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Abstract
This study of adsorption of normal alkanols at the oil/water interface with x-
ray reflectivity and tensiometry demonstrates that the liquid to gas monolayer
phase transition at the hexane/water interface is thermodynamically favourable
only for long-chain alkanols. As the alkanol chain length is decreased, the
change in excess interfacial entropy per area �Sσ

a decreases to zero. Systems
with small values of �Sσ

a form multi-molecular layers at the interface instead
of the monolayer formed by systems with much larger �Sσ

a . Substitution of
n-hexane by n-hexadecane significantly alters the interfacial structure for a
given alkanol surfactant, but this substitution does not fundamentally change the
phase transition behaviour of the monolayers. These data show that the critical
alkanol carbon number, at which the change in excess interfacial entropy per
area decreases to zero, is approximately six carbons larger than the number of
carbons in the alkane solvent molecules.

1. Introduction

Adsorbed surfactant molecules at the liquid surface often form a monolayer and can be treated
as a quasi-two-dimensional thermodynamic system [1]. For example, Langmuir monolayers
of surfactant chain molecules at the surface of water have a complex phase diagram described
by two thermodynamic parameters, i.e., temperature T and surface pressure � [1]. Over a
wide range of surface concentrations the adsorbed chain molecules on the surface of water
are in one of several solid monolayer phases whose symmetry is described by crystallographic
simple point groups Cn and Cnv. In contrast, soluble monolayers of the same surfactants at the
hexane/water interface exhibit much simpler phase diagrams.
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Figure 1. (a) Slab model of x-ray reflectivity data for a monolayer of n-alkanol surfactant at the
interface between water and a solution of alkanols in hexane or hexadecane. Models in the text may
vary in two ways from the illustration: the number of slabs can vary, and the slabs can represent
multi-molecular layering, not just the monolayer illustrated. Z labels the interface positions. (b) The
kinematics of scattering in the right-handed rectangular coordinate system where the origin, O, is
in the centre of the x-ray footprint; here, the xy-plane coincides with the water surface, the y-axis
coincides with the projection of the incident beam’s direction on the interface, and the z-axis is
directed normal to the interface and opposite to the gravitational force. At the specular reflectivity
condition, α = β, and φ = 0, α is the incident angle in the yz-plane, β is the angle in the vertical
plane between the scattering direction and the interface, and φ is the angle in the xy-plane between
the incident beam’s direction and the direction of the scattering. kin and ksc are, respectively,
wavevectors of the incident beam and the beam scattered towards the point of observation. At the
condition for specular reflectivity, the wavevector transfer q = ksc − kin has only one nonzero
component, qz = (4π/λ) sin α.

Long-chain n-alkanols (CH3(CH2)m−1OH, denoted Cm-alkanol) that are slightly soluble
in n-hexane adsorb as monolayers at the n-hexane/water interface in a temperature range that is
defined by the bulk concentration, c, of the alkanol in n-hexane and the ambient bulk pressure,
P [2–6]. According to our earlier study, monolayers of n-alkanols with 20, 22, 24, and 30
carbon atoms at the n-hexane/water interface are disordered (at P = 1 atm), even at the lowest
accessible temperatures (down to the temperature at which the alkanols precipitate from the
bulk solution) [7, 8]. The structure normal to the interface of the Cm-alkanol monolayer in this
low-temperature phase can be described as consisting of two or three slabs, where each slab is
characterized by its thickness and electron density. Typically, a slab corresponds to a section
of the monolayer at a particular depth within the interface, such as the section occupied by the
alkanol headgroups or tailgroups (figure 1). The headgroup slab is approximately 4 Å thick with
an electron density ∼10% greater than that of water. An additional one or two slabs describe
the progressive disordering of the chain from the –CH2OH to the –CH3 group. The second
slab contains the part of the tailgroup chain closest to the headgroup. It is approximately 10 Å
thick with an electron density similar to that of the rotator solid phases of bulk alkanes. The
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third slab contains the rest of the chain and consists of a disordered alkyl chain with significant
conformational entropy. Its density is comparable to the density of liquid n-alkanes just above
their melting temperature. A shorter-chain n-alkanol, say with 20 carbons, can be adequately
described by a two slab structure (slabs 1 and 3) that consists of the headgroup slab and the
disordered chain slab.

