ISSN 0021-3640, JETP Letters, 2017, Vol. 106, No. 11, pp. 743—748. © Pleiades Publishing, Inc., 2017.
Original Russian Text © A.M. Tikhonov, 2017, published in Pis’ma v Zhurnal Eksperimental’noi i Teoreticheskoi Fiziki, 2017, Vol. 106, No. 11, pp. 706—711.

CONDENSED
MATTER

X-Ray Study of Thermotropic Mesophases
of an Adsorbed n-Triacontanol Film
at the n-Hexadecane—Water Interface

A. M. Tikhonov*
Kapitza Institute for Physical Problems, Russian Academy of Sciences, Moscow, 119334 Russia
*e-mail: tikhonov@kapitza.ras.ru
Received October 23, 2017; in final form, November 1, 2017

Using synchrotron radiation with a photon energy of 15 keV, the molecular structure of an adsorbed n-tri-
acontanol layer at the n-hexadecane—water interface in its different phase states has been studied by the dif-
fuse X-ray scattering method. The analysis of the experimental data shows that a transition to the multilayer
adsorption occurs at a temperature below the two-dimensional vapor—liquid transition at the interface. This
transition has been attributed to a feature in the temperature dependence of the concentration of micelles in

a surface layer 100—200 A thick.
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Various reversible two-dimensional transitions
between surface mesophases of fatty alcohols and
acids (lipids) are possible in an adsorbed film at the n-
alkane—water interface [1—7]. In particular, a solid—
vapor phase transition is observed in a fluoroalkanol
Gibbs monolayer [5, 8] and a solid—liquid phase tran-
sition is observed in a carbon acid monolayer [9]. It
was briefly reported in [10] that a liquid—vapor ther-
motropic phase transition occurs in adsorbed »-tria-
contanol (C;y-alcohol) film at the n-hexadecane—
water interface. In this work, the molecular structure
of the neutral surface mesophases of this lipid is stud-
ied by diffuse (nonspecular) X-ray scattering and syn-
chrotron radiation reflectometry. It is shown that a
transition from the structure with a width of ~3 A to a
monolayer with a thickness of =27 A and, then, to a
structure 100—200 A thick occurs with decreasing
temperature in a relatively narrow temperature range.
We attribute the latter transition to an increase in the
concentration of micelles in the surface layer.

An adsorption film at the planar oil—water inter-
face can be considered as a two-dimensional thermo-
dynamic system with the parameters (p,T,c), where p
is the pressure and ¢ is the concentration of the lipid in
the volume of the hydrocarbon solvent [11—13].
According to [10], the liquid—vapor transition in the
adsorbed C;j-alcohol film at the n-hexadecane—water
interface at p=1 atm and c¢ = 0.6 mmol/kg is
observed at 7, = 300 K. The corresponding tempera-
ture dependence of the interfacial tension Y(T°), mea-
sured by the Wilhelmy plate method, is shown by
closed circles in Fig. 1 [10, 14]. A change in the slope

of ¥(T') is due to a change in the surface enthalpy at the
transition AH = -T.A(0Y/0T),. = (0.42 £ 0.04) J/m>.
At the same time, the transition to the C;,-alcohol
monolayer at the n-hexane—water interface (open cir-
cles in Fig. 1) is characterized by the tripled value
AH =(1.3£0.1) J/m2.

The reflection coefficient R and the intensity of
diffuse surface scattering /, of X rays at the n-hexade-
cane—water interface were measured at the X19C
beamline of the National Synchrotron Light Source
(NSLS, Brookhaven National Laboratory, United
States) with the use of radiation with the wavelength
A =(0.825+0.002) A [15].

