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Langmuir monolayers provide an important system for the investigation of the intramolecular structure and
intermolecular ordering of organic and bio-organic macromolecular amphiphiles at an interface between polar
and nonpolar media, e.g., the liquid-gas interface. Specular x-ray and neutron reflectivity have contributed
substantially to these investigations. However, these reflectivity techniques are generally limited by the absence
of crucial phase information, the relatively small contribution of the amphiphile to the scattering-length density
contrast across the interface, and the relatively limited range of momentum transfer available perpendicular to
the interface. Although several procedures have been developed to provide model-independent solutions to the
phase problem, there remains a limited ability to distinguish features of slightly differing contrast �i.e., the
“sensitivity”� as well as their minimum allowable separation �i.e., the “spatial resolution”� along the length of
the scattering-length density profile derived from the reflectivity data via solution to the phase problem. Here,
we demonstrate how the well-known interferometric approach can be extended to the structural investigation of
otherwise unperturbed Langmuir monolayers of these amphiphiles to provide a direct solution to the phase
problem and importantly, substantially enhance both the sensitivity and the spatial resolution in the derived
profiles.
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I. INTRODUCTION

Langmuir monolayers of organic and bio-organic am-
phiphilic macromolecules formed at liquid-gas interface pro-
vide an important system for the study of the structure and
properties of these amphiphiles at the interface between polar
and nonpolar environments �1�. These two-dimensional �2D�
systems can serve not only as models for the study of com-
plex processes exhibited by biological membranes �2�, but
also as precursors in the formation of new ultrathin film ma-
terials with superior properties �3�. Importantly, these Lang-
muir monolayers offer the possibility of controlling both the
intramolecular structure and intermolecular ordering of the
amphiphilic macromolecules via several available adjustable
parameters including surface pressure, temperature, relative
concentrations of the macromolecular species in mixtures,
and the compositions of both the aqueous subphase and the
gaseous superphase with respect to the interface �4�. These
ordered Langmuir monolayers of amphiphiles can also serve
as templates for the directed 2D assembly of components
soluble in the subphase at the amphilphile-subphase inter-
face, ranging from atoms to proteins and nanoparticles �5�.

These Langmuir monolayers can subsequently be conve-
niently transferred onto the bare or alkylated surface of solid
inorganic substrates using Langmuir-Blodgett �LB� �6� or
Langmuir-Schaefer �LS� �7� techniques to prepare ultrathin
organic or bio-organic films at the solid-liquid or solid-gas
interface. These so-transferred ultrathin films on solid inor-
ganic substrates are more generally used for investigating
both their structure and particularly their properties �4�.
However, LB and LS depositions are nonequilibrium tech-

niques, and therefore the intramolecular structure and inter-
molecular ordering of the macromolecular species prepared
in the precursor Langmuir monolayer may not necessarily be
preserved upon transfer onto the solid substrate surface
�8–11�. Hence, it is important to study these structural pa-
rameters both prior to and following their transfer onto solid
substrates.

In the structural characterization of Langmuir monolayers
of organic and bio-organic amphiphiles at the liquid-gas in-
terface, both specular and off-specular x-ray and neutron re-
flectivity and grazing-incidence x-ray diffraction are proven
key techniques �4,6�. However, the specular reflectivity tech-
niques are generally limited by the absence of crucial phase
information, the relatively small contribution of the am-
phiphile �in the absence of heavy-atom or isotopic labeling in
the x-ray and neutron cases, respectively� to the scattering-
length density contrast across the interface, and the relatively
limited range of momentum transfer available perpendicular
to the interface. Thus, although several procedures have been
developed to provide model-independent solutions to the
phase problem �e.g., �12� and references therein�, there re-
mains a limited ability to distinguish features of slightly dif-
fering contrast along the length of the scattering-length den-
sity profile derived from the reflectivity data via solution to
the phase problem, thereby defining the “sensitivity” of the
technique. In addition, the minimum allowable separation of
these features along the length of the scattering-length den-
sity profile, defining the “spatial resolution,” remains low,
e.g., at 10–15 Å level.

In the past, the interferometric approach has been success-
fully employed in specular x-ray and neutron reflectivity
measurements �13,14� of organic and bio-organic monolay-
ers, either transferred onto or self-assembled on the surface
of solid inorganic substrates, including monolayers of vecto-*Corresponding author. jkblasie@sas.upenn.edu
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rially oriented designed artificial peptides and natural pro-
teins �15–17�. This approach effectively resolves the limita-
tions to the specular reflectivity techniques described above.
In this approach, an inorganic multilayer structure is fabri-
cated on the surface of the solid inorganic substrate to pro-
vide the reference structure critical for phasing the reflectiv-
ity data. Manipulation of the number, thickness, and
scattering-length density of the layers comprising this
multilayer reference structure is key to optimizing both the
enhanced sensitivity and spatial resolution achievable. How-
ever, the proven advantages of this interferometric approach
have not yet been applied in the investigation of the structure
of Langmuir monolayers of amphiphiles at the liquid-gas
interface. The main challenge is the accurate positioning of
the internal reference structure precisely parallel to the nec-
essarily horizontal interface, in sufficiently close proximity
to the Langmuir monolayer without perturbing the film.

