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Access to Beam Time at the Advanced Photon Source
Five types of beam-time proposals are available at the Advanced Photon Source (APS): general user, partner or proj-

ect user, collaborative access team (CAT) member, CAT staff, and APS staff. All beam time at the APS must be requested
each cycle through the web-based Beam Time Request System.  Each beam-time request (BTR) must be associated with
one of the proposals mentioned above.

GENERAL-USER PROPOSALS AND BTRS Proposals are peer reviewed and scored by a General User Proposal Review Panel,
and time is allocated on the basis of scores and feasibility. A new BTR must be submitted each cycle; each cycle, alloca-
tion is competitive. Proposals expire in two years or when the number of shifts recommended in the peer review has been
utilized, whichever comes first.

PARTNER- OR PROJECT-USER PROPOSALS AND BTRS Proposals are peer reviewed by a General User Proposal Review Panel
and reviewed further by a subcommittee of the APS Scientific Advisory Committee and by APS senior management.  Al-
though a new BTR must be submitted each cycle, a specific amount of beam time is guaranteed for up to three years.

CAT-MEMBER PROPOSALS Proposals from CAT members are typically much shorter and are reviewed by processes devel-
oped by individual CATs. Allocation/scheduling is determined by the CAT management.

CAT- AND APS STAFF-MEMBER PROPOSALS AND BTRS These proposals are also very short and are reviewed through
processes developed by either the CAT or the APS. Each CAT/beamline determines how beam time is allocated/sched-
uled.  Collaborative access team and/or APS staff may submit general user proposals, in which case the rules for general
user proposals and BTRs are followed.

In addition to the above, the APS has developed an industrial measurement access mode (MAM) program to provide a
way for industrial users to gain rapid access for one-time measurements to investigate specific problems.  A MAM pro-
posal expires after one visit.

The APS User Information page (www.aps.anl.gov/Users-Information) provides access to comprehensive information
for prospective and current APS users.
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The Advanced Photon Source Facility at Argonne National Laboratory
The APS, a national synchrotron radiation research facility operated by UChicago Argonne, LLC, and Argonne Na-

tional Laborator for the U.S. Department of Energy (DOE) Office of Science-Basic Energy Sciences, Scientific User Facilities

Division provides this nation’s brightest high-energy x-ray beams for science. Research by APS users extends from the

center of the Earth to outer space, from new information on batteries, combustion engines and microcircuits, new and im-

proved pharmaceuticals, and nanotechnologies whose scale is measured in billionths of a meter. The APS helps re-

searchers illuminate answers to the challenges of our high-tech world, from developing new forms of energy to sustaining

our nation’s technological and economic competitiveness to pushing back against the ravages of disease. Research at the

APS promises to have far-reaching impact on our technology, our economy, our health, and fundamental knowledge of

the materials that make up our world. 

The APS occupies an 80-acre site on the Argonne campus, about 25 miles from downtown Chicago, Illinois. It shares

the site with the Center for Nanoscale Materials and the Advanced Protein Characterization Facility. 

For directions to Argonne, see anl.gov/directions-and-visitor-information.

CONtACt uS
For more information about the APS send an email to apsinfo@aps.anl.gov or write to APS Info, Bldg. 401, Rm. A4115,

Argonne National Laboratory, 9700 S. Cass Ave., Argonne, IL 60439.

To order additional copies of this, or previous, issues of APS Science send email to apsinfo@aps.anl.gov.

Center for
Nanoscale Materials

Advanced Protein
Characterization Facility

Advanced Photon Source

Experiment Hall

Storage Ring

Linac Booster
Synchrotron

Lab/Office
Modules

X-ray Beamlines

Conference Center

Visit the APS on the Web at
www.aps.anl.gov

To download PDF versions of APS Science
back issues go to 
www.aps.anl.gov/Science/APS-Science
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ADVANCED PROTEIN CHARACTERIZATION FACILITY
CENTER FOR NANOSCALE MATERIALS

(Beamlines, Disciplines, and Source Configuration)
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APS Sectors: At the APS, a “sector” comprises the radiation sources (one bending magnet and nominally one insertion

device, although the number of insertion devices in the straight sections of the storage ring can vary) and the beamlines,

enclosures, and instrumentation that are associated with a particular storage ring sector. The APS has 35 sectors dedi-

cated to user science and experimental apparatus. X-ray Science Division sectors comprise those beamlines operated by

the APS. Collaborative access team sectors comprise beamlines operated by independent groups made up of scientists

from universities, industry, and/or research laboratories both federal and private.
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APS Beamlines
Key: Beamline designation • Sector operator • Disciplines • Tech-
niques • Radiation source energy • User access mode(s) • General-
user status 

