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Liquid Interface Science at ChemMatCARS
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Introduction

Located at Sector 15 of the Advanced Photon Source (APS), Chem-
MatCARS addresses the need in the USA for facilities and expertise in
synchrotron X-ray studies of advanced chemical and materials crystal-
lography, liquid interface science, and anomalous small and wide angle
X-ray scattering (Figure 1). Nearly 120 research groups performed X-
ray experiments at ChemMatCARS facilities during 2019-2023 to in-
vestigate molecular science in areas including chemistry, materials re-
search, biology, and engineering. Here, we focus on studies of liquid
surfaces and interfaces carried out at ChemMatCARS. First experi-
ments in the liquid interface program at ChemMatCARS started in
2002 with a user community of four research groups. Advances in the
ease of making reliable measurements at ChemMatCARS, and in their
analysis, as well as a robust program of outreach activities have led to a
cumulative total of 56 research groups. Roughly 20 different research
groups use the liquid interface facility during 2-year periods.

Liquid interfaces provide model systems to study the statics and
dynamics of interfacial self-assembly, molecular interactions, and

chemical reactivity. They provide a platform for the controllable as-
sembly of molecules, ions, or nanoparticles, which dynamically reorga-
nize in response to perturbations, such as changes in pH, bulk phase
composition, and interfacial electric fields [1-4]. Synchrotron X-ray
surface scattering is a powerful probe of atomic, molecular, and meso-
scale structure at liquid interfaces. X-ray scattering studies from liquid
surfaces and interfaces have led to key discoveries by users of Chem-
MatCARS on structures of two-dimensional (2D) molecular and bio-
molecular films and interfacial ionic ordering [5—17]. Such studies at
ChemMatCARS and elsewhere provide information that has changed
our understanding of liquid interfacial processes [18].

Liquid interfaces are also used in the preparation and characterization
of functional assemblies of surfactants, lipids, polymers, peptides, pro-
teins, liquid crystals, and nanoparticles. These interfacial assemblies ex-
hibit a range of functionalities, including biosensing, optics, drug deliv-
ery, signaling, and energy storage [17, 19-26]. Directing the nanoscale
assembly of these materials for the purpose of attaining a specific func-
tionality is an ongoing challenge, requiring knowledge of their interfacial

Figure 1: ChemMatCARS principal investigators and staff outside the facility (February 2024). Left to Right: Mark Schlossman, Wei Bu, Matthew Tirrell,
Binhua Lin, Jason Benedict, Kevin Lynch, Natalie Chen, Yu-Sheng Chen, Theodore Betley, Daniel Kerr, Ka Yee C. Lee, Tieyan Chang, Ben Stillwell, Jin-

xing Jiang, Mrinal Bera.
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order. To measure the in situ molecular-scale ordering of assemblies at
liquid interfaces, X-ray surface scattering is often the only viable option.

In this article, we provide a brief overview of technical and scien-
tific activities in liquid interface science at ChemMatCARS. We start
with a description of hardware and software capabilities, then describe
a few select examples of science in the areas of chemical separations,
nanomaterials, life sciences, and bioengineering.

The ChemMatCARS liquid interface facility

The ChemMatCARS liquid interface scattering instrument, with ac-
cess to a broad range of tunable X-ray energies (5 to 70 keV), allows
X-rays to penetrate dense liquids and scatter from buried liquid-liquid
interfaces, as well as scatter from liquid-vapor interfaces [27, 28] (Figure
2). The ChemMatCARS facility has placed a high priority on the intro-
duction of “experts-only” techniques to general users who are often
novices in the use of synchrotron X-rays. For example, a user-friendly
implementation of X-ray fluorescence near total reflection (XFNTR) for
the measurement of element-specific interfacial densities was adopted by
roughly half of our users within a couple of years. Our development of
open-source software over many years has optimized real-time data re-
trieval, visualization, and analysis for experts and novices alike.

X-ray techniques

Although the ChemMatCARS instrument is capable of the full suite
of X-ray surface scattering techniques, the primary techniques in use
include X-ray reflectivity (XR) to measure the electron density profile
of the interface with sub-nanometer resolution [29-32], grazing-inci-
dence diffraction (GID) to probe ordered molecular or atomic-scale
structures within the plane of the surface with sub-angstrom resolution

m \]
1

Liquid/Liquid Cell

Figure 2: Panoramic view of the ChemMatCARS liquid interface scatter-
ing station at the Advanced Photon Source (Argonne National Laboratory,
USA). A single steering crystal steers the beam onto the liquid interface.
The liquid/liquid cell can be replaced with other sample cells, like a Lang-
muir trough for measurements of monolayers supported on the water sur-
face. Detector usage is described in the text.
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[25, 33-35], and X-ray fluorescence near total reflection (XFNTR) to
measure the interfacial density (number per area) of specific elements
[5, 13]. Numerous other techniques are in occasional use, including
grazing incidence small angle X-ray scattering (GISAXS) and surface
diffuse scattering. The kinetics of processes taking place on the order of
seconds can be measured with techniques pioneered or further devel-
oped at ChemMatCARS. These include fast grazing-incidence diffrac-
tion with a 1D pinhole geometry [12, 36, 37] and fast grazing incidence
off-specular scattering to measure electron density profiles [12].

