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a b s t r a c t

Adsorption of diaza-18-crown-6 ether substituted with two tetracosane (–C24H49) alkyl chains (ACE-24)
was investigated at the liquid–liquid interface. X-ray reflectivity measurements determined the structure
of a close-packed monolayer at the hexane–water interface, which is consistent with conclusions drawn
indirectly from earlier interfacial tension measurements on similar molecules. These data provide further
insights into the role of interfacial processes involving azacrown ethers in ion separation techniques such
as the permeation liquid membrane.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Ion transfer through fluid–fluid interfaces plays a decisive role
in many natural and industrial processes. One of the separation
technologies relying on interfacial ion transfer is a permeation
liquid membrane (PLM), where two aqueous solutions are sepa-
rated by a hydrophobic membrane that is permeable only to se-
lected chemical species, e.g. metal ions. The selectivity of
transport is governed by complexing abilities of a carrier present
in the membrane. PLM can be used for both industrial separations
[1] and for analytical purposes [2,3]. Recently, the application of
PLM as an environmental speciation sensor has been reported,
e.g. by Zhang et al. [4]. The flux of metal ions through the PLM
membrane provides an analytical signal, and information about
the lability of the complexes present in the sample can be obtained
[5]. In studies of Cu (II) transport in a PLM system developed by
Buffle and coworkers the carrier consisted of a 1:1 mixture of an
alkylated azacrown ether (N,N-didecyl-diaza-18crown-6 ether,
ACE-10) and lauric acid (LAH) or palmitic acid (PAH), see Fig. 1.
Previously, we have shown that both ACE-10 and the fatty acid
molecules participate actively in transport of Cu (II) through the
PLM membrane [6]. While LAH (or PAH) is a primary carrier for
Cu (II) in the bulk of the membrane, ACE-10 plays an important
role in the interfacial processes in transport of Cu (II), Pb (II) and
Cd (II) ions [7]. Thanks to its high surface activity at liquid–liquid
interfaces, ACE-10 is expected to easily form a close-packed mono-
layer, to which both Cu (II) and LAH are attracted, eventually form-
ll rights reserved.
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ing a ternary Cu (II)-carboxylate-azacrown ether complex that is
transported through the membrane [8].

Interfacial tension measurements at liquid–liquid [9] and
liquid–gas [10] interfaces determined the surface activity of ACE-
10 and its interaction with LAH within the monolayer. According
to fits of the interfacial tension isotherm to the two-state reorien-
tation model of Fainerman et al. [11] the ACE-10 molecules at
organic–water interface were found to adopt one of two possible
conformations, depending upon the actual value of surface pres-
sure [9]. The interfacial tension results cannot, however, provide
any direct information on the structure of azacrown ether mono-
layers, except the average area per molecule projected onto the
surface in both states. For anisotropic and flexible ACE-10 mole-
cules, it was speculated that the two possible adsorption states
at the interface consist of alkyl chains perpendicular or parallel
to the interfacial plane.

In this Letter we report on the study of the adsorption of a long
chain ACE homologue, tetracosane alkylated diaza-18-crown-6
ether (ACE-24) at the liquid–liquid interface using X-ray reflectiv-
ity (XR). We chose to study a longer chain azacrown ether for our
first experiment on these materials because the resultant thicker
monolayer would allow for higher spatial resolution in the analysis
of the X-ray measurements. Although structural differences be-
tween ACE-10 and ACE-24 can be expected, we leave the more
challenging task of studying ACE-10 for future studies. X-ray
reflectivity data probes the electron density of the adsorbed mono-
layer in the direction normal to the interface [12]. The technique is
analogous to neutron reflection, which probes the neutron scatter-
ing length along the interfacial normal. Although neutron reflectiv-
ity offers the possibility of contrast variation to emphasize certain
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Fig. 1. Chemical structure of the azacrown ether ACE-24.
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regions of the interface or molecules, it lacks the broad Qz-range of
X-ray reflectivity [13]. These have been successfully used to inves-
tigate the structure of adsorbed layers at the water–air interface
and at buried interfaces between water and oil [14–19].
2. Experimental

2.1. X-ray reflectivity measurements

Experiments were carried out on the liquid surface scattering
reflectometer at the X19C beamline, National Synchrotron Light
Source (NSLS), Brookhaven National Laboratory, and at Sector-
15 (ChemMatCARS) of the Advanced Photon Source (APS), Ar-
gonne National Lab, though the data illustrated in this Letter
was measured at the APS. The reflectivity data consist of mea-
surements of the X-ray intensity reflected from the sample inter-
face normalized to the incident intensity with background
subtracted as described previously [20,21]. The reflectivity is
measured as a function of the wave vector transfer normal to
the interface, Qz = (4p/k)sinh, where k is the X-ray wavelength
(k = 0.79217 ± 0.00005 Å at the APS) and h is the angle of reflec-
tion. X-ray reflectivity data were modeled using the Born approx-
imation [22], though comparison fitting with the Parratt recursion
method [23] yielded nearly identical fits.