1-BM-B,C• X-ray Science Division (XSD) • Materials science, physics,
optics testing, detector testing, topography • Energy dispersive x-ray dif-
fraction, white Laue single-crystal diffraction • 6-30 keV, 50-120 keV • On-
site • Accepting general users

1-ID-B,C,E • XSD • Materials science, physics, chemistry • High-energy
x-ray diffraction, tomography, small-angle x-ray scattering, fluorescence
spectroscopy, pair distribution function, phase contrast imaging • 41-136
keV, 45-116 keV • On-site • Accepting general users

2-BM-A,B • XSD • Physics, life sciences, geoscience, materials science
• Tomography, phase contrast imaging • 10-170 keV, 11-35 keV • On-site
• Accepting general users

2-ID-D • XSD • Life sciences, materials science, environmental science •
Microfluorescence (hard x-ray), micro x-ray absorption fine structure,
nanoimaging • 5-30 keV • On-site • Accepting general users

2-ID-E • XSD • Life sciences, environmental science, materials science •
microfluorescence (hard x-ray), tomography • 7-10.5 keV, 11-17 keV • On-
site • Accepting general users

3-ID-B,C,D • XSD • Physics, geoscience, life sciences, chemistry, ma-
terials science • Nuclear resonant scattering, inelastic x-ray scattering,
high-pressure diamond anvil cell • 7-27 keV, 14.41-14.42 keV • On-site
• Accepting general users

4-ID-C • XSD • Physics, materials science •  Magnetic circular dichroism
(soft x-ray), x-ray magnetic linear dichroism, x-ray photoemission spec-
troscopy, x-ray photoemission electron microscopy, anomalous and res-
onant scattering (soft x-ray) • 500-2800 eV • On-site • Accepting general
users

4-ID-D • XSD • Physics, materials science •  Anomalous and resonant
scattering (hard x-ray), magnetic x-ray scattering, magnetic circular dichro-
ism (hard x-ray) • 2.7-40 keV • On-site • Accepting general users

5-ID-B,C,D • DuPont-Northwestern-Dow Collaborative Access team
(DND-CAt) • Materials science, polymer science, chemistry • Powder dif-
fraction, x-ray standing waves, x-ray optics development/ techniques,
small-angle x-ray scattering, surface diffraction, x-ray reflectivity, wide-
angle x-ray scattering • 6-17.5 keV • On-site • Accepting general users

5-BM-C • DND-CAt • Materials science, polymer science, powder dif-
fraction, tomography, wide-angle x-ray scattering • 10-42 keV • On-site •
Accepting general users

5-BM-D • DND-CAt • Materials science, polymer science, chemistry • X-
ray absorption fine structure, high-energy x-ray diffraction, general dif-
fraction • 4.5-25 keV, 4.5-80 keV • On-site• Accepting general users

6-BM-A,B• COMPRES/XSD • Materials science, geoscience • Energy dis-
persive x-ray diffraction, high-pressure multi-anvil press • 20-1 keV • On-
site • Accepting general users

6-ID-B,C • XSD • Physics, materials science • Magnetic x-ray scattering,
anomalous and resonant scattering (hard x-ray), general diffraction,
grazing incidence diffraction • 3.2-38 keV • On-site • Accepting general
users

6-ID-D • XSD • Physics, materials science • Magnetic x-ray scattering,
high-energy x-ray diffraction, powder diffraction, pair distribution function
• 50-100 keV, 70-130 keV • On-site • Accepting general users

7-BM-B • XSD • Physics, radiography, tomography, microfluorescence
(hard x-ray) • 5-150 keV, 6-15 keV, 25-55 keV • On-site • Accepting gen-
eral users

7-ID-B,C,D • XSD • Materials science, atomic physics, chemistry • Time-
resolved x-ray scattering, time-resolved x-ray absorption fine structure,
phase contrast imaging • 6-21 keV • On-site • Accepting general users 

8-BM-B • XSD • Chemistry, life sciences, environmental science, ma-
terials science • Microfluorescence (hard x-ray) • 5.5-20 keV, 9-18
keV • On-site • Accepting general users