Recently, we have commissioned the measurement of X-ray absorp-
tion spectroscopy (XAS, including EXAFS and XANES) from liquid
surfaces at ChemMatCARS. XAS is the leading technique for measur-
ing elemental speciation in bulk solutions (and in solid state samples),
including the identity, number, and distance of coordinating ligands
within roughly 5 A, as well as the elemental oxidation state. The ability
to apply this technique to liquid surfaces at a resolution comparable to
bulk solution measurements promises to provide substantial new in-
sights by revealing coordination chemistry at the liquid surface.

Detectors

A Si-pixel area detector, Pilatus3X 200K Si, is used for measure-
ments from the liquid-vapor interface; while a CdTe pixel detector,
Pilatus3X 1M CdTe, is used for liquid-liquid interfaces where higher
energy X-rays are required [15, 23]. Placing an area detector against the
back wall of the experimental hutch, roughly 3 meters from the sample,
enables studies of GISAXS from liquid interfaces [38]. An energy dis-
persive detector (Hitachi Vortex) bundled with fast readout electronics
(Xspress3) is used for spectroscopic measurements (Figure 2).

Software
We have found that developing and providing user-friendly, state of
the art software for X-ray data collection, reduction, and analysis is
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critical for the productivity and growth of our user community. We are
convinced that our software has accelerated the conversion of data into
publishable results, especially for novice users (Figure 3). Rigorous
calculation engines and methods for calculating experimental and fit-
ting uncertainties (i.e., error bars) are provided. These include methods
of mapping chi-squared space and Markov chain Monte Carlo calcula-
tions. By developing this software and training our user community in
its use, we have increased the quality of data analysis and expanded the
scope of scientific challenges that can be addressed at ChemMatCARS.

A recent development in data analysis for liquid interface scattering
is XModFit, a Python-based open-source software designed for exten-
sibility and customization. It is available on the ChemMatCARS web-
site and through GitHub [39]. In addition to providing capabilities for
our current techniques, it provides a platform for developing analysis
software for new techniques. Python-dependency issues are eliminated
by providing compiled versions for our users. Data collection and re-
duction software, namely LSS Reader, has been developed to process
experimental metadata and large collections of area detector images in
real-time into readily usable scattering data [40].

Outreach

ChemMatCARS organizes outreach activities to develop the com-
munity of researchers that use synchrotron X-rays to study liquid inter-
faces. These include an online Soft Matter User Group seminar series
that addresses an international audience, schools to train our users in the
analysis of X-ray scattering data from liquid interfaces [41, 42], and
sponsorship of conference symposia. Recently, ChemMatCARS has
sponsored workshops to explore new initiatives in liquid interface sci-
ence in the areas of biomembranes and cell-surface interactions for bi-
ologists, and opportunities to use small X-ray beams to address prob-

lems in liquid interfacial engineering.

central
science

Antagonistic Role of Aqueous Complexation in the Solv
L ion and Separation of Rare Earth lons
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Figure 3: The research workflow for ChemMatCARS users using the liquid interface scattering instrument and software toolkit.
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ChemMatCARS runs two diversity outreach programs to expand
access to our facility. These include the FaSTRAC program which
sponsors faculty/student teams from minority serving (higher educa-
tion) institutions to do research for a 4 to 6-week period during the
summer, as well as the GSRAC program which supports graduate stu-
dents in carrying out their research and participate in other beamline
activities over a 4 to 6-week period during the summer. These programs
begin to address the challenge of providing a fuller appreciation of syn-
chrotron X-ray science to graduate students who participate in conven-
tionally brief and hectic synchrotron experiments.