When the temperature T is increased the monolayer undergoes a phase transition at To at
which the interfacial density of the adsorbed molecules decreases considerably. The surfactant
molecules leaving the interface are solvated in the bulk alkane. To a first approximation this
phase transition is first order, representing vaporization of a quasi-two-dimensional liquid.
However, for some materials, equilibrium coexistence of domains of the low- and high-
temperature monolayer phases was observed within some temperature range �T near To, where
�T can be as large as tens of degrees [8, 9]. In these systems, it has been suggested that this
phase transition can be explained as a second-order transition determined by the competition
of long-range and short-range interactions between the adsorbed dipolar surfactants [9–13].

In this paper we present evidence that sufficiently short alkanols do not undergo monolayer
vaporization. As the alkanol chain length is decreased the interfacial excess entropy of
monolayer vaporization goes to zero. As this critical chain length is approached the interface
forms multi-molecular layers instead of monolayers. Evidence for these phenomena is obtained
partially from a study of the thermodynamics of the phase transition at the oil/water interface
in which the alkyl chain length is varied for both the alkane solvent and the alkanol surfactant.
Additional evidence is obtained from x-ray reflectivity measurements that determine the
electron density profile of C24-alkanol and C30-alkanol adsorbed layers at the n-hexane/water
and n-hexadecane/water interfaces, as well as the profile of C12-alkanol layers at the n-
hexane/water interface.

2. Experimental methods and data

2.1. Materials

Cm-alkanols (CH3(CH2)m−1OH), n-hexadecane (CH3(CH2)14CH3), and n-hexane (CH3

(CH2)4CH3) were purchased from Aldrich-Sigma. Alkanes were purified by passing them
through activated alumina in a chromatography column. Alkanols (except C12-alkanol) were
recrystallized twice at room temperature from an oversaturated n-hexane solution prepared by
dissolving the alkanol in hexane at ∼60 ◦C. C12-alkanol (n-dodecanol, purity ∼99%) was used
as received. Purified de-ionized water was produced by a Barnstead NanoPure system.

The solubility of n-alkanol in n-alkane depends on the ratio r = m/mo, where m and
mo are the numbers of carbons in the Cm-alkanol and the n-alkane solvent, respectively. The
solubility of alkanols decreases significantly for large r . For example, the solubility of C20-
alkanol in n-hexane (r = 3.33) at T = 300 K is more than 20 times higher than it is for
C30-alkanol (r = 5). For convenience, we chose the concentrations of n-alkanols in the oil to
adjust To to be near room temperature.

2.2. Interfacial tension

The thermodynamic properties of the planar interfaces between bulk solutions of Cm-alkanols
in hexane (or hexadecane) and bulk water were studied by measuring the interfacial tension,
γ , using the Wilhelmy plate technique [8, 14]. At the phase transition temperature To the
interfacial tension curve, γ (T ), exhibits a sharp change in slope, which is associated with
a change in interfacial excess entropy per unit area, �Sσ

a = �(−dγ /dT )c,P (figure 2).

3



J. Phys.: Condens. Matter 19 (2007) 375101 A M Tikhonov and M L Schlossman

Figure 2. Temperature dependence of interfacial tension of the hexane/water interface:
(a) 45 mmol kg−1 C12-alkanol solution in hexane; (b) 0.7 mmol kg−1 C30-alkanol solution in
hexane [8].

Throughout this paper, we denote a sample at a temperature below the phase transition as being
in the low-temperature phase of the interface. Likewise, the high-temperature phase refers to
the state of the sample interface above the phase transition. Figure 2 shows the temperature
dependence, γ (T ), for monolayers of C12- and C30-alkanols at the hexane/water interface.
Figure 3 shows the temperature dependence, γ (T ), for monolayers of C24- and C30-alkanols
at the hexadecane/water interface. Figure 4 shows the dependence of �Sσ

a versus r for the
solutions in hexane and hexadecane, where r = m/mo is the alkanol to alkane carbon number
ratio.

According to earlier comprehensive studies of Aratono and co-authors [4, 15], �Sσ
a does

not depend significantly on the concentration c. However, our data demonstrate that �Sσ
a

depends strongly on r . For example, �Sσ
a for the C30-alkanol is almost three times smaller

at the hexadecane/water interface (�Sσ
a = 1.4 ± 0.2 mJ m−2 K−1) than at the hexane/water

interface (�Sσ
a = 4.1 ± 0.1 mJ m−2 K−1). Also, �Sσ

a decreases when r is decreased at fixed
solvent chain length. For example, �Sσ

a for C12-alkanol at the hexane/water interface is ten
times smaller than it is for C30-alkanol at the hexane/water interface.