8-ID-E • XSD • Materials science, polymer science, physics • Grazing inci-
dence small-angle scattering, x-ray photon correlation spectroscopy • 7.35-
7.35 keV, 11-11 keV • On-site • Accepting general users

8-ID-I • XSD • Polymer science, materials science, physics • X-ray photon
correlation spectroscopy, intensity fluctuation spectroscopy, small-angle
x-ray scattering • 6-12.5 keV, 10.9--10.9 keV, 7.35 keV • On-site • Accept-
ing general users

9-BM-B,C • XSD • Materials science, chemistry, environmental science •
X-ray absorption fine structure, x-ray absorption near-edge structure • 2.1-
25.2 keV • On-site • Accepting general users

9-ID-B,C • XSD • Chemistry, materials science, life sciences • Nano-imag-
ing, microfluorescence (hard x-ray), coherent x-ray scattering (hard x-ray),
ultra-small-angle x-ray scattering • 4.5-30 keV • On-site • Accepting gen-
eral users

10-BM-A,B • Materials Research (MR)-CAt • Materials science, chem-
istry, environmental science, physics • X-ray absorption fine structure • 4-
32 keV • On-site • Accepting general users

10-ID-B • MR-CAt • Materials science, environmental science, chemistry
• X-ray absorption fine structure, time-resolved x-ray absorption fine struc-
ture,  microfluorescence (hard x-ray) • 4.3-27 keV, 4.8-32 keV, 15-65 keV
•  On-site • Accepting general users

11-BM-B • XSD • Chemistry, materials science, physics • Powder diffrac-
tion • 22-33 keV • On-site, mail-in • Accepting general users

11-ID-B • XSD • Chemistry, environmental science, materials science •
Pair distribution function, high-energy x-ray diffraction • 58.66 keV, 86.7
keV • On-site • Accepting general users

11-ID-C • XSD • Materials science, chemistry, physics • High-energy x-
ray diffraction, diffuse x-ray scattering, pair distribution function •  105.6
keV • On-site • Accepting general users

11-ID-D • XSD • Chemistry, environmental science, materials science •
Time-resolved x-ray absorption fine structure, time-resolved x-ray scat-
tering • 6-25 keV • On-site • Accepting general users

12-BM-B • XSD • Materials science, polymer science, chemistry, physics,
environmental science • X-ray absorption fine structure,, x-ray reflectiv-
ity,, small-angle x-ray scattering, wide-angle x-ray scattering • 4.5-30
keV, 10-40 keV • On-site • Accepting general users

12-ID-B • XSD • Chemistry, materials science, life sciences, polymer sci-
ence, physics • Small-angle x-ray scattering, grazing incidence small-angle
scattering, wide-angle x-ray scattering, grazing incidence diffraction • 7.9-
14 keV • On-site • Accepting general users

12-ID-C,D • XSD • Chemistry, physics, materials science • Small-angle x-
ray scattering, grazing incidence small-angle scattering, wide-angle x-ray
scattering, surface diffraction • 4.5-40 keV • On-site • Accepting general
users

13-BM-C • GeoSoil EnviroCARS (GSECARS) • Geoscience • Environ-
mental science • Surface diffraction, high-pressure diamond anvil cell, sin-
gle-crystal diffraction • 15-15 keV, 28.6-28.6 keV • On-site • Accepting
general users

13-BM-D • GSECARS • Geoscience, environmental science • Tomog-
raphy, high-pressure diamond anvil cell, high-pressure multi-anvil
press • 4.5-80 keV • On-site • Accepting general users

13-ID-C,D • GSECARS • Geoscience, environmental science • Microdif-
fraction, x-ray standing waves, x-ray absorption fine structure, resonant
inelastic x-ray scattering, x-ray emission spectroscopy, high-pressure di-
amond anvil cell, high-pressure multi-anvil press • 4.9-45 keV, 10-75 keV
• On-site • Accepting general users

13-ID-E • GSECARS • Geo science, environmental science • Microfluo-
rescence (hard x-ray), micro x-ray absorption fine structure, microdiffrac-
tion, fluorescence spectroscopy • 2.4-28 keV, 5.4-28 keV • On-site •
Accepting general users

14-BM-C • BioCARS • Life sciences  • Macromolecular crystallography,
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fiber diffraction, biohazards at the BSL2/3 level, subatomic (<0.85 Å) res-
olution, large unit cell crystallography • 8-14.9 keV • On-site • Accepting
general users

