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Abstract—Structure of the adsorption layer of unsaturated monoatomic alcohols, 1-dodecanol and 1-tetraco-
sanol, at n-hexane/water and n-hexadecane/water interfaces, respectively, in the vicinity of liquid–vapor
thermotropic phase transition is investigated by the method of X-ray reflectometry with a synchrotron
source. Model-independent structural data obtained on the adsorption layers under investigation deviate
considerably from the structural parameters that have been previously proposed within a model-based
approach and discussed for the said systems. It is shown that in the low-temperature mesophase the adsorp-
tion film consists of a Gibbs monolayer, a liquid transition region with thickness of two to three monolayers
~50 Å, and an extended (wide up to 200 Å) layer of micelles. Presence of a plane of the closest approach of
the micellar layer to the adsorption film at the interface is established. Transition to the high-temperature
mesophase is accompanied by liquefying and partial evaporation of the alkanol film along with depletion of
the micellar layer down to its complete disappearance.
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INTRODUCTION
A soluble adsorption film at the liquid/liquid inter-

face can be considered a two-dimensional thermody-
namic system with parameters (p, T, c), where p is
pressure, T is temperature, and c is concentration of
surface-active impurities in the bulk of solvent [1]. An
example of such a system is a layer of saturated mono-
atomic alcohol (alkanol) at the saturated hydrocar-
bon/water interface [2, 3]. In a film of a long-chain
alkanol dissolved in a hydrocarbon, a phase transition
is possible, which can be of thermotropic, barotropic,
or lyotropic nature [4, 5]. For example, thermotropic
transition (p = 1 atm and c = const) can manifest itself
either as a sharp change in the surface state or as a pro-
longed temperature change accompanied by the for-
mation of a spatially inhomogeneous surface structure
[6, 7]. Moreover, thermotropic liquid–vapor phase
transformations are observed in layers of n-alkanols
[8], and a solid–gas transition occurs in films of f luo-
roalkanols [9]. Similar phenomena were also observed
in two-component adsorption films [10].

At the phase transition point Tc in a film of long-
chain alkanol, a feature (kink) is observed on the tem-

perature dependence of interfacial tension γ(T), which
can be associated with the change in enthalpy ΔH =
−TcΔ(∂γ/∂T)p,c when the film evaporates. Note that
ΔH strongly depends on ratio r = m/m0 of the number
of carbon atoms in alkanol m to the number of carbon
atoms in the solvent molecule m0 [11]. For example,
for C12OH at the n-hexane/water interface the value of
ΔH is 10 times less than that for C30OH at the same
interface. Increasing the length of the solvent mole-
cule from six to sixteen carbon atoms also greatly
reduces ΔH for alkanols C24OH and C30OH. Note
that, according to detailed studies, the value of ΔH is
practically independent of volume concentration c, for
example, during a lyotropic transition in a film of ara-
chidyl alcohol (C20OH) at the n-hexane/water inter-
face [12].

The main distinctive feature of n-dodecanol
(C12OH) and n-tetracosanol (C24OH) films at planar
interfaces n-hexane/water and n-hexadecane/water,
respectively, is a relatively low value of the enthalpy of
thermotropic transition. Previously, the transition of
complete wetting of the surface of an aqueous sub-
strate with an alkanol film was discussed for these sys-
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Fig. 1. Angular dependences of the reflection coefficient R
from dodecanol at the n-hexane/water interface normal-
ized to the Fresnel function RF in low-temperature (T =
8.0°С, circles; T = 20.0°С, squares) and high-temperature
(T = 55.1°C, triangles) phases. The lines indicate the cal-
culated reflection curves.
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Fig. 2. Angular dependences of the reflection coefficient R
from tetracosanol at the n-hexadecane/water interface
normalized to the Fresnel function RF in low-temperature
(T = 50.8°С, circles), transition (T = 53.0°C, squares),
and high-temperature (T = 81.9°C, triangles) phases. The
lines indicate the calculated reflection curves.
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tems using data from multiparameter models [11]. In
particular, there were qualitative differences in the
adsorption of long-chain alkanols (C24OH and
C30OH) depending on the transition enthalpy. How-
ever, attempts to describe some adsorption systems
within the framework of models led to significantly
ambiguous (including mutually contradictory) inter-
pretations of their structure.