2.3. X-ray reflectivity

X-ray reflectivity probes the electron density as a function of depth through the interface,
but averaged over the in-plane interfacial region of the x-ray footprint [16]. The reflectivity
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Figure 3. Temperature dependence of interfacial tension of the hexadecane/water interface:
(a) 4 mmol kg−1 C24-alkanol solution in hexadecane; (b) 0.2 mmol kg−1 C30-alkanol solution in
hexadecane.

data consist of measurements of the x-ray intensity reflected from the sample interface
normalized by the incident intensity. These data are further modified by subtracting a
background due primarily to scattering from the bulk liquids. The technique of x-ray reflectivity
and its application to the study of liquid/liquid interfaces has been described previously in
detail [8, 17–19]. We have used this technique to study molecular ordering and phase transitions
in surfactant monolayers at oil/water interfaces [7–9, 13, 18, 20], the structure of neat oil/water
interfaces [21–24], the adsorption of sodium ions at the oil/silica hydrosol interface [25], and
the ordering of ions at the interface between two electrolyte solutions [26, 27].

Here, we use x-ray reflectivity to study the molecular ordering at planar interfaces between
water and bulk solutions of alkanols in alkanes. The x-ray reflectivity data presented in this
paper were obtained at beamline X19C of the National Synchrotron Light Source, Brookhaven
National Laboratory. X-ray measurements were carried out on the same samples studied
with tensiometry. A complete, detailed description of the experimental setup, as well as
the temperature dependence of the reflectivity R(qz) for C20-, C22-, C24-, and C30-alkanol
monolayers at the hexane/water interface has been published previously [8, 17]. The x-ray
wavelength was λ = 0.825 Å (�λ/λ ∼ 2 × 10−3).

Figures 5–7 illustrate the x-ray reflectivity normalized by the Fresnel reflectivity, R/RF,
as a function of the wavevector transfer q, which has only one nonzero component, qz =
(4π/λ) sin α (figure 1). The Fresnel reflectivity, RF, is calculated for an ideal flat and smooth
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Figure 4. Change in interfacial excess entropy per unit area across the transition, �Sσ
a , versus r for

solutions in hexane (dots) and in hexadecane (squares), where r = m/mo is the ratio of the alkanol
carbon number m to the alkane solvent carbon number mo. Symbols are labelled with the carbon
number of the alkanol surfactant.

interface [16]. Figure 5(a) illustrates R/RF for the low-temperature (T = 21.9 ◦C) and high-
temperature (T = 45.3 ◦C) phases of a C24-alkanol monolayer at the hexane/water interface.
Figure 5(b) illustrates R/RF for the low-temperature (T = 50.8 ◦C) and high-temperature
(T = 81.9 ◦C) phases of C24-alkanol at the hexadecane/water interface. Figure 6(a) illustrates
R/RF for the low-temperature (T = 24.5 ◦C) and high-temperature (T = 45.0 ◦C) phases of
a C30-alkanol monolayer at the hexane/water interface. Figure 6(b) illustrates R/RF for the
low-temperature (T = 24.9 ◦C) and high-temperature (T = 48.8 ◦C) phases of a C30-alkanol
monolayer at the hexadecane/water interface. Finally, figure 7 illustrates R/RF for the low-
temperature (T = 8.0 ◦C) and high-temperature (T = 55.0 ◦C) phases of C12-alkanol at the
hexane/water interface.

3. Interfacial models

The reflectivity data in figures 5–7 were analysed using the first Born approximation that
represents the reflectivity R(qz) as R(qz) = |F(qz)|2 RF(qz), where F(qz) is the structure factor
of the surface, and RF(qz) is the Fresnel reflectivity. The interfacial structure is represented by
L slabs of thickness L j , and electron density is ρ j , where j varies from 1 to L (see figure 1).
In addition, L +1 parameters determine the interfacial widths σ j between the slabs and the two
bulk phases. The water surface is set to coincide with the xy-plane at z = 0. The interfacial
electron density profile ρ(z) is described by the following equation [28]:

ρ(z) = 1

2
(ρw − ρh) + 1

2

L∑

j=0

(ρ j+1 − ρ j ) erf

(
t j (z)

σ j

√
2

)
, (1)

where all electron densities are normalized to the value of bulk water such that ρo = ρw ≡ 1
and ρL+1 ≡ ρh is the normalized electron density of the bulk hexane, t j(z) = z + ∑ j

i=0 zi ,
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Figure 5. C24-alkanol: x-ray reflectivity (normalized to the Fresnel reflectivity) as a function of the
wavevector transfer normal to the interface. (a) Low-temperature (T = 21.9 ◦C, circles) and high-
temperature (T = 45.3 ◦C, dots) measurements of C24-alkanol at the hexane/water interface [8].
The solid line is a three-slab model of a monolayer; the dashed line is a one-parameter fit. (b) Low-
temperature (T = 50.8 ◦C, circles) and high-temperature (T = 81.9 ◦C, dots) measurements of
C24-alkanol at the hexadecane/water interface. The solid line is a two-slab model of a bilayer; the
dashed line is a one-parameter model.

zi are the locations of the interfaces as labelled in figure 1, and the error function is erf(t) =
(2/

√
π)

∫ t
0 e−s2

ds. The model parameters are fitted to the reflectivity data with a nonlinear
least squares fitting routine.

3.1. High-temperature phase

X-ray reflectivity at high temperatures (T � To) for all systems can be described by
a model with a single fitting parameter σ that represents the effective interfacial width:
R(qz) = RF(qz) exp(−q2

z σ
2). In this model, σ 2 = σ 2

cap + σ 2
int, where the intrinsic width,

σint, represents interfacial molecular ordering. The average interfacial width is increased by
thermal fluctuations of the intrinsic structure [29, 30]. These fluctuations are represented by
σcap, which is determined by the spectrum of capillary waves [31–33].

σ 2
cap = kB T

2πγ
ln

(
Qmax

Qmin

)
, (2)

where Qmax = 2π/a (a ≈ 5 Å is of the order of the intermolecular distance), and Qmin =
qmax

z �β/2. The calculated value for σcap is typically 3.5 to 4 Å.
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Figure 6. C30-alkanol: x-ray reflectivity (normalized to the Fresnel reflectivity) as a function
of the wavevector transfer normal to the interface. (a) Low-temperature (T = 24.5 ◦C, circles)
and high-temperature (T = 45.0 ◦C, dots) measurements of C30-alkanol at the hexane/water
interface [8]. The solid line is a three-slab model of a monolayer; the dashed line is a one-parameter
model. (b) Low-temperature (T = 24.9 ◦C, circles) and high-temperature (T = 48.8 ◦C, dots)
measurements of C30-alkanol at the hexadecane/water interface. The solid line is a two-slab model
of a monolayer; the dashed line is a one-parameter model.

For all samples with interfaces between water and a hexane solution of alkanols the
interfacial width at high temperatures is significantly larger than it is at the neat hexane/water
interface (for which it is 3.5±0.2 Å). As an example, the measured width σ for the sample with
C30-alkanol is 4.8±0.2 Å with σint = 2.9±0.5 Å (see table 1 for values for the other alkanols).
The interfacial structure factor for the long-chain Cm-alkanol monolayers (m ∼ 12–30) in the
gas monolayer phase is typically described by σint ∼ 3 Å. Further resolution of this thin and
low-contrast intrinsic structure would require a significant increase in the range of wavevector
transfer. However, the reflectivity from the water interface with a hexadecane solution of
alkanols at high temperature can be described by an interfacial width σ that is within statistical
error of the calculated capillary wave value (table 1).

3.2. C24-alkanol low-temperature phase

Comparison of panels (a) and (b) in figure 5 shows that the structure factors of C24-alkanol at
the low-temperature hexane/water and hexadecane/water interfaces are different. The structure
of C24-alkanol at the hexane/water interface is that of a monolayer of molecules with a partially
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Figure 7. C12-alkanol: x-ray reflectivity (normalized to the Fresnel reflectivity) as a function of
the wavevector transfer normal to the interface. Low-temperature T = 8.0 ◦C (circles) and high-
temperature T = 55.0 ◦C (dots) measurements of C12-alkanol at the hexane/water interface. The
solid line is a three-slab model of a tri-molecular layer; the dashed line is a one-parameter model.

disordered tailgroup. Approximately half of the tailgroup near the terminal methyl has an
electron density that corresponds to an alkane liquid. The half of the tailgroup closer to the
headgroup is more ordered, with an electron density similar to that of solid rotator alkane
phases. As we previously showed, the headgroup region is about 10% denser than expected,
which indicates that water molecules can penetrate the region (i.e., the same interfacial depth)
occupied by the alkanol headgroups [7, 8].