In this article, we describe the development of the inter-
ferometric approach for x-ray reflectivity in the structural
characterization of Langmuir monolayers, without perturba-
tion of the film at water-helium interface. We have applied
this technique to a noncrystalline, densely packed 2D en-
semble of a designed amphiphilic 4-helix bundle peptide to
demonstrate the substantial enhancement of both the sensi-
tivity and the spatial resolution achievable in nonresonance
x-ray reflectivity. This peptide can incorporate complex chro-
mophores containing a transition metal with high specificity.
The Langmuir monolayer of the peptide-chromophore com-
plex has a low in-plane density of the resonant transition-
metal atom. We utilize this fact to further demonstrate the
substantial enhancement of the sensitivity provided by the
interferometric approach in resonance x-ray reflectivity. The
interferometric approach developed in this work for x-ray
reflectivity can be readily extended to neutron reflectivity.

II. EXPERIMENT

The development of the interferometric approach for
Langmuir monolayers at the water-helium interface utilized a
de novo designed amphiphilic 4-helix bundle peptide, desig-
nated AP0 �18,19�. At high surface pressures, the bundle ori-
ents with its long axis perpendicular to the interface with an
extension of �60 Å and each bundle occupying an area of
�500 Å2 in the plane of the monolayer ensemble. While the
average electron density of the helices comprising the bundle
is somewhat greater than that of the aqueous subphase, there
is little variation along the length of the bundle. It was de-
signed to also bind with high specificity extended conjugated
chromophores such as RuPZn, comprised of a Zn-porphyrin
linked via an ethynyl bridge to a polypyridyl-Ru, which ex-
hibits a large optical hyperpolarizability �20�. The binding of
the chromophore into the core of the bundle is achieved via
axial ligation of the zinc atom to a histidine residue posi-
tioned at a specific site along the length of the � helix. The
long axis of the chromophore is aligned along the axis of the
bundle resulting in one zinc �or ruthenium� atom per
�500 Å2 in the plane of the monolayer for a helix-
chromophore stoichiometry of 4:1. These transition metals
exhibit K edge resonance x-ray scattering in the x-ray re-
gime.

The AP0 peptide itself and the AP0-RuPZn peptide-
chromophore complex were spread as monolayers on an
aqueous subphase of low ionic strength �1 mM� contained in
a Langmuir trough. The procedure employed in the prepara-
tion of the spreading solution is described in a previous ar-
ticle �21�. The x-ray reflectivity measurements on these
Langmuir monolayers using noninterferometric and inter-
ferometric approaches were performed using the liquid sur-
face spectrometer at beamline 9-ID-C of the Advanced Pho-
ton Source �APS� at Argonne National Laboratory �ANL�,
Argonne, IL, USA. The canister enclosing the Langmuir
trough was filled with humid He gas in order to reduce the
x-ray background scattering arising from air and also to
minimize subphase evaporation.

The details of noninterferometric x-ray reflectivity data
collection and analysis have been explained in earlier publi-
cations �12,18�. Interferometric x-ray reflectivity data collec-
tion proceeds in a similar manner once the reference struc-
ture is in position. In both the cases, specular x-ray
reflectivity is measured in the vertical scattering plane with
the out-of-plane angle on the liquid surface spectrometer set
to 2�xy=0°, and off-specular background is measured with
2�xy= �0.3° for half the time on either side of the scattering
plane. Later the off-specular background was subtracted
from the specular data to obtain the background-corrected
data. A schematic diagram of the interferometric approach to
x-ray reflectivity is shown in Fig. 1. Initially, the wafer pos-
sessing the multilayer reference structure on its upper surface
is precisely aligned parallel to the trough and then buried
deeply in the subphase. Subsequently, the wafer was slowly
raised ultimately coming into juxtaposition with the Lang-
muir monolayer of the compressed amphiphile at the inter-
face. A separation of 10–100 Å between the monolayer film

FIG. 1. �Color online� Schematic representation of the interfero-
metric approach to x-ray reflectivity to determine the profile struc-
ture of an ultrathin Langmuir film of an amphiphile at the liquid-gas
interface. The close proximity of the multilayer reference structure
without contacting the otherwise unperturbed Langmuir monolayer
of the amphiphile at the liquid-gas interface allows for the critical
interference of x rays reflected by the underlying reference structure
with those reflected by the amphiphile.
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and the uppermost surface of the wafer is achieved by the
combined use of mechanical and piezoelectric translation.
For this purpose, a NTS10 NanoDirect nanopositioner �DTI-
NanoTech, Sarasota, FL, USA� was used. Precise control of
the separation between the lower surface of the Langmuir
monolayer of the amphiphile and the upper surface of the
multilayer reference structure is required to retain the struc-
ture of the organic/bio-organic ultrathin film at the water-
helium interface without perturbation from the proximity of
the wafer. With this approach, the incoming x rays are then
not only reflected from the Langmuir monolayer of the am-
phiphile but also from the underlying reference wafer.
Hence, the x-ray reflectivity so obtained becomes rich in
features due to interference effects between the two reflec-
tivity phenomena. These interference effects are essential to
providing a direct solution to the phase problem as well as
the substantial enhancement of both the sensitivity and the
spatial resolution in the derived electron-density profile
across the interface.