Let k;, and k. be the wave vectors of the incident
and scattered beams, respectively, with the amplitude
k, = 2w/ (see the inset of Fig. 2). In the coordinate
system where the origin O lies at the center of the illu-
minated region, the xy plane coincides with the inter-
face, the Ox axis is perpendicular to the beam direc-
tion, and the Oz axis is normal to the surface and is
directed opposite to the gravitational force, the compo-
nents of the scattering vector q = k;, — k., in the inter-

face plane are g, = kyp and g, = ko(oc2 - Bz)/2 and the
normal component is g, = ky(o + ) (o, B <1, ¢ = 0).

According to the method described in [9, 16], the
interface sample was prepared in a thermostatic cell,
which was then placed on an optical table with active
vibration isolation. Deionized water (Barnstead,
NanoPureUV) with a volume of ~100 mL was used as
the bottom bulk phase. About 50 mL of the solution of
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Fig. 1. Temperature dependences of the interfacial tension 10*8 . | . | . | . o .
Y(T) at (open circles) the n-hexane—water and (closed cir- 0 0.1 0.2 0.3 0.4

cles) n-hexadecane—water interfaces with the adsorbed
n-triacontanol layer [10]. The straight lines are linear

approximations of the rectilinear segments of (7).

n-triacontanol in n-hexadecane with ¢ = 0.6 mmol/kg
was used as the top bulk phase. Saturated hydrocarbon
CsH;,4 (the melting temperature is =291 K, the boiling
temperature is =560 K, and the density at 298 K is
=0.77 g/cm?) was preliminarily purified by repetitive
filtering in a chromatographic column [17]. C;,-alco-
hol or C;,H¢, O was doubly purified by recrystalliza-
tion from the supersaturated solution in #-hexane.

Measurements of R(g,) at low g, values impose
constraints on the longitudinal (along the Oy axis)
dimension of the sample, which is 75 mm (the trans-
verse dimension is 150 mm). First, this is due to the
effect of boundary conditions near the walls of the cell
on the planarity of the interface. Second, the longitu-
dinal dimension of the illuminated region of the sam-

ple at the smallest glancing angle ~4x107" rad

(¢, = 0.007 A~') and the smallest vertical dimension
of the beam =10 um is ~30 mm. A sufficiently flat
region of the n-hexadecane—water interface with such
a width applicable for the measurement of scattering
was obtained only in cells thicker than 75 mm.

The parameters of the optical measurement
scheme were considered in detail in [9, 15, 18]. At
small glancing angles, the vertical dimension of the
incident beam is determined by slits spaced from the
center of the cell by a distance of ~120 mm and the
natural divergence of the beam ~10~* rad is reduced to

~2x107° rad by two input slits with a gap of ~10 um at
a distance of ~600 mm. In the region of large glancing

7. (A7

Fig. 2. Reflection coefficient R versus g, for various phase
states of the adsorbed n-triacontanol film at the n-hexade-
cane—water interface: (/) multilayer at 296.1 K (7" < T*),
(2) liquid multilayer at 298.0 K (T*<T < T.), and

(3) vapor at 321.0 K (7" > T;.). The solid lines correspond
to models of capillary wave structures. The inset shows the
kinematics of surface scattering in the coordinate system
where the xy plane coincides with the n-hexadecane—

water interface, the Ox axis is perpendicular to the beam
direction, and the Oz axis is perpendicular to the surface.

angles (g, > 0.2 A-1), the maximum vertical dimen-
sion of the input slits of 0.4 mm at measurements of
R(q.) is specified by the chosen vertical angular reso-
lution of the detector in the yz plane, AR =1.2x
1073 rad (the slit with a vertical gap of 0.8 mm at a dis-
tance of =680 mm from the center of the sample).

