave vector, Ky, is the scattered wave vector, and « is
the angle of incidence and reflection.

© 2000 The American Physical Society



VOLUME 85, NUMBER 3

PHYSICAL REVIEW LETTERS

17 JuLy 2000

Figure 2 illustrates x-ray reflectivity measurements for
eight different water-alkane interfaces (data for seventeen
different samples are shown) [10]. Reflectivity measure-
ments were fit using the error function model for the
interfacial profile, with one fitting parameter, ¢, which
represents interfacial width. This profile describes the
variation in electron density as a function of the normal
coordinate z through the water-alkane interface, given by

(p(2)) = l(pw — pa)erf(z/aV2),

2
(1)
where (p(z)) is the interfacial electron density averaged
over the plane of the interface, py, represents the
electron densities of bulk water and alkane, and erf(z) =
(2/7) [gexp(—t?)dt. For this interfacial profile the
reflectivity can be written as [11,12]
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FIG. 2. Logarithm of x-ray reflectivity, normalized to Fresnel
reflectivity Rp(Q;), as a function of Q, QZT , for water-alkane in-
terfaces for eight different n-alkanes. Curves for the different
interfaces are offset for clarity. The solid lines are one parameter
fits of the measurements to Eq. (2) which determine the inter-
facial width, o. Also shown with dashed lines are predicted re-
flectivity curves for interfaces whose width is determined solely
by capillary waves. Note that when presented in this way, reflec-
tivity from Eq. (2) yields a straight line, with a slope of —a2.

where Rr(Q,), Fresnel reflectivity, is reflectivity calcu-
lated for an ideal, zero width, steplike interface, and QT =
(Q2 - 2)1/ 2 is the z component of wave vector transfer
with respect to the lower phase. The critical wave vector
transfer Q. is given by the bulk densities as Q. =
Amre(pw — pa1)]'/? (where r, = €2/mc?), in agreement
with our experimental measurements. The data for each
interface are separately fit to Eq. (2), and the resulting
fit parameters, o, are listed in Table I. Although more
complicated models of the interfacial structure can be
proposed, the data are well represented by this simple
model (see Fig. 2).

In the spirit of a hybrid model of the interface that de-
scribes an intrinsic structural profile roughened by capil-
lary waves, the interfacial width, o, can be represented as
a combination of an intrinsic profile width, o, and a reso-
lution dependent, capillary—wave contribution [13—-17]
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where kgT is Boltzmann’s constant times the temperature,
v is the measured interfacial tension, the correlation length
|| is given by fﬁ = v/Apng and determines the expo-
nential decay of the interfacial correlations given by the
height-height correlation function of interfacial motion
[18], Ap,, is the mass density difference of the two phases,
and g is the gravitational acceleration. Integration is over
in-plane capillary-wave vectors q corresponding to the
range of capillary waves that the measurement probes. Af-
ter some simplification, the capillary contribution evaluates
to acap kT /(277 y) 108(Gmax/ Gmin), Where gumax is deter-
mined by the cutoff for the capillary waves with the smal-
lest wavelength that the interface can support and g, =
(277 /A)AB sina is determined by the incident angle «
and the angular acceptance of the detector AB [19].

Using a Wilhelmy plate, we measured the interfacial ten-
sion for these different interfaces (see Table I) [8]. The
small differences in tension indicate that the contribution
to the interfacial width, o, [calculated from Eq. (3)], is
nearly the same for all these interfaces, o¢,p = 3.4 A191.
Calculated predictions for the reflectivity, that would be
measured if the only contribution to the interfacial width
were from capillary waves, are shown in Fig. 2. It can be
seen that the deviation from the capillary-wave contribu-
tion is easily measured [20].

In Fig. 3 the interfacial width, o, is plotted vs carbon
number (see also Table I). The dashed line indicates the
capillary-wave prediction for the interfacial width and dif-
fers significantly from the values of the width o fit to our
data. The other two lines in Fig. 3 are determined by
adding in quadrature the capillary-wave contribution and
an intrinsic structural contribution to the interfacial width,
09, as in Eq. (3). For the line that passes through the lower
carbon numbers, the intrinsic width, o, is chosen to be
the radius of gyration, R,, of the alkane. Computer simu-
lations have shown that these short alkanes have an R,
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TABLE L

Measurement temperature, interfacial tension (within 0.5 dyn/cm), calculated cap-

illary-wave interfacial width, measured interfacial width, gyration radius from computer simu-
lation [21], width due to gyration radius and capillary waves combined, and critical wave vector
transfer. Error bars on o, include both statistical and estimated systematic errors.