The interferometric approach requires the use of an inor-
ganic reference multilayer structure. The optimal reference
structure should maximize the interference effects between
the multilayer reference structure �which is known from its
fabrication specifications and subsequently verified experi-
mentally� and the unknown structure of the Langmuir mono-
layer of the amphiphile �which is to be determined�. These
interference effects can be tuned via the fabrication specifi-
cations and should ideally range from fully constructive to
completely destructive, over the largest possible range of
photon momentum transfer perpendicular to the interface,
Qz. Optimization of the parameters of the multilayer refer-
ence wafer is dependent on the fabrication method. We found
electron-beam evaporation methods to be incapable of pro-
ducing layers of sufficient uniformity and reproducible mini-
mal thicknesses. Magnetron sputtering was found to provide
a more precise control over both the uniformity of the layers
and smaller reproducible thicknesses. In addition, the optimi-
zation can involve not only the thickness and relative elec-
tron densities of the higher and lower contrast layers in the
multilayer unit cell but also the number of unit cells in the
multilayer superlattice where thickness reproducibility is es-
sential. The number of unit cells should be small, e.g., 1–3,
so as to provide phase information continuously over the
accessible range of Qz. In the present work, the fabrication of
the multilayer reference structures on silicon wafers was per-
formed at the deposition laboratory of the APS at ANL, Ar-
gonne, USA. An optimization procedure, employing a com-
parison of the simulated specular x-ray reflectivity with that
measured from test samples, resulted in the following refer-
ence multilayer structure employed in this work, namely, a
multilayer comprised of 50 Å Si-20 Å Ni-20 Å Si �hence-
forth referred as Si-Ni-Si� on a 3� diameter silicon wafer
�n-type Si:P−600-�m-thick, El-Cat Inc., Waldwick, NJ,
USA.�.

The interferometric analysis of the x-ray reflectivity data
was performed in the distorted-wave Born approximation us-
ing the computationally efficient, so-called box-refinement
algorithm �12,13�. In the noninterferometric analysis of x-ray
reflectivity data from a Langmuir monolayer of an am-
phiphile at the liquid-gas interface, a simple step function,

representing the electron-density profile across an ideal inter-
face in the absence of the amphiphile, is used as the input
trial structure to initiate the phase refinement. The finite ex-
tent of the gradient of the electron-density profile for the
Langmuir monolayer at the interface, the powerful “box con-
straint” determined experimentally from the reflectivity data
without phase information, provides the critical constraint
for driving the refinement to converge to an acceptable
electron-density profile for the monolayer of the amphiphile.
However, in the case of the interferometric analysis, x-ray
reflectivity with an adjacent reference structure �13,22�, the
known electron-density profile of the multilayer reference
structure is used as the input trial structure to initiate the
phase refinement. The fabrication specifications for the
multilayer provide initial parameters for its structure which
can be refined against the reflectivity from the reference
structure itself. The dominance of the reference structure in
the phase refinement, due to its greater contrast, results in the
box-refinement algorithm converging to the phase solution
nearest that for the reference structure, thereby providing di-
rectly the electron-density profile of the adjacent organic/bio-
organic monolayer.

III. RESULTS AND DISCUSSION

Besides providing a direct solution to the phase problem,
the important advantages of using the interferometric ap-
proach to x-ray reflectivity measurements include the en-
hancement of both the sensitivity and the spatial resolution in
the structural investigations of Langmuir monolayers of
organic/bio-organic amphiphiles at liquid-gas interface. To
demonstrate this aspect experimentally, we utilized the AP0-
RuPZn peptide-chromophore complex that was spread as
Langmuir monolayer at the water-helium interface. A photo-
graph of the experimental setup used for interferometric
x-ray reflectivity measurement is shown in Fig. 2. The Si-
Ni-Si multilayer reference structure on the surface of a Si
wafer was supported at the lower end of a metal rod as
shown. Importantly, in order to avoid the penetration of the
Langmuir monolayer by the rod supporting the reference
structure, an additional stationary barrier was mounted on the
Langmuir trough and the metal rod was positioned behind
this barrier as shown.