Figure 2 shows the dependences R(q,) for various
phase states of the adsorbed n-triacontanol film. At

q. < g. = (4n/Mo,, = 0.01 A-', the incident beam
undergoes total external reflection; i.e., R = 1. The total
external reflection angle o, = AJr.Ap/T = 6 X 10~ rad

=0.04° (where r, = 2.814 X 10~ A is the classical elec-
tron radius) for the n-hexadecane—water interface is
determined by the difference Ap =p,, — p, between
the bulk electron densities in the hydrocarbon solvent
Pn = 0.27¢” /A% and in water p,, = 0.33¢” /A%,

Figure 3 shows data for the normalized intensity of
diffuse surface scattering 7,(3) = (/(B) — 1,(B))/1, (the
normalization condition is /,(c) = 1) obtained at the
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Fig. 3. Angular dependences of the surface scattering

intensity 7, at the glancing angle o = 3.3 X 107 rad for
various phase states of the adsorbed n-triacontanol film at
the n-hexadecane—water interface: (/) 296.0 K (multi-
layer, T <T%); (2) 298.0 K (liquid monolayer,
T* < T < T.); and (3) 325.2 K (vapor, T > T). The solid
and dashed lines correspond to the models of capillary and
noncapillary wave structures, respectively.

glancing angle o0 = 3.3 X 10~° rad (=0.19°) for various
phase states of the interface. Here, /(B) is the number
of photons scattered by the bulk of the sample and
reflected (specularly and diffusely) from the surface in
the illuminated region with an area of 4, =~ 30 mm? at
the center of the interface in the 3 direction; /, is the
normalization constant proportional to the intensity
of the incident beam, which was controlled in the
experiment immediately before entry of the beam into
the cell; and 7,(B) is the number of photons scattered
in the bulk of n-hexadecane on the path to the inter-
face, which is determined by the method described in
detail in [16]. The most intense peak on the 7,()
curve corresponds to specular reflection at B = o, and
the peak against the diffuse background at 3 — 0 illus-
trates an increase in the scattering intensity at 3 = o,

[19]. The measurement of 7,() was performed with a
collimated beam with the angular divergence in the

vertical plane Aa. = 5x 10 rad and AP = 3 x 107" rad.

From data for R(g,) and 7,(3), we obtain informa-
tion on the transverse structure of the interface using
the distorted wave Born approximation [20]. Accord-
ing to the model approach described in [16, 18], the
interpretation of experimental data is reduced to deter-
mining the parameters of the structure factor function
of the interface ®(g), which is in turn specified by the
Vol. 106 No. 11

JETP LETTERS 2017

745
A
n-Hexadecane z
2,
Thick layer 3 ==
4 Z2
Layer 2
Monolayer —— 12
Layer 1
10
Water

Fig. 4. Model of the structure of adsorbed n-triacontanol
C5pHg,O film at the n-hexadecane—water interface.

chosen model of the electron density distribution
(p(z)) across the interface. Symmetric model profiles
(p(z)) are constructed with the error function erf(x),
which is used in the standard theory of capillary waves
[21].

The qualitative model of the structure of the
adsorbed C;j-alcohol film at the n-hexadecane—water
interface shown in Fig. 4 provides a self-consistent
interpretation of reflectometry and diffuse scattering
data with a minimum number of fitting parameters.
Layers 1 and 2 describe the structure of the Gibbs
monolayer and are formed by polar head parts
CH,OH (with a length of =2.4 A) and hydrophobic
hydrocarbon tails C,gHs, (With a length of =38.3 A),

respectively. As the temperature increases near 7;, a
significant fraction of C;,H,O molecules adsorbed in
the Gibbs monolayer are evaporated from the inter-
face and are dissolved in the bulk of the hydrocarbon
solvent. Thus, the gas phase of the monolayer is
implemented. Additional thick layer 3 is necessary to
qualitatively explain a high intensity of grazing diffuse
scattering, which exceeds the calculated value for the
capillary wave channel of elastic scattering for all
phase states of the adsorbed film.

