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Our view of molecular ordering in Langmuir monolayers at the watapor interface influences our
understanding of molecular ordering at other interfaces, including kgigdid interfaces for which structural
information is scarce. We present a comparative study of a monolayer of a long-chain alkanol at the water
vapor and waterhexane interfaces using X-ray reflectivity to highlight significant differences between these
two interfaces. The molecules in the Langmuir monolayer form an ordered phase of nearly rigid rods. In
contrast, at the watethexane interface, the triacontanol molecules form a condensed phase with progressive
disordering of the chain from the CH,OH to the—CHjs group. Surprisingly, at the watehexane interface,

the density in the headgroup region is—115% greater than either bulk water or the ordered headgroup
region found at the watetvapor interface. It is conjectured that this higher density is a result of water
penetration into the headgroup region of the disordered monolayer.

Introduction accompanied by extensive intermixing of the solvent into the
monolayer. However, direct structural information on mono-
layers at the oitwater interface is scarce and has not supported
the general expectation. Nonlinear optical studies have probed
the ordering of short surfactants, sodium dodecylsulfonate, and
sodium dodecylbenzenesulfonate (DBS), to demonstrate that the
alkyl chain conformations are similar at both the wateapor
and water-CCl, interfaces, though the benzene rings in DBS
orient differently at the two interfacédNonlinear optical studies
of sodium dodecyl sulfate indicate a large degree of confor-
mational disorder at both interface%X-ray reflectivity has been
used to study partially fluorinated dodecanol (soluble in hexane)
at the watervapor and waterhexane interfaces® Again the
chain ordering is similar at both interfaces; in this case the chain
is rigid, and no solvent is mixed into the monolayer.

Here, we present a comparative study of a long-chain alkanol
at the watervapor and waterhexane interfaces. As expected,
f the alkanol monolayer spread at the wateapor interface
consists of nearly rigid rod molecules, though our high-
resolution X-ray data reveals a small disorder near-ti@Hs;

Liquid—liquid interfaces play an important role in many
chemical and biological systems. Wateil interfaces are a
model for the interaction of water with a hydrophobic molecular
environment, important for protein folding and the formation
of structures in complex fluids. Due to the experimental
difficulties in directly probing the ordering of molecules at
liquid—liquid interfaces, Langmuir monolayers consisting of
organic molecules supported at the wateapor interface have
been often used to study the interfacial behavior of molecules
of biological and technological relevance. Since these molecules
often contain alkyl chains, a significant experimental and
theoretical effort has been devoted to the study of long-chain
surfactants containing a single alkyl chain such as fatty acids,
alcohols, and esters. These molecules are known to form
condensed phases at the wateapor interfacé.Although these
flexible chain molecules have gauchigans chain disorder in
bulk liquid phases, it is believed that the self-assembly o
monolayers into closely packed structures tends to minimize
the influence of gauche conformatioh&xcept for molecular

dynamics simulations, most of the theoretical work that accounts

for the molecular structure in Langmuir monolayers assumes
that the molecules behave as rigid rods. Phase diagram
consistent with many of the experimental results have been
predicted from these rigid rod modéls.

Although Langmuir monolayers are often used as models for

molecular behavior at interfaces, there is a general expectation

that molecules at a liquidliquid interface are more disordered
than at a liquid-vapor interface. It has been observed previously

that the surface pressure, for a given molecular area, is usually

larger at the wateroil interface than at the watewvapor
interface? This has led to the belief that monolayers at the
water—oil interface consist of molecules with disordered chains
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end of the chain not previously measured. At the wakexxane
interface, the same alkanol molecule exhibits a large and
distinctive disorder likely due to a distribution of gauche defects
along the chain with a progressively greater density of defects
toward the—CHjz group near the bulk hexane. The data analysis
indicates the presence of hexane molecules mixed into the region
of the alkyl chain closer to the CH,OH headgroup. In addition,

the headgroup region has a density nearly 15% greater than bulk
water, an effect not observed at the wateapor interface.