Initially, x-ray reflectivity was first obtained from the Si-
Ni-Si reference wafer in helium, but using the same sample
chamber as for subsequent measurements of the Langmuir
monolayer. For these measurements, the lid of the gas-tight
canister enclosing the Langmuir trough was replaced with a
lid in two segments, one that could be easily removed, and
one with a tilt stage and two vertical translation stages
mounted on it. These stages were coupled to a rod passing
though a feedthrough in the lid and supporting the reference
wafer on its upper surface. The tilt stages allowed the wafer
to be precisely aligned in the horizontal plane for the specu-
lar x-ray reflectivity measurements from the reference
multilayer structure with the upper surface of the wafer po-
sitioned higher than the Teflon walls of the Langmuir trough.
Then, in order to collect noninterferometric x-ray reflectivity
for the Langmuir monolayer of AP0-RuPZn peptide-
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chromophore complex, the Si-Ni-Si reference structure was
translated vertically downward by the mechanical vertical
translation stage until it was submerged deeply in the trough
and then the trough was filled with aqueous subphase. The
AP0-RuPZn peptide-chromophore complex was then spread
on the water-air interface and compressed to a surface pres-
sure of 39 mN m−1. A schematic representation of AP0-
RuPZn peptide-chromophore complex is shown in Fig. 3�a�
and a typical pressure-area isotherm for this amphiphile is
shown in Fig. 3�b�. This relatively high surface pressure re-
mained stable during all subsequent measurements, which is

noteworthy considering the steepness of the isotherm in this
higher surface pressure regime. The x-ray reflectivity ob-
tained for this compressed monolayer agrees well with the
earlier results �21� on the same system, indicating the com-
plete vectorial orientation of the �-helical bundles with their
long axis aligned perpendicular to the interface at this sur-
face pressure. For reference, typical Fresnel-normalized
specular x-ray reflectivity data for this amphiphile upon
compression at three selected surface pressures spanning a
large range of the isotherm, corresponding to average area
per helix values of 300 Å2, 150 Å2 and 100 Å2, are shown
in Fig. 4�a�. The corresponding monolayer electron-density
profiles, are shown in Fig. 4�b�. These profiles demonstrate
the nearly continuous orientational transition typical of these
amphiphilic 4-helix bundle peptides as described previously
�18,19,21�, in which the helices are aligned initially parallel
to the water-helium interface at lower surface pressures and
become progressively oriented more perpendicular to the in-
terface upon compression, with all helices perpendicular to
the interface only at the higher surface pressure extreme.
Subsequently, the Si-Ni-Si reference wafer was slowly trans-
lated vertically upward using the piezoelectric translation un-
til the meniscus over the wafer was seen to rise above the
level of the surrounding, unsupported meniscus. Reflectivity
collected in this condition showed that the aqueous layer
between the wafer and the monolayer, was too thick for any
interference effects to be observed �data not shown�, and the
reflectivity remained essentially the same as it was when the
reference wafer was deep in the subphase. At this point, for
the first set of multilayer references structures, whose upper
surface was hydrophobic �based on macroscopic observa-
tions of wetting with aqueous media and estimates of the
contact angle�, the evaporation of the subphase was inten-
tionally promoted by the rapid flow of dry He to facilitate
thinning of the intervening water layer between the Lang-
muir monolayer of the amphiphile and the Si-Ni-Si reference
structure. Care was taken not to perturb the Langmuir mono-
layer at the water-helium interface. When the layer was uni-
formly thin across the wafer such that the wafer appeared dry
but with the meniscus still attached, the reflectivity data ex-
hibited obvious interference effects. Remarkably, the surface
pressure remained constant during these operations and dur-
ing the subsequent reflectivity experiments, measured to an
accuracy of �1 mN m−1, indicative of the retention of the
bundle axis alignment perpendicular to the interface. Thus,
we anticipated that the Langmuir monolayer remained undis-
turbed and that no direct contact was established between the
upper surface of the reference structure and the lower surface
of monolayer. Once these interference features were ob-
served, a minimal flow of moist helium was used to maintain
the level of the aqueous subphase and x-ray reflectivity mea-
surements were then performed under these stable interfero-
metric conditions. As described below, the absence of any
contact between the upper surface of the reference structure
and the lower surface of monolayer was later substantiated in
the electron-density profiles derived from the interferometric
x-ray reflectivity data that indicated a gap with a thickness of
about 10 Å between these two surfaces when the upper sur-
face of the reference structure was hydrophobic.

The Fresnel-normalized x-ray reflectivity data,
R�Qz� /RF�Qz�, obtained for the Langmuir monolayer of the

FIG. 2. �Color online� Photograph of the experimental setup
used for the interferometric x-ray reflectivity measurements, viewed
through the kapton window of the trough canister. The rod support-
ing the reference structure appears in the foreground separated from
the Langmuir monolayer of the AP0-RuPZn amphiphile by the ad-
jacent fixed Teflon barrier. The reference multilayer structure is on
the upper surface of the silicon wafer visible in the aqueous sub-
phase on the other side of the fixed barrier. The moving Teflon
barrier employed to compress the monolayer of the amphiphile is
visible just beyond the reference structure, with a large expanse of
only the aqueous subphase behind the moving barrier following
compression.