The reflectivity from C24-alkanol at the hexane/water interface is described well by a
three-slab model of a monolayer (see also table 1) [8]. However, the reflectivity from C24-
alkanol at the hexadecane/water interface cannot be described well by either a two- or three-
slab model of a monolayer. The primary difficulty in fitting the reflectivity from C24-alkanol
at the hexadecane/water interface is the broad first peak that extends to low values of qz . This
broad peak is properly described by two peaks. The peak at lower qz reveals that the interfacial
structure is thicker than a monolayer of molecules. A good fitting of these data results from a
model that represents a bilayer of molecules, though three slabs of electron density are required
for this representation. The model profiles of electron density for the interfacial structure
of C24-alkanol at these two interfaces can be compared in figure 8. The structure at the
hexadecane/water interface is twice as thick as the monolayer at the hexane/water interface.
Table 1 and figure 8 demonstrate that the first two slabs of the electron density profile at the
hexadecane/water interface correspond to a layer of molecules with a normalized density of
essentially 0.97, similar to that of bulk alkane rotator phases. Note that the large density of
slab 2 is coupled to a small slab thickness; therefore, the final profile illustrated in figure 8 has
only a very small increase in the density in this region. Slab 3 has a lower normalized density,
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Table 1. Fitting parameters for fits to the x-ray reflectivity data. Slabs are ordered water–1-2-3-hexane (or hexadecane); L is the slab thickness; L trans

is the calculated length of the all-trans alkanol (L trans = (m − 1) × 1.27 Å (C–C) +1.5 Å (–CH3) + 2.4 Å (–CH2OH)); ρ is the normalized electron
density; σ is the interfacial roughness; σcap is the roughness calculated from the measured interfacial tension using capillary wave theory. The electron

densities are normalized to the value for bulk water (e.g., 0.3333 e− Å
−3

at T = 25 ◦C). The normalized hexane density is, e.g., 0.692 at T = 20 ◦C.
The parameter N is the total number of electrons per area in the interfacial region determined by the fitted electron density profile. Calculation of the
area per molecule A assumes that only alkanol molecules are in the interfacial region described by the slab model. CmOH refers to the Cm-alkanol.

Slab 1 Slab 2 Slab 3

L1 ρ1 L2 ρ2 L3 ρ3 σ σcap L trans N A

System (Å) (Å) (Å) (Å) (Å) (Å) (e− Å
−2

) (Å
2
)

Low temperature

Hexadecane/water interface
C24OH (50.8 ◦C) 29+1/−28 0.970±0.003 0.5+28/−0.4 1.5+0/−1 33+1/−3 0.740±0.003 3.7+0.1/−0.7 3.9±0.2 33.1 17.8±0.7 23±1

C30OH (24.9 ◦C) 9±6 1.17+0.4/−0.1 0 0 18±2 0.89±0.01 4.5±1.5 3.9±0.2 40.7 8.9+1.6/−1.1 28±4

C30OH (24.9 ◦C) 2+6/−1 1.4+0.2/−0.3 18+1/−2 0.79+0.02/−0.01 18 0.770±0.003 3.9 3.9±0.2 40.7 10+2/−0.2 25+0.3/−4

Hexane/water interface
C12OH (8.0 ◦C) 18+1/−13 1.12+0.4/−0.01 18±1 0.81+0.03/−0.01 19±1 0.714±0.005 4.8+0.1/−0.3 3.7±0.2 17.9 16+1/−3 20+4/−1

C24OH (21.9 ◦C) 5+4/−3 1.24+0.4/−0.1 10+1/−1.5 0.95+0.05/−0.03 14±1 0.81±0.01 3.3+0.5/−1 4.5±0.2 33.1 9.0+0.5/−0.4 22.4±1