14-ID-B • BioCARS • Life sciences, materials science, physics, chemistry
• Time-resolved crystallography, time-resolved x-ray scattering, Laue crys-
tallography, wide-angle x-ray scattering, biohazards at the BSL2/3 level,
macromolecular crystallography • 7-19 keV • On site • Accepting general
users

15-ID-B,C,D • ChemMatCARS • Materials science, chemistry • Anom-
alous and resonant scattering (hard x-ray), microdiffraction, high-pres-
sure diamond anvil cell, single-crystal diffraction, liquid surface
diffraction, x-ray reflectivity • 6-32 keV, 10-70 keV • On-site • Accepting
general users

16-BM-B • High Pressure (HP)-CAt • Materials science, geo science,
chemistry, physics • White Laue single-crystal diffraction, energy disper-
sive x-ray diffraction, phase contrast imaging, radiography, pair distribution
function • 10-120 keV • On-site • Accepting general users

16-BM-D • HP-CAt • Materials science, geo science, chemistry, physics
• Powder angular dispersive x-ray diffraction, single-crystal diffraction, x-
ray absorption near-edge structure, x-ray absorption fine structure, tomog-
raphy • 6-45 keV • On-site • Accepting general users

16-ID-B • HP-CAt • Materials science, geoscience, chemistry, physics •
Microdiffraction, single-crystal diffraction, high-pressure diamond anvil cell
• 18-60 keV • On-site • Accepting general users

16-ID-D • HP-CAt • Materials science, geo science, chemistry, physics •
nuclear resonant scattering, inelastic x-ray scattering (1-eV resolution), x-
ray emission spectroscopy, high-pressure diamond anvil cell • 5-37 keV,
14.41-14.42 keV • On-site • Accepting general users

17-BM-B • XSD • Chemistry, materials science • Powder diffraction,
pair distribution function • 27-51 keV • On-site • Accepting general
users

17-ID-B • Industrial Macromolecular Crystallography Association
(IMCA)-CAt • Life sciences • Macromolecular crystallography, multi-wave-
length anomalous dispersion, microbeam, single-wavelength anomalous
dispersion, large unit cell crystallography • Subatomic (<0.85 Å) resolution
• 6-20 keV • On-site, remote • Accepting general users

18-ID-D • Biophysics (Bio)-CAt • Life sciences • Fiber diffraction, mi-
crodiffraction, small-angle x-ray scattering, time-resolved x-ray scatter-
ing • 3.5-35 keV • On-site • Accepting general users

19-BM-D • Structural Biology Center (SBC)-CAt • Life sciences, multi-
wavelength anomalous dispersion, macromolecular crystallography, sin-
gle-wavelength anomalous dispersion • 6-13.5 keV • Remote, on-site,
mail-in • Accepting general users

19-ID-D • SBC-CAt • Life sciences • Macromolecular crystallography,
multi-wavelength anomalous dispersion, subatomic (<0.85 Å) resolution,
large unit cell crystallography, single-wavelength anomalous dispersion •
6.5-19.5 keV • On-site, remote, mail-in • Accepting general users

20-BM-B • XSD • Materials science, environmental science, chemistry •
X-ray absorption fine structure, microfluorescence (hard x-ray)  • 2.7-32
keV, 2.7-35 keV • On-site • Accepting general users

20-ID-B,C • XSD • Materials science, environmental science, chemistry •
X-ray absorption fine structure, x-ray Raman scattering, micro x-ray ab-
sorption fine structure, microfluorescence (hard x-ray), x-ray emission
spectroscopy • 4.3-27 keV, 7-52 keV • On-site • Accepting general users

21-ID-D • Life Sciences (LS)-CAt • Life sciences • Macromolecular crys-
tallography • 6.5-20 keV • On-site, remote, mail-in • Accepting general
users

21-ID-F • LS-CAt • Life sciences, macromolecular crystallography • 12.7
keV • Remote, on-site, mail-in • Accepting general users

21-ID-G • LS-CAt • Life sciences, macromolecular crystallography • 12.7
keV • Remote, on-site, mail-in • Accepting general users

22-BM-D • Southeast Regional (SER)-CAt • Life sciences • Macromol-

ecular crystallography, single-wavelength anomalous dispersion, multi-
wavelength anomalous dispersion • 8-20 keV • On-site, remote • Accept-
ing general users

22-ID-D • SER-CAt • Life sciences • Macromolecular crystallography,
multi-wavelength anomalous dispersion, single-wavelength anomalous
dispersion, microbeam • 6-20 keV • On-site, remote • Accepting general
users