At T > T, the dependences R(q,) and /,(B) in the
gas phase of the interface are fairly well described
within a single-parameter model with the structure
factor

2 2
D(q), =e°7"°. (1)
The minimum value of the parameter o’ , which deter-

mines the width squared of the interface, is limited by
the “capillary width” squared:

6(2) = kB_Tln (%], ()
2TEY(T) Qmin
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which is in turn specified by the short-wavelength
limit in the spectrum of capillary waves Q,,, = 2nt/a
(where a =10 A is the intermolecular distance) and

Onin = ¢, AB/2 (where ¢, is the maximum ¢, value

in the experiment) [22—26].

The dependence R(g,) calculated by Eq. (1) for
T > T, with the fitting parameter ¢ = (3.4 £ 0.2) Ais
shown by line 3 in Fig. 2. Within the error, ¢ coincides
with 6, = (3.59 £ 0.04) A for this measurement. On
one hand, this calculation without free parameters
describes the dependence R(g,). On the other hand,
the observed diffuse scattering intensity at 7 > T, is
noticeably higher than that calculated by Egs. (1) and
(2) (solid line 3 in Fig. 3). To describe 7,(3) by means
of Eq. (1), the fitting value ¢ = 6.5 A should be taken
for the effective width (dashed line 3in Fig. 3); Eq. (2)
gives 6, =~ 4.3 A taking into account the difference in

AB and ¢ in measurements of /, and R. This indi-
cates that the interface has an internal structure with a

width larger than \/o” — 6(2] ~ 5 A, which has a non-
capillary wave nature [27].

At T < T, the reflection coefficient R(q,) in the
liquid phase of the Gibbs monolayer is fairly well
described within the qualitative two-layer model of the
structure factor (lines / and 2 in Fig. 2):

—02q2/2 2

D(q), = A D P—pe 3)
Jj=0

where z, = 0, p, = pw, and p; = p,,. The relative elec-
tron densities are p,/p,, =1.10x£0.03 and p,/p,, =
0.90 £ 0.03 and the coordinates of the layer boundar-
iesare z; = (10 +2) A and z, = 27 A. The total thick-
ness of the Gibbs monolayer is z, — z, = (27 £ 2) A.
The calculated values 6, = (3.7+0.1) A and o, =
(4.1£0.1) A for lines 2 and 1, respectively, coincide
within the experimental error with the respective fit-
ting values 6 = (3.8 £ 0.2) Aand o = 4.31£0.2) A.

The observed scattering intensity /,(3) in the range
T. > T > T* = 296 K is insignificantly higher than the
calculated value (solid line 2 in Fig. 3) and can be
described by Eq. (3) with the effective width ¢ = 5.9 A
(dashed line 2 in Fig. 3), which is larger than ¢, =
4.3 A obtained from Eq. (2). Finally, intensity /,(B)
increases significantly at 7" < T* (see experimental
points /in Fig. 3). Fitting Eq. (3) to all these data gives
the width 6 = 30 A, whereas 6, =~ 5.4 A.

The range of angles of observation of the diffuse
background in scattering experiments is limited to
B < 0.006 rador ¢, < g* ~ 0.07 A~!, whereas the max-

a

imum value q;“ * in reflectometry experiments is about
0.4 A-1. On one hand, the reflectometry data are quite
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well described by the parameter G, calculated by
Eq. (2). On the other hand, the effective roughness of
the surface according to diffuse scattering data is >6 A,
which can reasonably be attributed to the existence of
an extended near-surface structure (layer 3 in Fig. 4)
thicker than 2m/g* = 100 A. Then, a high grazing-
scattering intensity at 7 < 7% = 296 K can qualita-
tively be explained within a three-layer model (multi-
layer adsorption) [16]:
Bpe—Gngz/z
Ap
Here, the second term describes the third layer with
the thickness z; — z, and density p,, + dp, the parame-
ter o, reflects the noncapillary wave structure of the
boundary of layer 3 with the solvent, and ®(g)F is
given by Eq. (3) with the substitution p; = p,, + 0p.
The intensity 7,(B) calculated by Eq. (4) is shown
by dashed line 7 in Fig. 3. The estimated thickness of
the thick layeris z; — z, = 200 A, the parameter 8p/p,,
is 0.02—0.09, and the width is 6; = 20—40 A. The den-

sity p;, + 0p corresponds to the electron density in a
high-molecular-weight alkane liquid [28]. The exper-
imentally observed broadening of the central peak on
line 7 is possibly due to small-angle scattering from
micelles in the bulk of n-hexadecane, which was disre-

garded in the calculations of 7,(3).