Monolayers at the Water—Vapor Interface

The top curve in Figure 1A illustrates X-ray reflectivity data
from a triacontanol (Ck{CH,)2gOH) monolayer spread at the
water—vapor interface at a temperature= 24 °C and a surface
pressure of 21.5 0.5 mN/m (X-ray kinematics is shown in
Figure 1B). The monolayer was spread on a home-built
Langmuir trougf from a 2.1 mM chloroform solution at a low
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Figure 1. Normalized X-ray reflectivity /R, as a function of the 2 0
wave vector transfer normal to the interfad®@,; for triacontanol 3
(CH3(CHy)200H) monolayers at the watewvapor and waterhexane 8
interfaces. The X-ray reflectivity is normalized by the Fresnel reflec- g 20
tivity, Re, calculated for a structureless interface between two bulk
media. (A) Top curve a is for triacontanol monolayers spread at the
water-vapor interface, T = 24 °C; curves b are for triacontanol 40
monolayers adsorbed at the watliexane interface] = 24.07 °C,
open circles (fit is dashed line), dr= 24.52°C, filled circles (fit is
solid line). Data for different temperatures were measured on different 60 L
samples. Lines are fits described in the text. (B and C) X-ray kinematics. 0.8 1 _
At the water-vapor interface, the X-rays travel through air then scatter Normalized Electron Density
off the surface. For the experiments on the wateexane interface,  Figure 2. Electron density (normalized to the density for bulk water)

the X-rays penetrate through the upper bulk phase of hexane solution,as a function of the distance normal to the interface for a triacontanol
then scatter off a nearly planar waté¢rexane interface. The wave vector  monolayer at the watetvapor (A) and waterhexane (B) interfaces.
transfer,Q = Kscar- kin, is only in thez-direction normal to the interface, | ong molecules represent the triacontanol surfactants, and the short
Q: = (47/2) sin o; therefore, only variations of the electron density mglecules in the watethexane monolayer region represent hexane.
normal to the interface are probed (the X-ray wavelerigth0.825+ The alkyl chains in the monolayer at the watgapor interface are
0.002 A for the waterhexane studies, = 1.5507+ 0.0002 A for the nearly closely packed, whereas those at the watexane interface
water—vapor studies, an@x = Qy = 0, wherexandy are inthe plane  are progressively disordered from a relatively ordered region near the
of the interface). X-ray reflectivity from the watehexane interface  \yater to a disordered liquidlike region adjacent to bulk hexane. Hexane
was measured at beamlinel9C at the National Synchrotron Light s intermixed with the monolayer primarily near the headgroup region.
Source (Brookhaven National Laboratory) with a liquid surface The cartoon of molecules is for illustrative purposes only. The
spectrometer and techniques specific to the ligdiguid interface parameters for the data fitting describe the thickness and electron density

deSCI’ibed il’l deta” elSeWhe?é‘?A Similar Spectrometer was used at for three |ayers Sandv\nched between bulk water and bulk hexane (Or
the ChemMatCARS sector 15 at the Advanced Photon Source (Argonneyapor). The electron densities are normalized to the value for bulk water

National Labpratory) to study the monolayer of triacontanol at the (0.333 e/A3). The normalized hexane density is 0.692. Layer 1 is the
water—vapor interface. headgroup region{CH,OH), and layers 2 and 3 are for the alkyl tail

. . . . roup region ¢(CH Hs); layers are ordered water-1-2-3-hexane
density (50 A/molecule), then compression cycled eight times ?or vgpog;L isft(he |2’c)\§/8§’ t?l)ickn):assq is the electron density. For the
between surface pressures of 0 mN/m and 25 mN/m (with water-vapor interface:L; = 5 A, p1malpwater = 1.04 4 0.01,L, =
addition of pure chloroform at high pressures) to create a stable,24 £ 5 A, po/pwaer = 1.014 4 0.003,L3 = 11 £ 4 A, p5/pwater =
homogeneous monolayer. The oscillations in the data are fitted0.99¢+0.01/-0.04). For the waterhexane interface:L; = 5 A,
by a standard procedure using the Born approximation along gléng)fptvatfi:lé-lfﬂfg-oiy'-z = 1_3 Oi%i gzg’ivat%:r ?H%Sﬁ:a%gglgup
with a mOdeI_for the interfacial profile that consists of three (Iayer’ 1)3the maximum’ é)leg\tﬂlra(t)errl density is quoted rather than the density
layers sandwiched between two bulk phases (bulk water andf ihe Jayer because the density and layer thickness fitting parameters
vapor)!® Two of these layers represent the electron density along are strongly correlated for this thin layer, but the resultant profile is
the alkyl chain; the third layer represents the region of-tkaH,- well determined. The monolayer at the wateapor interface is
OH groups. The interface between each of these layers and arfoughened by 3.2540.1/-0.25) A similar to the calculated capillary
adjacent layer (or bulk) is roughened by capillary waves with roughness of 3.24 A. At the watehexane interface the layer is
a roughness value similar to that calculated from capillary wave ’rg)ughened by 3.6 0.3 A similar to the capillary wave value of 3.9