T Y a-cap O meas Rg Qc

Alkane (°C)  (dyn/cm) (A) A) A (¢, +R)V? (A
Hexane (Cg) 25 51.3 345 35=x02 200 3.99 0.01217
Heptane (C7) 25 51.7 344 42 *02 228 4.13 0.01169
Octane (Cg) 25 51.8 344 55 *02 254 4.28 0.01131
Nonane (Cy) 25 52.5 341 45=*x02 280 4.43 0.01099
Decane (Co) 25 52.5 341 46 =02 3.05 4.58 0.01073
Dodecane (Cy;) 25 53.5 338 50=x02 354 4.89 0.01032
Hexadecane (Ci6) 25 54.4 335 6.0=*x02 443 5.55 0.00975
Docosane (Cs;) 44.6 54.4 346 5702 5.60 6.58 0.00963

expressed as Rf, = ¢(N)NI?, where [ is the carbon-carbon
bond length (1.54 A), N is the number of bonds, and c¢(N)
is a correction factor that varies with bond number [21].
Using the values for R, from the simulations, the inter-
facial width is calculated from o = (R} + o-czap)l/ 2, with
no adjustable parameters, and plotted in Fig. 3. This line
agrees with the lower carbon number data, except for the
water-octane interface. The discrepancy with water octane
is not understood, however, the data are reproducible.

It is expected that the interfacial structure is independent
of chain length for long enough chains. For long chains it
has been shown that adsorption of a polymer melt against a
hard wall should be governed by a bulk correlation length

[221, &5 ~ py %, which we write as & = c;(Ipy)~ "2,
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FIG. 3. Interfacial width determined by fitting x-ray reflectiv-
ity measurements from the water-alkane interface as a function
of alkane carbon number. The error bars are determined from
statistical and systematic errors. The dashed line indicates the
prediction for the interfacial width from capillary-wave theory
(the rise for C; is due to a higher temperature). The solid line
through the lower carbon number data is determined, without
adjustable parameters, by combining the capillary-wave contri-
bution with an intrinsic interfacial width determined from the
gyration radius of the alkane. The horizontal dotted line for the
higher carbon numbers is determined, with one adjustable pa-
rameter, by combining the capillary-wave contribution with an
intrinsic width determined from a bulk correlation length de-
scribed in the text. The three lines indicate calculations for dis-
crete values of carbon number, but are shown as lines for clarity.
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where p;, is the bulk monomer number density, ¢, is an
adjustable parameter of order 1, and [ is the carbon-carbon
bond length. The dotted line for the higher carbon num-
bers has been adjusted to pass near the values for Ci¢ and
Cy; by choosing ¢, = 1.09, which yields &, = 4.8 A. An
alternative method to estimate the bulk correlation length
is from the x-ray diffraction peaks that correspond to in-
termolecular structure in bulk hydrocarbon liquids. The
position of the lowest order peak corresponds to a separa-
tion of 4.6 A which is close to our estimate for &y [23].
The width from the two longer alkanes we measured likely
indicates a crossover to this long chain limit.

The measured values of the interfacial widths can be
compared to recent predictions from molecular dynamics
simulations for water-alkane interfaces: 4.9 + 1.2 A for
water-hexane [24], 3.2 A for water-octane [25], 3.3 A for
water-nonane [26], and 3.4 A for water-decane [27,28].
These simulation results are close to the capillary-wave
prediction and in disagreement with our measurements.

We have shown that for short alkanes the gyration radius
sets the length scale for intrinsic structure at the interface
with water. For longer alkanes the intrinsic structure is set
by the bulk correlation length. Except for the simulations
just discussed we are not aware of other calculations that
can be compared to this result. Helfand and co-workers
have predicted 1/n corrections in the concentration profile
for short chains at the immiscible polymer-polymer inter-
face, but it is not clear if their results are applicable to our
measurements [29].

Measurements of the nonlinear susceptibility using op-
tical second harmonic generation suggest that the water-
alkane interface may be highly ordered [5]. It is sensible
to expect that this molecular order is related to the intrin-
sic structure that we have measured. For the longer alkane
chains our results exclude the possibility that this order-
ing is due to a perpendicular orientation of the molecules
to the interface as seen in studies of surface freezing at
the alkane-vapor or alkane-silicon interfaces [2,4]. In that
case, oscillations in the reflectivity would be visible [30].
Because of current limitations in the range of Q, it is not
possible to test whether some molecular ordering arises
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from alkanes preferentially oriented parallel to the inter-
face. However, models that include molecular layering
parallel to the interface require more than one layer to fit
our data, and this complex interface is not justified by our
current measurements. Orientational order may arise from
a preference for chain ends to be at the interface, an effect
that becomes more significant for shorter chains. How-
ever, since the electron density is lower for methyl groups
than for methylene groups in bulk alkanes it seems that
just increasing the number of methyl groups at the inter-
face cannot explain our results.

We plan to measure the temperature dependence to help
distinguish the two contributions to the interfacial width.
Our new facilities at the Advanced Photon Source will al-
low us to improve the spatial resolution by extending the
Q. range of these measurements. The higher brilliance of
the Advanced Photon Source may also allow us to mea-
sure off-specular diffuse scattering which will aid in dis-
tinguishing interfacial fluctuations from intrinsic structure.
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