In this work, the structural parameters of multi-
layer adsorption films of dodecanol and tetracosanol
near the thermotropic transition temperature are
refined using experimental X-ray reflectometry data
with synchrotron radiation in the framework of a
model-independent reconstruction that makes it pos-
sible to unambiguously extract the electron concentra-
tion distribution in the studied samples.

EXPERIMENTAL

Samples of alkanol/water interfacial systems were
prepared and studied under normal conditions in a
thermostated cell according to the method described
in [13]. Solutions of 1-dodecanol C12H25OH in n-hex-
ane C6H14 (density ρt ≈ 0.655 g/cm3 at T = 20°C, boil-
ing point Tb = 68°C) with a volume concentration of
~45 mmol/L and 1-tetracosanol C24H49OH in n-hexa-
decane C16H34 (density ρt ≈ 0.773 g/cm3 at T = 20°C,
boiling point Tb = 286.7°C) with a volume concentra-
tion of ~ 4 mmol/L (Sigma-Aldrich) were used as the
upper oil phase. Deionized water pH ≈ 7 (NanoPu-
reUV) was used as the lower phase. Before preparing
the sample, the liquids were degassed in an ultrasonic
bath. As the temperature increased during measure-
ments, the samples were brought into equilibrium for
several hours under gentle mechanical stirring of the
lower phase.

Angular dependences of the specular ref lection
coefficient of radiation R(qz) (where qz = (4π/λ)sinα)
were measured on the X19C station of an NSLS syn-
chrotron [14]. Probing monochromatic beam with
energy E = 15 keV (λ = 0.825 ± 0.002 Å) and angular
divergence < 10–5 rad provided intensity ~1011 pho-
tons/s. Experimental reflection curves from the n-hex-
ane/water interface obtained at temperatures of 8.0,
20.0, and 55.1°C are shown in Fig. 1; the reflection
curves from the n-hexadecane/water interface
obtained at temperatures of 50.8, 53.0, and 81.9°C are
shown in Fig. 2.

Reconstruction of volumetric electron density dis-
tributions over depth ρ(z) from experimental curves
was carried out using a model-independent approach
[15, 16]. The calculations were implemented in the
Python language using the Scientific Python and
PyLab library packages. Reconstructed distributions
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
ρ(z) at the n-hexane/water interface and the n-hexa-
decane/water interface are presented in Figs. 3 and 4,
respectively.
TRON AND NEUTRON TECHNIQUES  Vol. 18  No. 3  2024
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Fig. 3. Reconstructed electron density profiles ρ(z) for the
n-hexane/water interface normalized to the electron concen-
tration in water under normal conditions ρw = 0.333 e/Å3 in
low-temperature (T = 8.0°С, solid line; T = 20.0°С,
dashed line) and high-temperature (T = 55.1°С, dotted
line) phases.
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Fig. 4. Reconstructed electron density profiles ρ(z) for the
n-hexadecane/water interface normalized to the electron
concentration in water under normal conditions ρw =
0.333 e/Å3 in low-temperature (T = 50.8°С, solid line),
transition (T = 53.0°С, dashed line), and high-tempera-
ture (T = 81.9°С, dotted line) phases.
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RESULTS AND DISCUSSION

To a first approximation, the adsorbed layer at the
alkane/water interface is a Gibbs monolayer of alcohol
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
molecules. Total length of alkanol molecules Ltrans is
determined by the length of the carbon chain (based
on ≈1.3 Å per C–C bond) and the sizes of the methyl
–CH3 (≈1.5 Å) and hydroxyl –CH2OH (≈2.4 Å)
groups. Thus, Ltrans varies from ≈17 Å (for m = 12,
1-dodecanol) to ≈ 32 Å (for m = 24, 1-tetracosanol).
At room temperature the hydrocarbon chains of alco-
hols undergo conformational isomerization so that the
actual length of the monomers in solution is shorter
than Ltrans.