(b)(a)

FIG. 3. �Color online� �a� Schematic representation of AP0-
RuPZn peptide-chromophore complex. The straight � helices are
shown in the ribbon representation, wherein the lower and upper
halves representing the hydrophilic and hydrophobic domains, re-
spectively, of the amphiphilic 4-helix bundle AP0. The RuPZn chro-
mophore is shown in the center of the bundle using stick represen-
tation, with its zinc and ruthenium atoms shown as dark-colored
spheres. �b� A typical pressure-area isotherm for a Langmuir mono-
layer of the AP0-RuPZn amphiphile. Note the steepness of the iso-
therm in the higher surface pressure regime, namely, in the vicinity
of 39 mN m−1 employed in these experiments.
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AP0-RuPZn amphiphile employing both the noninterfero-
metric and interferometric approaches are shown in Figs.
5�a� and 5�b�, along with the data from the Si-Ni-Si reference
structure. A substantial improvement in both the spatial res-
olution and sensitivity arising from the interference effects is

clearly evident from Fig. 5. With regard to the “spatial reso-
lution,” note that the signal from the Langmuir monolayer of
the amphiphile in the interferometric case is contained in the
difference between the Fresnel-normalized reflectivity for the
reference structure itself and that with the adjacent mono-

(b)(a)

FIG. 4. �a� Fresnel-normalized specular x-ray reflectivity from a Langmuir monolayer of the AP0-RuPZn amphiphile upon compression
at three selected surface pressures corresponding to the average area/helix values indicated. Note the expanded ordinate scale compared with
that in the subsequent Figs. 5�a� and 6�a�. �b� Corresponding monolayer electron-density profiles calculated from the data shown in �a�. Note
that at the higher surface pressure of 39 mN m−1, corresponding to an average area/helix in the plane of the interface of 100 Å2, the excess
electron density arising from the amphiphile at the water-helium interface is relatively uniform over about 50 Å. At this high surface
pressure, the bundle axis has become perpendicular to the interface, the helices extending about 60 Å along the profile axis allowing for
interfacial roughness at both the peptide-helium interface at z=0 Å and the peptide-water interface at z=−60 Å. Also note the expanded
ordinate scale compared with that in the subsequent Figs. 5�d� and 6�d�.

FIG. 5. X-ray reflectivity results �measured at 22 017 eV� from a Langmuir monolayer of the AP0-RuPZn amphiphile obtained using
noninterferometric and interferometric approaches shown along with those for the Si-Ni-Si reference structure alone that possessed a
macroscopically hydrophobic upper surface �dashed lines, Si-Ni-Si reference structure in He; continuous lines, Si-Ni-Si reference structure
with adjacent Langmuir monolayer �interferometric case�; and dotted lines, Langmuir monolayer of the amphiphile only�. �a� Fresnel-
normalized x-ray reflectivity data shown on a linear scale, �b� Fresnel-normalized x-ray reflectivity data shown on a semilogarithmic scale,
�c� Patterson �autocorrelation� functions, and �d� electron-density profiles. See text for further description and discussion.
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layer of the amphiphile. This relatively large amplitude sig-
nal is virtually noiseless, in terms of the counting statistics,
extending over the entire range of Qz investigated, extending
apparently, beyond the maximum value of 0.5 Å−1, as par-
ticularly evident in the semilogarithmic plot in Fig. 5�b�. In
this case, the effective spatial resolution achievable in
electron-density profile of the amphiphile derived from these
data is simply limited only by the range of momentum trans-
fer investigated. Conversely, for the noninterferometric case,
the signal from the Langmuir monolayer of the amphiphile is
contained in the features in the Fresnel-normalized reflectiv-
ity that differ significantly from those in the reflectivity from
the clean water-helium interface in the absence of the am-
phiphile. While these differences are difficult to visualize in
Fig. 5 where they appear on the same ordinate scale as for
the interferometric case, they are readily apparent on an ex-
panded ordinate scale in Fig. 4�a�. These significant features,
e.g., maxima and minima, are thereby seen to occur only for
Qz�0.25 Å−1, the data becoming as featureless as that of a
clean water-helium interface �namely, a simple exponential
decay determined by the roughness of the interfaces in the
monolayer profile� for larger values of momentum transfer.
This severely limits the effective spatial resolution in the de-
rived electron-density profile of the amphiphile in the nonin-
terferometric case by at least a factor of two compared to the
interferometric case in these experiments, in spite of the fact
that data were collected to the same maximum value of Qz in
both cases. Specifically, for the noninterferometric case, fea-
tures in the electron-density profile separated by less than
about 20 Å would not be distinguishable compared with
separations of about 10 Å or less for the interferometric
case. With regard to “sensitivity,” note that the amplitude of
the signal from the Langmuir monolayer of the amphiphile in
the interferometric case, as defined above, is much larger
than that for the noninterferometric case over the entire range
of Qz investigated. For example in Fig. 5, this amplitude
measured over the regions containing the maxima, where
such comparisons remain finite, is already about two to eight
times larger for Qz�0.20 Å−1, about 3 to 5 times larger for
0.23�Qz�0.43 Å−1, and about 10 times larger for 0.43
�Qz�0.52 Å−1.