New developments

Synchronous with the accelerator upgrade of the APS, ChemMat-
CARS is upgrading to convert APS Sector 15 to a two-beamline facil-
ity. Canted undulators will feed X-rays concurrently to two beamlines.
The ChemMatCARS Sector optics will be replaced entirely, allowing
us to take advantage of the small beams, higher brilliance, and higher
coherence of the upgraded APS X-ray beam. In addition to maintaining
the use of the ChemMatCARS single-crystal-deflector liquid interface
instrument, we will install a double crystal deflector (DCD) instrument
in a newly constructed station on the second beamline [43—46]. This
DCD will have capabilities similar to the DCD instruments at the ESRF
in France and at Petra III in Germany, though it will be unique in the
U.S. New scientific capabilities will be developed on this instrument

Water I
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that will complement our ongoing program, which we hope to report in
a few years.

Liquid interface science at ChemMatCARS

Liquid interfaces are relevant to many technological and environ-
mental challenges. The science described below addresses key ques-
tions in the areas of interfacial electrostatics, separations of critical
minerals, and the synthesis of 2D and nanomaterials for catalysis and
energy applications. Examples will also be drawn from the use of liquid
interfaces as model systems for the study of equilibrium and non-equi-
librium biomembrane structure on the molecular scale.

Interfacial separation of metallic ions

Electrolyte solutions are the medium for numerous chemical reac-
tions and physical and biological processes. lons and reactants are of-
ten concentrated at interfaces, leading to catalytic, self-assembly, sig-
naling, and separations processes important for fundamental science
and industrial commercialization. However, characterizing interfacial
ion distributions remains challenging. Recent advances in X-ray inter-
facial scattering have greatly improved our understanding of interfacial
ions and their interactions with other species. ChemMatCARS has a
history of contributions in this area, expanding our ability to investi-
gate electrostatics at soft interfaces on a molecular level [15, 38, 47—
50] (Figure 4A,B).

vy)
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Figure 4: Probing interfacial electrostatics at ChemMatCARS. (A) Illustration of the electrified interface between aqueous and organic electrolyte solu-
tions with ions represented by spheres. Reprinted with permission from Proc. Nat. Acad. Sci. (USA) 109, 20326 (2012). (B) X-ray reflectivity measure-
ments reveal the potentials of mean force for aqueous ions across the aqueous/organic interface. Variation reprinted with permission from J. Phys. Chem.
B 117, 5365 (2020). (C) Ionic liquid layering at the aqueous/ionic-liquid interface tuned by the electrochemical potential. Reprinted with permission from
J. Phys. Chem. B 124, 6412 (2020). (D) Snapshot of MD simulation that mimics X-ray measurements of charged nanoparticle assemblies at the liquid/
liquid interface. Reprinted with permission from Nano Lett. 14, 6816 (2014).

20

Vol. 37, No. 3, 2024, SYNCHROTRON RADIATION NEWS



Er(Ill)
]

aqueous
e

dodecane

TecHNICAL REPORT

Different interfacial states
for different ions
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Figure 5: Probing chemical separations at ChemMatCARS. (A) Extractant-assisted transport of ions from aqueous to organic solvents. Interfacial transport
mechanism (blue arrows) is under study. X-ray reflectivity and surface fluorescence (XFNTR) reveals different intermediate states trapped at the interface in
the midst of extraction. Reprinted with permission from Proc. Nat. Acad. Sci. (USA) 116, 18227 (2019). (B) X-ray study of anion-extractant complexes at
the water-vapor interface reveals different configurations for different anions. Reprinted with permission from J. Phys. Chem. C 124, 573 (2020).

Ions and their interactions with amphiphilic extractants at liquid in-
terfaces underlie chemical separations of metals [S1]. During the pro-
cess known as solvent (or liquid-liquid) extraction, extractants and
complexants assist the transport of target metal ions across the liquid-
liquid interface between an aqueous solution and an organic solvent.
Solvent extraction processes are designed to extract a target species of
ion from a multi-component aqueous mixture into an organic solvent,
then return it to an aqueous phase containing only the targeted species,
thereby producing a purified solution of the targeted species. Solvent
extraction is used for the removal of toxic metal ions from aqueous
sources, the separation and purification of base, precious and rare-earth
metals, battery recycling, and the separation of long-lived radionuclides
from nuclear waste [51-58].

X-ray measurements at ChemMatCARS have begun to reveal the
chemical species that are present at the liquid interface, their arrange-
ment, and the mechanism for ion transport across the liquid-liquid in-
terface, all critical for optimizing the selectivity and kinetics of solvent
extraction processes [5, 13, 14, 32, 59-62]. Recent studies at Chem-
MatCARS by Dutta, Schlossman, Uysal, and co-workers have resulted
in discoveries about specific ion effects [13, 14, 59, 60, 63], the role of

anions [32, 61, 64], the effect of pH [65], and the counter-intuitive influ-
ence of aqueous complexation [14, 63, 66] (Figure 5).