D(q); + e, 4)

Model profiles of the electron density {(p(z)) for
mesophases of the adsorbed Csy-alcohol film in units

of p,, are shown in Fig. 5. At T' > T, the gas phase of
the Gibbs monolayer (structure 3), which is character-
ized by a single parameter, the interface width ¢ =
3.4 A, is implemented in the adsorbed film. In the
range 7* < T < T, the liquid Gibbs monolayer with
the thickness (27 + 2) A (structure 2) is implemented.
The observed diffuse scattering intensity in these
phase states of the adsorbed film exceeds the calcu-
lated value for the capillary wave channel of elastic
scattering and indicates the presence of the weakly
contrast layer 3 with a thickness of ~100 A in the sur-
face structure. Structure 1 at 7' < 7% differs from

structure 2 in the presence of dense (p; = 0.9p,,) and
thick (~200 A) layer 3. Such a structural change can be
called multilayer adsorption.

We believe that the participation of n-triaconta-
nol—micelle aggregates in the formation of the struc-
ture of the adsorbed film can explain a surprisingly
high background of diffuse scattering in all phase
states of the nm-hexadecane—water interface, which
cannot be due to scattering on thermal fluctuations of
the interface. The characteristic diameter of a spheri-
cal micelle is about two lengths of the C;j-alcohol

molecule, i.e., =80 A (~2r/g*). The incomplete filling
of surface layer 3 with a thickness of ~200 A can be

JETP LETTERS  Vol. 106 No. 11 2017
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Fig. 5. Model profiles of the electron density (p(z)) of the
adsorbed Cs-alcohol film in units of the electron density

Pw = 0.333¢ /A% in water under normal conditions:
(1) the model with an extended layer given by Eq. (4) at

T <T* 6=43A, and 63 = 30 A; (2) the model of the
Gibbs liquid monolayer given by Eq. (3) at 7* < T < T
and ¢ = 3.8 A, and (3) the model of the gas phase given by

Eq.(1)at7 >T.and 6 =3.4 A. For convenient compari-
son, profiles 2 and I are shifted along the y axis by 0.1 and
0.2, respectively. The position of the interface between the
polar region of n-triacontanol molecules and water is

placed at z= 0.

responsible for the observed blurring or a large width
o = 30 A of the interface between the adsorbed film
and bulk.

The described structures of neutral surface meso-
phases of the C;y-alcohol at the n-hexadecane—water
interface noticeably differ from the structure of both
the solid phase of its Langmuir monolayer on the
water surface and its mesophases at the n-hexane—
water interface [29]. In particular, the observed thick-
ness (27 + 2) A of the n-triacontanol Gibbs monolayer
at the n-hexadecane—water interface (area per mole-
cule is 4 = (29 +£3) A?) is noticeably smaller than
(36 £2) A (area A= (24+1) A?) at the n-hexane—
water interface.

To conclude, the analysis of scattering data has
shown that, with decreasing temperature 7, a two-
dimensional condensation transition of the C;,-alco-
hol to the Gibbs liquid monolayer at the interface at

the temperature 7, is followed at the temperature 7* by
a transition to its multilayer adsorption. We believe
that this adsorption is caused by an increase in the
concentration of micelles in the 100- to 200-A-thick
surface layer. The observation of such transitions in
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two-component adsorbed fluoroalkanol films and in
C;p-alcohol and Csp-acid single-component films at
the n-hexane—water interface was reported earlier [9,
30, 31].
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