Fourier transformation of the Fresnel-normalized data
provides the autocorrelation of the gradient of the electron-
density profile of the monolayer. This is also known as
Patterson function, which determines the maximum extent of
the gradient of the electron-density profile across the inter-
face �i.e., the box constraint� because the gradient profile is
bounded due to the uniform electron density of the helium
superphase above the monolayer and the aqueous subphase
below the monolayer. The Patterson functions for the Lang-
muir monolayer obtained using noninterferometric- and in-
terferometric approaches are shown along with that for the
Si-Ni-Si reference structure in Fig. 5�c�. In the noninterfero-
metric case, the autocorrelation function exhibits significant
features extending only to �60 Å, in agreement with the
expected length of the AP0 peptide �each �-helix of AP0 has
42 residues yielding a length of about 63 considering 1.5 Å
per residue along its axis�. This indicates that the orientation
of the long axis of the 4-helix bundle peptide is perpendicu-
lar to the water-helium interface at the higher surface pres-

sure utilized. The Patterson function for the interferometric
case has more prominent features extending to larger dis-
tances. In particular, these features extend slightly beyond
�150 Å when the monolayer of the amphiphile is adjacent
to the reference structure, as compared to only �90 Å for
the reference structure itself.

The electron-density profiles for the Langmuir monolayer
of the AP0-RuPZn amphiphile obtained using both the non-
interferometric and interferometric approaches are shown,
along with that for the Si-Ni-Si reference structure, in Fig.
5�d�. The peptide-helium interface is at +110 Å for both the
noninterferometric and interferometric cases. In the noninter-
ferometric case, the peptide-water interface is at +50 Å, il-
lustrating that the peptide is �60 Å in length �more readily
evident when shown on an expanded ordinate scale as in Fig.
4�b��. For the Si-Ni-Si reference structure and for the inter-
ferometric case with the adjacent Langmuir monolayer of the
amphiphile, the various regions of the profile can be assigned
to the following layers:

�i� −150�z�−90 Å: the underlying Si wafer;
�ii� −90�z�−80 Å: native SiO2 on the wafer surface;
�iii� −80�z�−40 Å: first amorphous Si layer deposited

on the native oxide layer;
�iv� −40�z�−15 Å: amorphous Ni layer deposited on

the amorphous Si layer;
�v� −10�z�0 Å: second amorphous Si layer deposited

on the Ni layer; and
�vi� 0�z�+20 Å: low-density amorphous SiOx layer.
All the interfaces in these profiles have a width of about

4 Å. With regard to the multilayer reference structure, the
profiles reveal that initially, it is reasonably consistent with
the fabrication specifications with the addition of the amor-
phous SiOx layer that forms on the surfaces of such
multilayer substrates fabricated by either sputtering �23� or
molecular-beam epitaxy �MBE� �17�. Furthermore, the refer-
ence structure does change somewhat upon exposure to the
aqueous subphase in the interferometric experiments with
regard to the density of the Ni layer. The electron-density
profile in the interferometric case clearly shows the presence
of the peptide layer for +30�z�+90 Å of relatively uni-
form electron density slightly greater than that of water,
which is absent in the profile of the reference structure itself
in helium. An intervening layer of very low electron density
is seen to occur between the hydrophobic upper surface of
the reference structure and the lower surface of the peptide
layer of �10 Å thickness. The very low density of this layer
is consistent with moist helium vapor, and certainly not bulk
water. This feature is robust in that artificially increasing its
electron density to that of water, all other features remaining
unchanged, results in a calculated Fresnel-normalized x-ray
reflectivity that differs substantially from the experimental
data. This result is consistent with the fact that the surface of
this particular multilayer reference structure was found to be
quite hydrophobic �see below for the hydrophilic case�,
based on macroscopic observations of wetting with aqueous
media and estimates of the contact angle. Lastly, the low
amplitude, minimum wavelength undulations in the electron-
density profiles can be ascribed to truncation of the Fourier
transform employed in the analysis. Such undulations are the
simple manifestation of the Fourier representation of the
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one-dimensional �1D� profile and they define the local aver-
age electron density within any particular region of the pro-
file. For any two profiles containing such errors to be signifi-
cantly different, they must satisfy well-defined criteria
thoroughly described by Strzalka et al. �24�. Such an analysis
of electron-density distributions and their differences is typi-
cal of crystallographic studies in higher dimensions, e.g., 2D
and three-dimensional. Other representations of such 1D pro-
files obtained via either model refinement or alternative ap-
proaches to solving the phase problem manifest such errors
differently, as recently described in detail by Valincius et al.
�25�.