The X-ray sample cell is a stainless steel chamber with Mylar
windows, which allows the X-ray beam to pass through the upper
phase (the hexane solution) [24] and then reflect off a hexane–
water interface of area 76 � 100 mm (along the X-ray beam by
transverse). In the experiment, the azacrown ethers spontaneously
adsorb at this interface. The cell was cleaned with soap solution,
methanol, and acetone, rinsed with Milli-Q water (Millipore Corp.),
and then in purified hexane at 50 �C for 1 h. After partially filling
the sample cell with 100 ml of water, and waiting for 15 min, the
water surface was aspirated using a glass pipette connected to a
vacuum pump. The hexane solution containing the azacrown ether
(7 � 10�5 M) was then poured on top of the water subphase. The
sample cell was sealed and left to equilibrate before further reflec-
tivity measurements.
2.2. Interfacial tension measurements

Interfacial tension measurements were carried out using a drop
profile analysis tensiometer PAT-1 (SINTERFACE Technologies, Ger-
many). The drop profile analysis method is based on fitting the
shape of the drop to the Gauss–Laplace equation from which the
interfacial tension is calculated by means of the Axisymmetric
Drop Shape Analysis Algorithm (ADSA) [25]. Details of the instru-
ment have been described previously [26]. The surface purity of
toluene was checked by measuring the dynamic interfacial tension
(in water–air and water–organic system) overnight. All the glass-
ware was thoroughly cleaned with Hellmanex II solution and
rinsed with copious amounts of Milli-Q water. Measuring the dy-
namic interfacial tension of the solvent portion used for the last
rinsing allowed the surface purity of all glassware to be checked
prior to each use. For the azacrown ether solution, the interfacial
tension was measured continuously for at least 3 h, each measure-
ment was repeated three times or more. The equilibrium interfa-
cial tension (ceq) was obtained using the long-term
approximation of the Ward–Tordai equation [27].
2.3. Materials

N,N0-di-tetracosane-diaza-18crown-6 ether (ACE-24) was syn-
thesized and purified as described previously [28]. Its purity was
checked by measuring interfacial tension at the hexane–water
and toluene–water interfaces. Hexane was purchased from Sigma
Aldrich and purified by passing it through activated alumina in a
chromatographic column. Toluene (puriss. p.a. ACS reagent for
UV spectroscopy) was purchased from Fluka. Its surface purity
was checked by measuring dynamic interfacial tension against
Milli-Q water overnight. Hellmanex II surfactant solution used
for cleaning the glassware was purchased from Hellma.
3. Results and discussion

3.1. Interfacial tension measurements

Our previous interfacial tension studies have shown that the
toluene–water interface is completely covered with a monolayer
of ACE-10 above a concentration of 10�3 M [9] and the high-cover-
age orientation (presumably with the alkyl chains perpendicular to
the interface plane) starts to dominate at a bulk ACE-10 concentra-
tion of 3 � 10�5 M. Under typical PLM operating conditions (CACE-

10 = 10�1 M), this orientation is thus dominant at the liquid–liquid
interface. Therefore, the corresponding XR measurements should
be performed under conditions of the maximum surface coverage,
when the high-coverage orientation dominates the monolayer. On
the other hand, increasing the surface coverage inevitably leads to
a decrease of interfacial tension, in accordance with the Gibbs
equation. As a consequence, capillary wave roughening of the sur-
face increases, which smears out the molecular details of the inter-
face probed by the X-rays. This problem becomes especially
important in studying thin films of only few nm thicknesses, as
in the present study. For this reason, the azacrown ether concen-
tration of 7 � 10�5 M was used in this study. At this bulk concen-
tration, our earlier interfacial tension measurements on ACE-10
indicated that a significant fraction of the interface is in the high
surface coverage orientation [9], while the interfacial tension is
still sufficiently high to keep the surface roughness low, as dis-
cussed below.

Preliminary interfacial tension studies with longer chain deriv-
atives of azacrown ethers suggest that the presence of longer alkyl
chains does not alter drastically their surface behavior. A long
chain homologue azacrown ether was chosen for this study, pos-
sessing the same hydrophilic part as ACE-10 used in the original
PLM, i.e. diaza-18-crown-6 ether, and differing only in the length
of the alkyl chains substituted at the nitrogen atoms (see Fig. 1).
The homologue with two –C24H49 alkyl chains (ACE-24) was syn-
thesized according to the procedure described previously [28].