23-BM-B • National Institute of General Medical Sciences and Na-
tional Cancer Institute (GM/CA-XSD) • Life Sciences • Macromolecular
crystallography • 12.5-12.75 keV • On-site • Accepting general users

23-ID-B • GM/CA-XSD • Life sciences •  Macromolecular crystallography,
microbeam, large unit cell crystallography, subatomic (<0.85 Å) resolution,
multi-wavelength anomalous dispersion, single-wavelength anomalous
dispersion • 3.5-20 keV • On-site, remote • Accepting general users

23-ID-D • GM/CA-XSD • Life sciences •  Macromolecular crystallography,
microbeam, large unit cell crystallography, subatomic (<0.85 Å) resolution,
multi-wavelength anomalous dispersion, single-wavelength anomalous
dispersion • 5-20 keV • On-site, remote  • Accepting general users

24-ID-C • Northeastern (NE)-CAt • Life sciences • Macromolecular crys-
tallography, microdiffraction, single-wavelength anomalous dispersion,
single-crystal diffraction, microbeam, multi-wavelength anomalous disper-
sion, subatomic (<0.85 Å) resolution • 6.5-20 keV • On-site, remote • Ac-
cepting general users

24-ID-E • NE-CAt • Life sciences • Macromolecular crystallography, mi-
crobeam, microdiffraction, single-wavelength anomalous dispersion, sin-
gle-crystal diffraction • 12.68 keV • On-site, remote • Accepting general
users

26-ID-C • Center for Nanoscale Materials (CNM)/XSD • Physics, mate-
rials science • Nanodiffraction, nano-imaging, coherent x-ray scattering •
6-12 keV • On-site • Accepting general users

27-ID-B • XSD • Physics • Resonant inelastic x-ray scattering • 5-14 keV,
5-30 keV • On-site • Accepting general users

29-ID-C,D • XSD • Physics, materials science • Resonant soft x-ray scat-
tering, angle-resolved photoemission spectroscopy • 250-2200 eV, 2200-
3000 eV • On-site • Accepting general users

30-ID-B,C • XSD • Physics, materials science • Inelastic x-ray scattering •
23.7-23.9 keV • On-site • Accepting general users

31-ID-D • Lily Research Laboratories (LRL)-CAt • Life sciences •
Macromolecular crystallography, single-wavelength anomalous dispersion
• 9-13.5 keV • Mail-in • Accepting general users

32-ID-B,C • XSD • Materials science, life sciences, geoscience • Phase
contrast imaging, radiography, transmission x-ray microscopy, tomogra-
phy • 7-40 keV • On-site • Accepting general users

33-BM-C • XSD • Materials science, physics, chemistry • Diffuse x-ray
scattering, general diffraction, powder diffraction, x-ray reflectivity, grazing
incidence diffraction, anomalous and resonant scattering (hard x-ray) • 5-
35 keV • On-site • Accepting general users

33-ID-D,E • XSD • Materials science, physics, chemistry, environmental
science • Anomalous and resonant scattering (hard x-ray), diffuse x-ray
scattering, general diffraction, surface diffraction, surface diffraction
(UHV), x-ray reflectivity • 4-40 keV, 6-25 keV • On-site • Accepting general
users

34-ID-C • XSD • Materials science, physics • Coherent x-ray scattering •
5-15 keV • On-site • Accepting general users

34-ID-E • XSD • Materials science, physics, environmental science, geo
science • Microdiffraction, Laue crystallography, microbeam, microfluo-
rescence (hard x-ray) • 7-30 keV • On-site • Accepting general users

35-ID-B,C,D,E • Dynamic Compression Sector (DCS) • Physics, mate-
rials science, geoscience • Time-resolved x-ray scattering, phase contrast
imaging, radiography • 7-35 keV, 7-100 keV, 24-24 keV • On-site • Accept-
ing general users
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On December 12, 2018, the U.S. Department of Energy
issued a Critical-Decision-2 approving the technical scope,
cost estimate, and plan of work for an upgrade of the Ad-
vanced Photon Source.