Room temperature ionic liquids are purely ionic without solvent.
They are widely investigated in the areas of chemical reactions, separa-
tions, and energy storage. Nishi used X-ray reflectivity to study the
ionic-liquid/aqueous-electrolyte interface under electrochemical poten-
tial control. This revealed the structural development of an ionic multi-
layer with increasing potential and the growth of alternating cation-rich
and anion-rich layers that undergo polarity reversal as the potential is
reversed [15] (Figure 4C).

Nanomaterial synthesis at liquid interfaces

Two-dimensional (2D) nanomaterials represent a new direction in
materials synthesis with potential applications in the interconversion of
electrical and chemical energy, and in quantum materials [67]. The
growth of 2D materials on liquid interfaces takes advantage of this es-
sentially defect-free substrate. X-ray studies at ChemMatCARS probe
the growth conditions, including the interfacial molecular and ionic en-
vironment and in situ atomic scale 2D ordering during and after growth.
As one example, Michl and Magnera have investigated metallo-
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Figure 6: Probing 2D materials synthesis on liquid surfaces at ChemMatCARS. (A) Unit cells at air/water interface from GIXD: (a) unreacted monomer
Zn porphyrin, (b) oblique and (c) top view of Zn porphene. Reprinted with permission from Nat. Comm. 14, 6308 (2023). (B) lllustration of the synthe-
sis of ultrathin nanosheet of Co(OH), at the water surface by the ILE method. Time-resolved GIXD measurements monitor its structural evolution.

Reprinted with permission from Chem. Mater. 31, 9040 (2019).

porphenes, two-dimensional fully conjugated analogs of graphene,
whose electrocatalytic properties may be relevant for water oxidation
and CO, reduction, as well as for their potential as spin-based qubits
[68]. One-atom-thick Zn-porphene layers were grown and measured
in situ at the air-water interface at ChemMatCARS [69] (Figure 6A).
Reversible insertion of metal ions suggests that properties of these por-
phenes can be tuned, and metal centers patterned on the lattice.

Wang has developed ionic layer epitaxy (ILE), a solution inter-
face-based method to synthesize 2D nanomaterials of relevance to
electrocatalysis, magnetism, and biomedicine [24, 70-74]. The ILE
method employs an ionic surfactant monolayer at the air-solution in-
terface to guide the synthesis (Figure 6B) [34]. The generality of ILE
has enabled the growth of 2D nanocrystals of lanthanides, noble met-
als, hydroxides, and oxides, as well as the direct observation of their
growth kinetics at ChemMatCARS [12, 24, 34, 37, 72, 74-76]. Time-
resolved grazing-incidence diffraction was used to track the in-situ
growth of 2D wurtzite ZnO nanosheets at the water surface. These
studies led to the discovery of a lateral to vertical growth kinetics
switch, which provides synthetic control over the size and thickness
of 2D nanocrystals [12].

Tunable nanoparticle arrays

The organized assembly of nanoparticles (NPs) at liquid interfaces
has been investigated for the purpose of creating interfaces with specific
optical, catalytic, sensing, and electromagnetic functionality [77-81].
The recent development of tunable interfacial assemblies of NPs has
the potential to transform the use of nanoparticle arrays by providing

remote control over their properties and functionality [38, 82, 83]. Nev-
ertheless, understanding the balance of physical and chemical interac-
tions that determine NP ordering at liquid interfaces remains an open
and challenging task. For example, the large electric fields of charged
NPs produce strong spatial correlations with counterions and other NPs
that are not well understood in the inhomogeneous environment of an
interface (Figure 4D) [38]. Vaknin and Wang demonstrated that the in-
fluence of salt concentration on PEG phase-separation behavior can be
used to order PEG grafted AuNPs on the water surface [83—85]. They
are continuing the use of polyethylene glycol (PEG) ligands to build
complex colloidal superlattices in an aqueous interfacial environment
[9, 20, 86, 87].