Given the macroscopically hydrophobic surface of the
multilayer reference structure described above, a second set
was fabricated. Although the layers in these were not found
to be as uniform as those described above for the first set, as
will be described below, the upper surface of these multilayer
reference structures was found to be macroscopically hydro-
philic, on the same basis, with profound implications. Simi-
lar to the previous case, a high rate of dry He flow was used
to promote thinning of the intervening water layer until the
interference features appeared, followed by a return to a
minimal flow rate of moist helium during the reflectivity
measurements under stable interferometric conditions. It is
noteworthy to mention that under these measurement condi-
tions �i.e., moist helium�, the change in the thickness of the
intervening water layer due to evaporation was found to be
negligible. Repeated subsequent reflectivity scans repro-
duced very well to within the counting statistics, indicating

that the water layer thickness remained constant over a pe-
riod of about 4 h. The substantial improvement in both the
spatial resolution and sensitivity arising from the interference
effects is again clearly evident in the Fresnel-normalized re-
flectivity shown in Figs. 6�a� and 6�b�. The effects of the
interference phenomena are similarly apparent in the auto-
correlation �or Patterson� functions shown in Fig. 6�c�. The
electron-density profiles for the Langmuir monolayer of the
AP0-RuPZn amphiphile obtained using both the noninter-
ferometric and interferometric approaches with this
multilayer reference structure are shown, along with that for
the Si-Ni-Si reference structure, in Fig. 6�d�. While the vari-
ous layers within the reference structure occur with the re-
gions defined above for the reference structure with the hy-
drophobic surface, there is more evidence in the electron-
density profile of this reference structure for migration of the
Ni to the interfaces in the multilayer structure, as evidenced
by the maxima at z�−80, −50, and +20 Å. This origin for
the latter maximum at �+20 Å might explain the observed
macroscopic hydrophilicity of the upper surface of this ref-
erence structure. The second implication of particular signifi-
cance for these reference structures possessing a hydrophilic
upper surface is the fact that the low-density layer interven-
ing between the lower surface of the monolayer of the am-
phiphile and the hydrophobic upper surface of the reference
structure described above has vanished, being replaced with
a layer whose electron density is approximately equal that of
water, slightly less than that of the amphiphile. Given the
similar electron densities of the AP0-RuPZn amphiphile and

FIG. 6. X-ray reflectivity results �measured at 9559 eV� from a Langmuir monolayer of the AP0-RuPZn amphiphile obtained using
noninterferometric and interferometric approaches shown along with those for the Si-Ni-Si reference structure alone that possessed a
macroscopically hydrophilic upper surface �dashed lines, Si-Ni-Si reference structure in He; continuous lines, Si-Ni-Si reference structure
with adjacent Langmuir monolayer �interferometric case�; and dotted lines, Langmuir monolayer of the amphiphile only�. �a� Fresnel-
normalized x-ray reflectivity data shown on a linear scale, �b� Fresnel-normalized x-ray reflectivity data shown on a semilogarithmic scale,
�c� Patterson �autocorrelation� functions, and �d� electron-density profiles. See text for further description and discussion.
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water, the thickness of this intervening water layer can be
readily inferred. The �60 Å length of the amphiphile ex-
tending from the monolayer-helium interface at �+120 Å,
places the lower surface of the amphiphile at �+60 Å. With
the upper surface of the reference structure at �+25 Å, this
intervening water layer would be �35 Å thick. The results
described above suggest that macroscopic polarity of the up-
per surface of the multilayer reference should be intention-
ally controlled. This can be accomplished via suitable alky-
lation �26�.

A substantial enhancement of both the sensitivity and spa-
tial resolution achievable in nonresonance specular x-ray re-
flectivity employing the interferometric approach is more
evident from a closer examination of the electron-density
profiles for the amphiphile shown in Figs. 5�d� and 6�d�,
compared with that for the noninterferometric case from Fig.
4 at comparable surface pressures. For the interferometric
case, the difference electron-density profile shown in Fig. 7
for the multilayer substrate exhibiting a macroscopically hy-

drophobic surface �continuous-line profile� is that of the am-
phiphile itself, hydrated with water-saturated helium at either
surface �i.e., proximal and distal with respect to the substrate
surface�. This situation results in the maximum electron den-
sity contrast for the amphiphile at both the proximal and
distal ends of the amphiphilic 4-helix bundle peptide within
the Langmuir monolayer. The peptide-gas interfaces are seen
to be relatively well defined �i.e., relatively “narrow”�, the
electron density of the amphiphile is relatively uniform over
its entire length, and the width �full width at half maximum�
of the amphiphile’s profile structure is 63 Å, precisely that
expected for an �-helix comprised of 42 residues oriented
perpendicular to the plane of the monolayer. Overall, this
profile structure of the amphiphile within the Langmuir
monolayer exhibits a relatively “square” shape. The differ-
ence electron-density profile shown in Fig. 7 for the
multilayer substrate exhibiting a macroscopically hydrophilic
surface �dashed-line profile� is that of the amphiphile itself
with the intervening layer of water on the proximal side of
the monolayer. The peptide-water interface at the proximal
end of the bundle remains apparent, although the profile of
the amphiphile itself is somewhat less uniform over its
length, likely due to a greater incorporation of the RuPZn
chromophore within the hydrophilic domain forming the
proximal end of the bundle for this particular monolayer
�27�. By comparison, the features described above for the
profile of the amphiphile itself in the interferometric case are
not so apparent for the noninterferometric case �dotted-line
profile� from Fig. 7. For example, the peptide-helium and
peptide-water interfaces are much less well defined �i.e.,
more “broad”�, especially the latter, making a determination
of the length of the bundle perpendicular to the interface
problematic. Worse, the excessive breadth of the latter inter-
face could, in principle, arise from the undesirable unwind-
ing of the � helices at the end of the bundle’s hydrophilic
domain. Lastly, the electron density of the amphiphile over
its length has much less uniform “more rounded” shape,
more like that of a single broad maximum. These several
“deficiencies” noted for the noninterferometric case are seen,
via this detailed comparison, to arise from the limited “effec-
tive” spatial resolution achievable with normal reflectivity,
described earlier in this section, in the absence of the key
interference effect provided by this interferometric approach.