C30OH (24.5 ◦C) 4+5/−2 1.32+0.3/−0.2 13±2 0.95+0.02/−0.03 18±1 0.79±0.01 3.4+0.4/−0.6 3.8±0.2 40.7 10.6+0.5/−0.4 23.6±1

High temperature

Hexadecane/water interface
C24OH (81.9 ◦C) 3.5±0.3 3.9±0.2

C30OH (48.8 ◦C) 3.2±0.3 3.7±0.2

Hexane/water interface
C12OH (55.0 ◦C) 4.5±0.2 3.8±0.2

C24OH (45.3 ◦C) 5.0±0.2 3.5±0.2

C30OH (45.0 ◦C) 4.8±0.3 3.8±0.2
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Figure 8. C24-alkanol electron density profiles (z < 0 is bulk water) in the low-temperature region:
the solid line is the three-slab model of a monolayer at the hexane/water interface (T = 21.9 ◦C);
the dashed line is the three-slab model of a molecular bilayer at the hexadecane/water interface
(T = 50.8 ◦C).

0.74, that corresponds to a disordered layer of molecules. Slab 3 corresponds to the second
layer of molecules. Some of the parameters in the model of the hexadecane/water interface
have large error bars because they are correlated with other parameters; however, the electron
density profile shown in figure 8 is essentially unchanged for good fits.

The electron density profile allows us to calculate N , the number of electrons per area
of the interface (see table 1) by integrating just the monolayer part of the profile over the
distance normal to the interface (equivalently, N = ρwater

∑
i ρi Li , where ρwater is the absolute

electron density of water). Dividing the number of electrons per alkanol by N yields the area
per alkanol molecule A if one assumes that only alkanol molecules exist within the interfacial
region. The average A in the C24-alkanol bilayer of molecules is 23±1 Å

2
, which is comparable

to A = 22.4 ± 1 Å
2
/molecule for the C24-alkanol monolayer at the hexane/water interface.

3.3. C30-alkanol low-temperature phase

Comparison of panels (a) and (b) in figure 6 shows that the monolayer of C30-alkanol at the
hexane/water interface appears to be approximately 25% thicker than at the hexadecane/water
interface because the period of oscillations in R/RF at the hexane/water interface is smaller.
The reflectivity from C30-alkanol at both interfaces represents a monolayer of molecules. Three
slabs are required to represent this monolayer at the hexane/water interface, but two or three
slabs can be used to represent the monolayer at the hexadecane/water interface.

At the hexane/water interface the structure of the C30-alkanol monolayer is very similar to
the structure of the C24-alkanol monolayer at the hexane/water interface. The parameters listed
in table 1 are almost identical for the two monolayers except that slabs 2 and 3, which describe
the alkyl chains, are thicker, as expected for the longer molecule.

The two-slab model provides the best fit to R/RF from C30-alkanol at the hexadecane/water
interface. The normalized electron density of 0.89 in the second slab is slightly lower than the
density in solid alkane rotator phases, which are the lowest-density solid bulk alkane phases
and have a normalized density of 0.92–0.96. The density of slab 2 is also slightly higher than
electron densities of bulk liquid alkane phases. If the alkyl tailgroups were organized similar
to alkanes in a rotator phase, then the tilt of the molecules would be θ ≈ 48◦, where θ is the
angle between the normal to the interface and the molecular axis (cos θ = (L1 + L3)/L trans,
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Figure 9. C30-alkanol electron density profiles (z < 0 is bulk water) in the low-temperature region:
the solid line is a three-slab model of a monolayer at the hexane/water interface (T = 24.5 ◦C); the
dashed line is a two-slab model of a monolayer at the hexadecane/water interface (T = 24.9 ◦C);
the dash–dotted line is a three-slab model of a monolayer at the hexadecane/water interface.

where L trans ≈ 42 Å is the length of the all-trans C30-alkanol molecule). To our knowledge, this
angle is much larger than any previously observed for solid monolayers of this type of molecule
at the liquid/liquid or liquid/vapour interface [1]. Both the values of electron density and the
calculated tilt angle argue against the presence of ordered alkyl chains and demonstrate that
the two-slab model describes a disordered monolayer. The electron density parameters indicate
that the C30-alkanol monolayer is more disordered at the hexadecane/water interface than at the
hexane/water interface.