Life processes: investigations at liquid interfaces

Interactions between bio-macromolecules, nanoparticles, and cell
membranes influence many life processes. Knowledge of the molecu-
lar-scale interactions, which determine biological function, is often
poor because the disordered nature of biomembrane interfaces is hard
to investigate with many biophysical techniques. However, liquid sur-
face X-ray scattering has proven effective in characterizing processes
in biomembrane mimics [30, 88-91]. The studies of biomembrane
interactions described below have utilized model systems of Lang-
muir monolayers on the water surface, which appear to be appropriate
for processes that involve peripheral membrane proteins. These pro-
teins interact primarily with a single leaflet of the bilayer biomem-
brane. However, a bilayer model system is required to understand the
role of both leaflets of a biomembrane in many processes and Chem-
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Figure 7: Probing interfacial life processes at ChemMatCARS. (A) Association of Tim proteins with lipid monolayers containing anionic phosphatidyl-
serine. Reprinted with permission from Elsevier Biophysical Journal 120, 4891 (2021). (B) Multilayer degradation products of sSPLA, enzyme-lipid inter-
actions. Reprinted with permission from Soft Matter 15, 4068 (2019). (C) Competition of monoclonal antibodies (mAbs) and surfactant (left) can result
in three distinct outcomes, irreversible adsorption of mAbs prevents surfactant adsorption (top right), coadsorption of mAbs and surfactants (middle
right), and inhibition of mAbs adsorption by surfactant (bottom right). Reprinted with permission from ACS Appl. Mater. Int. 12, 9977 (2020). (D) Li-
gand stability regulates the interaction of nanoparticles with biomembranes. Reprinted with permission from ACS Nano 13, 8680 (2019).

MatCARS has plans to establish a facility for bilayer studies at our
new beamline.

The complexity of bio-macromolecules has required advances in
data analysis techniques. For example, the analysis of X-ray reflectivity
to determine the conformation of peripheral membrane proteins bound
to a lipid monolayer was originally developed at ChemMatCARS [92,
93]. Further advances in these analysis techniques at ChemMatCARS
and in the neutron reflectometry community have incorporated
molecular dynamics simulations to account for the flexibility of protein
conformations, as well as the analysis of proteins in bilayers [94-96].
As described previously, the development of data analysis software for
our users is an integral part of ChemMatCARS’ activities and critical to
address scientific challenges.

To understand how immune surveillance cells use plasma mem-
brane receptors to recognize phosphatidylserine on activated cells,
Lee and co-workers used X-ray reflectivity to study the binding of
Tim1, Tim3, and Tim4 (transmembrane immunoglobulin mucin do-
main proteins) to anionic phospholipid monolayers [95]. Membrane-
bound orientations determined by X-ray experiments revealed that
each Tim protein interfaces with membranes via a distinct arrange-
ment of chemical moieties on its surface. They found that the pro-
teins differed in how they balanced hydrophobic and electrostatic

interactions and in their sensing of phospholipid chain unsaturation
and anionic lipid composition (Figure 7A) [95]. The physicochemi-
cal differences among the membrane interfaces of the Tim proteins
may explain their distinct roles in immunology and sensing of cell
membranes.

The protein secretory phospholipase A2 (sPLA,) is overexpressed
in various pro-inflammatory diseases and cancers, making it a poten-
tial target for diagnosis and treatment. To understand its role better,
Liu and co-workers investigated the enzyme-lipid interaction at the
water surface with X-ray reflectivity. This revealed the redistribution
of sPLA,-induced degradation products into the third dimension,
which damaged the original lipid monolayer and produced multilayer
domains (Figure 7B). This finding may explain the SPLA -triggered
bursting of liposomes that forms the basis for lipid nanoparticle drug
delivery systems [97].

Monoclonal antibodies (mAbs) are the fastest growing biologics
used in the treatment of cancers, autoimmune disorders, and infec-
tious diseases [98]. Administering mAbs involves the formation of
air-aqueous interfaces, which can lead to adsorption and deactivation
due to its inherent hydrophobicity. This can decrease the effective
dose and form surface agglomerates [99]. To address this issue, Tu
and Maldarelli added surfactants as excipients to compete with mAbs
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for surface adsorption (Figure 7C) and demonstrated that the mAbs
are unable to adsorb to the surface at sufficiently high levels of ex-
cipient [26, 100].

Assessing the safety of engineered nanomaterials in various set-
tings, including environmental, workplace, and medical applications,
requires understanding the interactions between nanoparticles and cel-
lular or organelle membranes. Wang examined the impact of coating
ligands on membrane adsorption and permeation of nanoparticles. X-
ray surface scattering showed that the stability of surface ligands on
nanoparticles directly affects the impairment and integrity of cell mem-
branes, which can be linked to the cytotoxicity and immunological ef-
fects of nanomaterials (Figure 7D) [31].

Summary

The liquid interface scattering facility at ChemMatCARS is in
transition from a single experimental station to two experimental sta-
tions. Here, we have reported briefly on the technical capabilities of
our single station established by the facility and examples of scien-
tific accomplishments of our user community. These included selec-
tions from studies of ions, nanomaterials, and life processes at liquid
interfaces. During the roughly 20-year lifetime of the current liquid
interface scattering instrument, 169 papers have been published in
numerous areas of liquid interface science, most of which we have
been unable to mention in this brief overview of ChemMatCARS’
activities.
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