The interfacial tension drops from c = 51.4 ± 0.3 mN m�1 for a
pure hexane–water interface to c = 33.0 ± 0.4 mN m�1 for the
interface between water and a 7 � 10�5 M solution of ACE-24 in
hexane at 22.8 ± 0.1 �C. Values of interfacial tension measured at
the synchrotron using a Wilhelmy plate in the X-ray sample cell
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are in good agreement with those obtained ex-situ using the drop-
shape analysis method.

3.2. Surface roughness

The measured interfacial tension values c were used to calcu-
late the surface roughening due to capillary waves, according to
the following formula [29,30]:

r2
cap ¼

kBT
2p

Z qmax

qmin

qdq
cq2 þ Dqmg

� kBT
2pc

log
qmax

qmin

� �
ð1Þ

where kBT is the Boltzmann constant times the temperature,
Dqm = 0.3453 g cm�3 is the mass density difference of the two
phases, g is the gravitational acceleration, qmin = (2p/k)Dbsinh
(with the angular acceptance of the detector Db = 4.62 � 10�4 rad
[31]), and Dqmg ¼ cq2

min. The variable q is the in-plane wave vector
of the capillary waves. The limit, qmax, is determined by the cutoff
for the smallest wavelength capillary waves that the interface can
support. We have chosen qmax = 2p/5 Å�1 where 5 Å is an approxi-
mate molecular size. Note that rcap depends on qmax logarithmically
and is not very sensitive to its exact value. At the highest Qz of our
X-ray measurements, the calculated capillary wave roughness
rcap = 4.35 Å.

3.3. X-ray reflectivity measurements

The normalized X-ray reflectivity data R/RF from the interface
between the hexane solution of ACE-24 and water is shown in
Fig. 2, where the Fresnel reflectivity, RF, is calculated for an ideal
interface in which the electron density profile between the hexane
solution and the water is a step function. Variations in R/RF from a
value of 1 indicate the presence of interface roughening or addi-
tional structure due to, for example, molecules adsorbed at the
interface. The solid line in Fig. 2 describes the primary features of
the data and is the result of fitting a 2-slab model to the data
[22]. Each slab represents a homogeneous layer of constant elec-
tron density that is sandwiched between the two adjacent phases.
Each slab is used to represent a different part of the interface, such
as the region occupied by the headgroup or the tailgroup of ad-
sorbed ACE-24 molecules. When using this type of model, it is con-
ventional to limit the number of slabs to the least number that
provides a good fit to ensure that the fitting is not over-deter-
mined. In this case, a 1-slab model can produce a fit that is nearly
as good as the one shown in Fig. 2. However, we have rejected this
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Fig. 2. Specular X-ray reflectivity normalized to the Fresnel reflectivity for the
azacrown ether ACE-24 at the hexane–water interface at 22.8 �C. The solid line is a
2-slab fit discussed in the text.
model because the electron density of a 1-slab model must be
either smaller than that of hexane or larger than that of water in
order to produce a normalized reflectivity R/RF that immediately
rises above R/RF = 1 at small Qz. Although this feature of the Fresnel
curve is weak, we have consistently reproduced it when measuring
different samples of alkylated azacrown ethers. Considerations of
molecular packing and the structure of the ACE-24 molecule indi-
cate that it is unphysical to assign to it an average electron density
smaller than that of hexane or larger than that of water.

The 2-slab model that produced the solid line in Fig. 2 is repre-
sented by the electron density profile shown in Fig. 3. The dashed
line indicates the underlying intrinsic electron density profile that
is calculated with zero roughness (the two layers together repre-
sent an adsorbed monolayer of ACE-24, as described below). The
two zero-roughness slabs have electron densities of 0.357 e� Å�3

and 0.253 e� Å�3 with corresponding thicknesses of 14 and 15 Å.
The solid line is the electron density profile that is actually probed
by the X-rays and includes the effect of roughness due to capillary
waves. This roughness was fixed at the capillary wave value of
4.35 Å during the fitting procedure that yielded the profile shown
in Fig. 3. When the roughness was varied over the range of
4.35 ± 0.4 Å, then variations in the other parameters are within
one standard deviation of the fit indicated in Figs. 2 and 3.

The parameters of the model shown in Fig. 3 can be used to pre-
dict that the number of electrons per area in the monolayer of ACE-
24 is given by 8.8 e� Å�2 (=14 � 0.357 + 15 � 0.253 e� Å�2). If we
assume that only ACE-24 molecules are in the interfacial region,
then the fact that ACE-24 has 528 electrons allows us to calculate
that the interfacial area per ACE-24 molecule is 60 Å2. In the solid
state, the area of a dodecyl-substituted azacrown ether (ACE-12)
when lying flat on the interface is 90 Å2 as determined by crystal-
lographic measurements of its structure [32]. It should be noted
that the size of the azacrown ether headgroup is independent of al-
kyl chain length, what allowed us to use the crystallographic data
of a shorter chain ACE-12 derivative for the current discussion. An
area per molecule of 60 Å2 would indicate that the azacrown ether
headgroups are tilted with respect to the interfacial normal by
approximately 40�. This is qualitatively consistent with conclu-
sions drawn from earlier interfacial tension measurements for
alkylated crown ethers [33].