The two-slab model may not adequately represent the structure of the monolayer because
of the nearly perfect contrast matching that might be expected between a liquid-like ordering
of the tailgroup with bulk hexadecane. An example of this liquid-like ordering is given by the
electron density of slab 3, with normalized density 0.79, of the C30-alkanol at the hexane/water
interface. The possibility of contrast matching is apparent when this density, 0.79, is compared
to the normalized density of bulk hexadecane, which is 0.80 at room temperature. This indicates
that the x-ray reflectivity measurements may not be sensitive to the end of the tailgroup and may
explain why the C30-alkanol monolayer at the hexadecane/water interface appears to be thinner
than at the hexane/water interface.

The contrast matching, along with the experimental range of wavevector transfer and the
good quality of the two-slab fit, prevents us from specifying unique model parameters for a
three-slab fit. In table 1 we present one possible three-slab fit, which was determined by
fixing the interfacial width to the capillary wave value and fixing the thickness parameter of
the third slab to have the same value as in the three-slab fit of C30-alkanol at the hexane/water
interface. This fit determines the electron density in slab 2 to be lower than that determined for
C30-alkanol at the hexane/water interface. Therefore, the C30-alkanol at the hexadecane/water
interface is more disordered than at the hexane/water interface, consistent with the two-slab fit.

The model electron density profiles for the low-temperature phase of C30-alkanol at the
hexane/water and hexadecane/water interfaces can be compared in figure 9. The monolayer
at the hexadecane/water interface has lower density than at the hexane/water interface. The
three-slab model for C30-alkanol at the hexadecane/water interface, as compared to the two-
slab model, has a slightly larger number of electrons per unit area. This suggests that part of
the C30-alkanol monolayer is hidden by contrast matching. The area per molecule of 28 ± 4 Å

2

(two-slab model) or 25 + 0.3/−4 Å
2

(three-slab model) is slightly larger than the 23.6 ± 1 Å
2
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Figure 10. C12-alkanol electron density profile (z < 0 is bulk water) in the low-temperature region
at T = 8.0 ◦C for a three-slab model of a tri-molecular layer at the hexane/water interface.

per C30-alkanol at the hexane/water interface, though the statistical errors are large on the fits
for C30-alkanol at the hexadecane/water interface. These results are consistent with a more
disordered monolayer at the water/hexadecane interface.

3.4. C12-alkanol low-temperature phase

The x-ray reflectivity data from C12-alkanol adsorbed to the hexane/water interface at a
temperature (8.0 ◦C) well below the phase transition is shown in figure 7. A measurement
at 20.6 ◦C was similar (not shown). The contrast between C12-alkanol and hexane is low
and the reflectivity peaks are weak. The position of the peak at low qz demonstrates that the
adsorbed film is thicker than a monolayer. The lack of any other prominent peaks indicates
that the adsorbed film cannot be modelled by a single electron density slab. A minimum of
three electron density slabs are required to model the position of the low-qz peak and to closely
approximate the rest of the reflectivity data. The parameters shown in table 1 indicate that
the thickness of each slab is approximately the length of an all-trans C12-alkanol molecule;
therefore the adsorbed film consists of three layers of molecules. This analysis does not rule
out the presence of a larger number of molecular layers. In fact, a four-layer fit provides
a slightly better fit to the data, but we have chosen to present the three-layer fit because it
represents the minimum number of layers required for an acceptable fit. The parameters in
table 1 and figure 10 demonstrate that the electron density is smaller for layers further from the
water surface.

Additional evidence for the multi-molecular layer adsorption is provided by the total
number of electrons per area N in the electron density profile. The value of 16 e− Å

−2
far

exceeds the number of electrons per area in the most closely packed monolayer of C12-alkanol.
If we assume that only C12-alkanol molecules are in the interfacial region and that there are
three layers of C12-alkanol molecules, then the area per molecule is 20 Å

2
. This value is typical

of packing of alkanes in a solid rotator phase. However, the electron densities of slabs 2 and
3 are too small to represent layers of close-packed all-trans C12-alkanol molecules. These
observations are consistent if the layers contain other molecules, most likely hexane, mixed
with the C12-alkanol molecules. If other molecules were mixed into the layers, then the area
per alkanol molecule would increase. For example, if there were a hexane molecule for every
three C12-alkanol molecules at the interface, then the average area per C12-alkanol molecule
would be 23 Å

2
, which represents liquid packing of the chains.
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4. Discussion

We have used x-ray reflectivity and interfacial tension measurements to probe the molecular
ordering at the interface between water and both hexane and hexadecane solutions of Cm-
alkanols (with m = 12, 24, and 30). These data reveal two important features of surfactant
ordering at the alkane/water (liquid/liquid) interface. First, there is a very strong dependence
of the structure of the adsorbed layer on the length of the alkane used for the solvent. Second,
the nature of the adsorption, or vaporization, transition, changes dramatically when the alkanol
chain is only six to eight carbons longer than the solvent alkane chain.