Although a substantial enhancement of both the sensitiv-
ity and spatial resolution achievable in nonresonance specu-
lar x-ray reflectivity employing the interferometric approach
has been clearly demonstrated by the results described
above, the enhancement of the sensitivity aspect is particu-
larly evident in resonance specular x-ray reflectivity with
interferometry. Previously, we have investigated the utility of
resonance specular x-ray reflectivity without interferometry,
using Langmuir monolayers of a simple organic amphiphile,
2-bromo stearic acid �29�. Strong resonance effects with ex-
cellent signal-to-noise ratio were observed about the Br
K-edge, where the in-plane density of the resonant Br atom
was relatively high at �25 Å2 per Br atom following com-
pression of the monolayer. Subsequently, we attempted to
utilize the same resonance x-ray reflectivity approach to lo-
calize the Zn atom and the Ru atom of the RuPZn chro-
mophore along the length of the amphiphilic 4-helix bundle

FIG. 7. Difference electron-density profiles for the interferom-
etry case at the water-gas interface, namely, the difference between
the electron-density profile for the multilayer substrate with the ad-
jacent Langmuir monolayer of the amphiphile �i.e., continuous lines
in Figs. 5�d� and 6�d�� and the profile for the multilayer substrate
itself �i.e., dashed lines in Figs. 5�d� and 6�d��. Here, the
continuous-line difference profile is for the substrate exhibiting a
macroscopically hydrophobic surface, while the dashed-line differ-
ence profile is for the substrate exhibiting a hydrophilic surface. The
intervening water layer on the proximal side �with respect to the
multilayer substrate� of the Langmuir monolayer of the AP0-RuPZn
amphiphile for the latter hydrophilic surface is shown with cross-
hatching. For both these continuous- and dashed-line difference pro-
files, refer to the ordinate scale on the left. The electron-density
profile �dotted-line� for noninterferometry case, namely, the
electron-density profile of the amphiphile at the water-gas interface
at comparable surface pressure �i.e., the continuous-line profile
from Fig. 4�b�� is presented for reference. For this dotted-line pro-
file, refer to the ordinate scale on the right. The left-side and right-
side ordinate scales are different in order to superimpose the inter-
vening water layer electron density for the interferometric case with
the hydrophilic substrate surface and that of the bulk water sub-
phase for the noninterferometric case. See results and discussion
section for further details. All three electron-density profiles have
been aligned along the profile z axis to make their respective
peptide-helium interfaces coincide.
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AP0-RuPZn employed in this work. As noted earlier, the
in-plane density of the resonant Zn and Ru atoms following
compression of a Langmuir monolayer of this amphiphile to
orient the bundle axis perpendicular to the water-helium in-
terface is over an order of magnitude lower at �500 Å2 per
Zn or Ru atom. As a result, resonant effects about the Zn and
Ru K edges were not observable. With interferometric en-
hancement, we have now observed significant resonance ef-
fects from the AP0-RuPZn complex about the Ru K edge at
22 117 eV. The results are shown in Fig. 8. In these experi-
ments, a factor derived from the energy dependence of the
specular x-ray reflectivity from the water-helium interface
was used to correct the data for systematic effects, analogous
to the procedure used in �29�. Furthermore, a standard signal-
averaging procedure was utilized involving a cyclic variation
of the x-ray energy about the K edge, namely, K-�, K, K
+�, K, etc., where �=100 eV, to identify and separate any
changes in the specular x-ray reflectivity arising simply from
evolution of the specimen during data collection �likely due
to radiation damage� from the true resonance effects. The
Fresnel-normalized specular x-ray reflectivity data shown in
the Fig. 8 for each of the three energies about the K edge
investigated are the average over two cycles. The analysis of
these resonance data will be reported separately.

IV. CONCLUSIONS

Langmuir monolayers provide an important system for
the investigation of the intramolecular structure and intermo-

lecular ordering of organic and bio-organic macromolecular
amphiphiles at an interface between polar and nonpolar me-
dia, e.g., the liquid-gas interface. Specular x-ray and neutron
reflectivity have contributed substantially to these investiga-
tions. We have demonstrated how the well-known interfero-
metric approach can be extended to the structural investiga-
tion of otherwise unperturbed Langmuir monolayers of these
amphiphiles to provide not only a direct solution to the phase
problem, but also and importantly, a substantial enhancement
in both the sensitivity and the spatial resolution achievable in
the derived profiles. The enhancement in sensitivity can be
especially important in resonance x-ray reflectivity experi-
ments where the in-plane density of resonant atoms in the
plane of the monolayer is low.
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