. . - . e . The total thickness of the monolayer at the wateapor interface
theory usmg_the measured interfacial t§n§|biﬁhe other fitting is 40+ 2 A, at the waterhexane interface it is 3& 2 A. The all-
parameters include the electron density of each layer and theyans length of triacontanol is 40.7 A.
layer’s thickness.

The resultant real space electron density profile of the curve in Figure 1 requires a slightly lower electron density (0.99)
monolayer at the watetvapor interface is shown in the top  toward the—CHjs group that we modeled by a third layer. This
curve in Figure 2A. The overall thickness of the monolayer is is consistent with molecular dynamics simulations that predict
40 + 2 A and is nearly identical to the length of an all-trans a small percentage of gauche conformations in these nearly rigid

triacontanol molecule, calculated to be 40.72414 Most of rod monolayers with the gauche defects concentrated near the
the region of the monolayer corresponding to the alkyl chain —CHz end1516
has a normalized electron density of 1.624.003 (normalized This analysis demonstrates that the triacontanol monolayer

to the value for water of 0.333 #43). This is comparable to  at the watervapor interface is close packed with nearly all-
literature values of 1.03 and 1.00 measured for the alkyl chain trans and nearly upright molecules (normal to the interface).
density in closely packed bulk phases of long chain alkanols This is consistent with the understanding that molecules in the
(23.3 ACH, and 24 BICH,, respectivel{®) and indicates that  condensed phases of alkanol (and also alkanoic acid) Langmuir
most of the chain is closely packed. The fit shown for the top monolayers are nearly all-trans rigid rods. For example, X-ray
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Figure 3. Interfacial tension as a function of temperature. Filled circles
are for triacontanol monolayers adsorbed at the wdtexane interface.
The tension of the pure watehexane interface is shown (triangles)
for comparison. Tensions were measured with a Wilhelmy plate in the
sample cell used for X-ray scatterifg.

surface diffraction studies of Langmuir monolayers of hene-
icosanol (GiH430H) demonstrated that four ordered, closely
packed phases are present over the temperature range
14°C < T < 30 °C and surface pressures from 0 to 25 mN/
m.1718 These four phases are distinguished by their lattice
structures and chain tilt direction. In the highest pressure phas
(for a surface pressure of approximately 20 mN/m and higher),
the molecules are upright;!® similar to our measurement of
triacontanol. Vibrational sum frequency spectroscopy studies
of Langmuir monolayers of hexacosanoic acidgs:0,H) and
hexadecanol (H330H) indicated the absence of gauche
conformations in the condensed pha$e&8though IR reflection
spectroscopy of stearyl alcohol {¢81,30H) and heneicosanol
monolayers indicated the presence of some gauche conformer
whose number decreases with increasing surface prelsiire.

Monolayers at the Water—Hexane Interface

Monolayers at the watethexane interface were prepared by
placing a 0.7 mM bulk solution of triacontanol in hexane on
top of bulk water. Although insoluble in water, triacontanol is
soluble in hexane, and the monolayer at the wak@xane
interface can equilibrate by exchange of triacontanol between

the interface and the bulk hexane. Figure 3 illustrates measure-

ments of interfacial tensiop as a function of temperature for
triacontanol and for the pure watehexane interface. The
changeAS in excess surface entropy across the transition is
4.3 x 1073 J/n?K (whereS= —dy/dT andASis given by the
slope difference on either side of the kink Bt= 27.5 °C).
This is larger tham\S= 1.3 x 1072 J/nm?’K measured previously
for surface freezing at a purexgalkanok-vapor interface (the
quoted value is half that for freezing of a bilayé¥)lt is
reasonable to expect a much large®in our system since the
transition occurs when alkanol molecules in a dilute bulk

e
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geometry illustrated in Figure 1€ Reflectivity data are shown

in the bottom curves in Figure 1A. The fits shown for these
data are performed in the same way as for the monolayer at the
water—vapor interface. The electron density interfacial profile
that results from the fitting procedure for the data measured at
T =24.52°C is shown in Figure 2B, a similar profile is obtained
for the sample aT = 24.07°C.