Our earlier measurements had shown that alkanol monolayers at the hexane/water interface
undergo a vaporization phase transition as a function of temperature from a condensed liquid
monolayer at low temperatures to a dilute gas monolayer at high temperatures [7, 8]. These
observations corresponded to the larger values of r shown in figure 4 for which the alkanol
carbon number (20–30) far exceeded the alkane (hexane) carbon number (6). For these systems,
our interfacial tension data revealed a large change in interfacial excess entropy �Sσ

a across this
transition. However, figure 4 demonstrates that increasing the length of the alkane solvent to
16 carbons (hexadecane) significantly decreases �Sσ

a for C24-alkanol and C30-alkanol.
The interfacial excess entropy Sσ

a represents the difference in entropy between a molecule
in the bulk phase and one at the interface. Therefore, a significant reduction in �Sσ

a for, say,
C30-alkanol in hexadecane/water as compared to hexane/water, indicates that C30-alkanol is
either more ordered in the bulk hexadecane or less ordered in the low-temperature interfacial
phase at the hexadecane/water interface, or, possibly, both. One might expect some small
difference in ordering between C30-alkanol in bulk hexadecane and in bulk hexane, because
bulk hexadecane is closer to its freezing point (18 ◦C) than hexane. However, the primary
difference in ordering is at the interface, as revealed by x-ray reflectivity. C30-alkanol
monolayers are more disordered in the low-temperature phase at the hexadecane/water interface
than at the hexane/water interface. This demonstrates a strong dependence of the interfacial
ordering on the molecular length of the alkane solvent.

As the alkanol chain length is reduced, �Sσ
a approaches zero (figure 4). Extrapolation of

the curves in figure 4 indicates that �Sσ
a = 0 will occur for alkanol chains approximately 6

carbons longer than the alkane solvent chains. Two of the systems studied, C12-alkanol at the
hexane/water interface and C24-alkanol at the hexadecane/water interface, exhibited a small,
though apparently nonzero, �Sσ

a . These two systems had a remarkable interfacial structure
consisting of a tri-molecular layer for C12-alkanol and a bi-molecular layer for C24-alkanol.
These phenomena suggest the presence of a wetting transition.

Insight into the phenomena discussed here can be obtained by considering the adsorption
of a single-component gas onto a solid substrate. It is well known that gas adsorption can
yield a single layer or multiple layers of molecules on a solid substrate, depending upon the
thermodynamic conditions (for a review, see [34, 35]). If the one-component gas phase is kept
at a fixed temperature, then adsorption on the solid substrate will increase as the pressure (or,
alternatively, the chemical potential) is varied to bring the bulk gas phase closer to bulk liquid–
gas coexistence. In the oil (with alkanol surfactant)/water system, the analogue of the gas phase
is the dilute alkanol solution in alkane oil and the analogue of the solid substrate is the water
phase. Ideal solution theory expresses the chemical potential of a dilute solution of molecules
in a mathematical form very similar to the chemical potential of an ideal gas. The solvent
acts to renormalize the interactions between the solvated molecules. However, if the solvent
is identical to the solvated molecules, then the solution is just a single-component liquid. This
suggests that, by varying the molecular length of the alkane solvent, the effective interaction
between the alkanol molecules is changed from gas-like (for alkanes much shorter than the
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alkanols) to liquid-like (for alkanes of nearly the same length as the alkanols). Increasing
the molecular length of the alkane solvent in the oil/water system is roughly analogous to
approaching liquid–gas coexistence in the one-component gas/solid substrate system.

Our experimental results suggest that the liquid alkane/water interface is wetted by alkanol
layers as �Sσ

a approaches zero. The largest number of adsorbed layers was observed for C12-
alkanol, which has the smallest �Sσ

a . For systems with even smaller �Sσ
a , it is possible that

the number of adsorbed layers increases. We plan to carry out x-ray reflectivity measurements
on such systems to explore their adsorption behaviour.
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