An area per molecule of 60 Å2 is larger than the cross-sectional
area of two close-packed all-trans alkyl chains (�40 Å2). As a result,
the tail group is likely to be disordered since the alkyl chains are
not constrained to be close-packed. It is known that bulk alkyl
chains just above their melting point, and therefore having the
Fig. 3. Profile of the electron density (solid line) as a function of the depth into the
interface for a layer of ACE-24 molecules adsorbed to the hexane–water interface.
The dashed line illustrates the underlying electron density profile with a roughness
of zero.
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minimal disorder required for a liquid phase, have an electron den-
sity of about 0.270 e� Å�3 [34]. Also, a similar value of 0.266 e� Å�3

was measured for the electron density of disordered alkyl chains of
long chain alkanols at the water/hexane interface [35]. These val-
ues are both slightly larger than the electron density of
0.253 e� Å�3 measured in the second slab further from the water
subphase. Since the electron density of hexane is 0.230 e� Å�3, it
is likely that hexane molecules intermixed with the ACE-24 mole-
cules at the interface reduce the electron density of the second slab
to its observed value.

If the interface was covered by close-packed azacrown ether
head groups oriented parallel to the interface, then the expected
electron density in the head group region would be 0.378 e� Å�3

[32], which is slightly larger than the measured value of
0.357 e� Å�3. When tilted from the normal, as described above,
the azacrown ether head groups will extend in the normal direc-
tion about 10 Å. Given the 15 Å thickness of the first slab, we sug-
gest that this thicker slab represents the head group region. The
latter includes both the head groups, part of the alkyl chain closest
to the head group, and possibly water and hexane intercalated in
that region. The net result of these other molecules in the head
group region would be to lower the electron density slightly. How-
ever, the present measurements do not have the resolution to dis-
tinguish the molecular details within this head group region. The
success of the two-slab model is primarily a result of the large dif-
ference in electron densities between the region of the disordered
alkyl tail groups and the higher average density of the head group
region.

This molecular interpretation of our measured electron density
profile suggests that there is a closely packed single layer of tilted
ACE-24 molecules adsorbed at the hexane–water interface. We
speculate that the region of the alkyl chains near the azacrown
ether is likely to be more ordered than the region further away be-
cause of the geometric constraints imposed by the way the chains
are attached to the azacrown ether. The maximum in electron den-
sity adjacent to the bulk water is due to the azacrown ether head
group. The overall thickness of the two slabs is 29 Å, which is smal-
ler than the �37 Å that would be expected from an azacrown ether
head group with all-trans –C24H49 alkyl chains projecting normal to
the plane of the azacrown ether. The measured layer thickness pro-
vides further support for the presence of disordered tail groups in a
tilted monolayer of ACE-24.
4. Conclusions

X-ray reflectivity measurements of the alkyl substituted diaza-
18-crown-6 ether molecules at the liquid hexane–water interface
reveal that azacrown ethers adsorb strongly and form a closely
packed monolayer at the liquid–liquid interface. These data sug-
gest that the azacrown ether head groups of the ACE-24 molecules
are tilted with respect to the interfacial normal. The measured
electron density profile indicates the presence of substantial disor-
der in the tail groups and the likelihood of hexane intermixing with
the tail groups. This picture is in good agreement with the results
of interfacial tension and neutron reflectivity (NR) for other alkyl-
ated azacrown ethers. NR results for partially deuterated ACE-16
suggest the presence of a second, loosely packed and diffuse layer
of azacrown ether on the aqueous side of the hexadecane–water
interface [36]. It should be, however, borne in mind that the aque-
ous solubility of the ACE-24 derivative is significantly smaller than
that of ACE-16. As a result, in contrast to ACE-16, only the single,
close-packed layer of ACE-24 derivative is observed at the liquid–
liquid interface.

The present study suggests that the substituted azacrown ether
used in the PLM studies indeed plays an important role in the mass
transfer process through the liquid–liquid interfaces of PLM thanks
to the formation of a closely packed structure at the membrane–
aqueous interface. The closely packed monolayer of alkylated aza-
crown ether provides the interface with ion-recognition sites with
selectivity governed by the coordination properties of the crown
moiety. The process of ACE adsorption renders the PLM mem-
brane–aqueous interface ion-selective and might play an impor-
tant role in the overall selectivity of ion transport through
membranes. An X-ray reflectivity study of the influence of the
presence of transported metal ions on the structure of azacrown
ether monolayers at the liquid–liquid interface is currently under
way.
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