Comparison of panels A and B of Figure 2 indicates that the
molecular ordering at the watehexane interface is very
different from that at the watetvapor interface. Again, two
layers are required to model the alkyl chain (plus one layer for
the headgroup) in order to fit the data. However, the normalized
electron densities for the two layers modeling the chain are 0.95
4+ 0.01 and 0.79t 0.01, both different from the closely packed
value of 1.03 (or 1.00). The normalized electron density of 0.79
near the—CHjs group corresponds closely to the value of 0.81
for bulk liquid alkyl chains near their freezing point (bulk
measurements yield 29.63&H,).13 In the bulk it is believed

oﬁhat liquid n-alkanes near the freezing point are arranged in

quasilamellar regions with gauche conformations to cause chain
disorder, while still maintaining a good alignment of neighboring
moleculest’28 Although not unambiguously proven, it seems
that a similar arrangement occurs in the part of the triacontanol
chain near the-CHa. A disordered liquidlike part of the chain
would occupy a surface area of at least 23.%cBain, an
increase of-25% over the closely packed area/molecule of 18.5
AZichain. In the region of the alkyl chain close to th€H,-

OH group, the chain has to be more ordered to yield a
normalized electron density of 0.95. In addition, either water
or hexane must be mixed into this part of the monolayer to
properly account for the available volume in the monolayer
region. A compelling arrangement is a well-ordered chain near
the —CH,OH group that is mixed with hexane (2@5 vol %)

and a progressively more disordered chain toward-ti@H;

end of the tail group (as illustrated in Figure 2B). This
arrangement is quantitatively consistent with our measured
densities.

The disorder in the chain will account, at least partially, for
the overall monolayer thickness (362 A) being less than the
length of an all-trans triacontanol molecule (40.7 A). For
example, a single kink defect (dtgr g'tg conformation) will
maintain the overall chain orientation while reducing its length
by 0.6 A to 0.7 A. In addition, the triacontanol molecules may
be tilted slightly from the normal to the interface, but the
reflectivity does not directly probe this tilt. Although grazing
incidence diffraction could directly probe this tilt if the
monolayer was sufficiently ordered, the background scattering
from the bulk precludes its measurement.

Discussion

solution form a condensed monolayer at the interface, whereas The electron density in the headgroup regiertCH,OH) is

surface freezing occurs when the top two layers of molecules
at a liquid alkanol surface freeze into a solid bilayer. The
thermodynamic measurement in Figure 3 indicates that the

larger at the waterhexane interfaceofax = 1.13+ 0.01) than
at the watervapor interface gmax = 1.04 &+ 0.01, with ppuk
water= 1). Since the area per headgroup is larger at the water

triacontanol monolayer undergoes a single transition from a low hexane interface due to disorder in the monolayer, the additional
temperature ordered phase to a high-temperature disorderectlectron density cannot be attributed to closer packing of
phase similar to thermodynamic measurements from shorterheadgroups. In addition, the higher density is not likely due to

alkanols at the waterhexane interfacé 26
We chose to study the monolayer at temperatufes 24.07
°C and 24.52C) slightly above the temperature at which the

the interaction of water with hexane since X-ray measurements
of the pure waterhexane interface do not reveal an enhanced
interfacial density of watet® The lower density of headgroups

bulk hexane is saturated with triacontanol (as observed by theat the waterhexane interface may allow for water penetration

formation of triacontanol crystallites &t~ 22 °C). Under these
conditions, the triacontanol monolayer at the wateexane
interface will be close to its densest state for that temperature.
X-ray reflectivity is used to directly probe this interface in the

into the headgroup region, which then induces a higher density
in this region.

We suggest that a mechanism to produce the higher density
is orientational ordering of penetrated water by the pel@H,-
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