According to [8], for 1-dodecanol at the n-hex-
ane/water interface the critical evaporation tempera-
ture is Tc ≈ 37°C and for 1-tetracosanol at the n-hexa-
decane/water interface Tc ≈ 62°C. For systems of both
studied alkanols in the low-temperature phase (T < Tc,
solid lines in Figs. 3, 4) we observed a multilayer struc-
ture with a total thickness of up to ~ 75 Å, including at
least three molecular layers with a density that
decreases with distance from the water surface, as well
as a loose layer in the bulk of the solvent near the inter-
face with a thickness of up to ~ 200 Å. It is known that
in the triad “nonpolar solvent–amphiphilic surfac-
tant–water,” when the critical concentration of sur-
factant is exceeded (>1 mmol/L) in an oil solution,
micelles are formed that are in thermodynamic equi-
librium with monomers [17, 18]. Note that in both sys-
tems there is a plane of closest approach (~25 Å)
between the micellar layer and the surface film, which
is presumably due to electrostatic effects at the inter-
face.

Integral characteristic of a dense molecular mono-
layer of surfactant is the specific area per molecule A =

(1/M) dz, where M is the number of electrons in
an alcohol molecule (M = 106 for dodecanol and 214
for tetracosanol). Integration was carried out over the
thickness of the monolayer L ~ Ltrans. In the case of the
low temperature phase, the estimated value of A was
20 ± 1 and 23 ± 1 Å2 for C12- and C24-alkanol, respec-
tively, which is close to the values for a bulk crystal. At
the same time, in the transition region between the
dense monolayer and adsorbed micelles, the bulk den-
sity is 1.35–1.40 times lower compared to the mono-
layer, which approximately corresponds to an alkane
liquid or, possibly, a mixture of alkanol and solvent
molecules.

In turn, in the high-temperature phase (T > Tc,
dotted lines in Figs. 3, 4), the micellar layer in the bulk
of the solvent disappears, and the density of the
adsorption film decreases by (ρ1 – ρb)/(ρ2 – ρb) ≈
1.2 times (where ρb is the bulk electron density of the
oil phase and ρ1 and ρ2 are the Gibbs monolayer den-
sities in the low-temperature and high-temperature
mesophases of the film, respectively) for both

ρ ( )
L

z
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alkanols, which corresponds to the melting of the
monolayer and, moreover, partial evaporation of alco-
hol molecules from the interface.

The adsorption of surfactant molecules at the satu-
rated hydrocarbon/water interface can be considered
within the framework of the mechanism of adsorption
of a single-component gas onto a solid substrate. In
particular, the adsorption of a gas onto a substrate at a
fixed temperature will increase with increasing pres-
sure (or chemical potential), bringing the system
closer to the liquid/gas interface in the phase diagram.
In the n-hexane–water system, the analog of the gas is
the alkanol molecules and the analog of the solid sub-
strate is the water surface. With a change in the length
of the alkane solvent molecule, the effective interac-
tion between alkanol molecules changes from gas-like
(when the alkane molecule is much shorter than the
alkanol molecule) to liquid-like (when the alkane
molecule is almost equal to the length of the alkanol
molecule).

Due to a small enthalpy of thermotropic transition
for film C12OH (ΔH ≈ 0.05 mJ/m2) it should be
expected that there is a fairly wide transition tempera-
ture range ΔTc, in which a spatially inhomogeneous
structure is formed from domains of low- and high-
temperature phases. For example, for a film of 1,1,2,2-
tetrahydroheptadecafluorodecanol (ΔH ≈ 0.15 mJ/m2)
the observed width of the transition region is > 10 K
[19], while for film C22OH with a relatively large ΔH ≈
0.7 mJ/m2 interval ΔTc < 0.01 K [7]. Perhaps for this
reason, in the C12OH film the gas phase is not realized
in pure form up to the boiling point of n-hexane at T ≈
68°C. However, it actually exhibits a low-contrast
structure, in which the packing density of the hydro-
carbon tails of 1-dodecanol is ≈0.7ρw, which is notice-
ably lower than the electron concentration in a high-
molecular alkane liquid (≈0.85ρw). Refinement of the
domain structure of the observed structure will
require, for example, the use of grazing nonspecular
scattering data.

Note that a change in the adsorption mechanism
can lead to the transition of complete wetting of the
water surface (substrate) by layers of alkanol (gas) [20].
However, for a more detailed study of the issue of tran-
sition to complete wetting, in our opinion, it is neces-
sary to study adsorption in a wider range of alkane–
alkanol–water systems.
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