The Advanced Photon Source Upgrade (APS-U) will pro-
vide a new, world-class platform to deliver breakthrough sci-
ence across a wide array of disciplines and industries. By us-
ing transformative next-generation technology, the
multibend achromat lattice, to deliver x-rays that are be-
tween 100 and 1000 times brighter than today’s top synchro-
tron facilities, the new facility will open scientific frontiers
that are completely inaccessible today, allowing re-
searchers to probe and manipulate matter at the atomic
level, in three dimensions. Furthermore, the project will as-
sure continued U.S. leadership in x-ray science for decades
to come. Already, the APS is one of the busiest scientific fa-
cilities in the national laboratory network, serving more than
5700 researchers a year. The upgraded facility will increase
the brightness and focus of the x-rays by orders of magni-
tude, creating new opportunities for scientific discovery for
researchers across disciplines. Studies at the APS have led
to two Nobel Prizes, numerous pharmaceutical drugs (includ-
ing the first drug to treat HIV), improved processes for oil ex-
traction from shale, and new insights into additive manufac-
turing. The new machine will enable scientific discovery and
technological innovation across a wide range of diverse dis-
ciplines, providing unprecedented access to the inner work-
ings of matter and transforming our ability to understand and
manipulate systems and materials at the nanoscale.

A vital component of the APS-U are the new and up-
graded beamlines. The new beamlines for the APS-U are:
• Polar: The Polarization Modulation Spectroscopy Beam-
line enables studies of materials at the mesoscale to detect
electronic/magnetic differences by means of tuning and con-
trolling competing ground states under extreme high-pres-
sure conditions (in the megabar range). Brilliant, polarized
beams open remarkable opportunities for discovery of new
phases and furthering our understanding of quantum matter.
• The PtychoProbe Beamline realizes the highest possible
spatial-resolution x-ray microscopy for structural and chemi-
cal information, with a goal of focusing an x-ray beam to a 5-
nm spot and the capability of ultra-fast scanning of the beam
across the sample being studied. Scientists have unprece-
dented capabilities to accelerate the discovery of complex
materials and establish the APS as the go-to place for hard
x-ray, high-resolution microscopy.
• The 3D Micro and Nano Diffraction Beamline attacks
many problems in materials science, physics, geoscience.
The new APS will provide small, intense x-ray spots (be-
tween 50 and 200 nm) to investigate spatial variations and
correlations of strain and structure that define a wide range
of scientifically and technologically important materials.
• The ATOMIC Beamline uses the enhanced coherence of
the APS-U x-ray beam for high-resolution studies of the
structural, chemical, and physical properties exhibited by

advanced functional materials. There is a strong need for a
single technique that can acquire atomistic structural infor-
mation across many length scales in full three-dimensional
detail. Coherent diffractive imaging at ATOMIC combines
that capability with in situ and operando environmental cells
for transformative impact on many scientific disciplines.
• The CHEX Beamlines use coherent x-ray techniques to ad-
vance the frontier for in situ, real-time studies of advanced
materials synthesis and chemical transformations in natural
operating environments, employing condensed-matter
physics and environmental science. This research promises
breakthroughs in discovering, developing, and understand-
ing the materials and processes needed to address global
challenges in energy, environment, health, and security.
• The High-Energy X-ray Microscope Beamline investigates
structure and evolution within bulk materials, often in ex-
treme environments, with the high-energy x-ray scattering
techniques and novel coherence-based techniques enabled
by the APS-U. Materials subjected to these techniques are of
relevance to a large range of subjects, including mechanical
engineering, biophysics, irradiation/nuclear energy, energy
storage, and advanced manufacturing.
• The In Situ Nanoprobe Beamline is designed for a rela-
tively large optical working distance. This enables investiga-
tion of complex functional materials and materials systems
such as catalysts, batteries, photovoltaic systems, and
nanoscale Earth and environmental samples during synthe-
sis, operation, and under actual environmental conditions.
The beamline is designed to study these systems across
many lengths scales, in two and three dimensions under in
situ conditions.
• The X-ray Photon Correlation Spectroscopy Beamlines
advance studies in key areas in physics and materials sci-
ence and engineering, including dynamic heterogeneity,
structural dynamics in super-cooled liquids, and fluctuations
associated with competing mesoscale interactions in emer-
gent materials. Correlation techniques are sensitive to the
square of the brilliance of the photons, so the more than
100x increase in APS-U brilliance will lead to a more than
10,000x increase for this technique.  The beamline enables
dynamics-related studies in areas as diverse as in situ
rheometry, nano-fluidic flow, and high pressure, and ad-
vances potential applications in an array of technologies,
from energy and transportation to health, agriculture, and
national defense.
• The Coherent Surface-Scattering Imaging Beamline is
ideal for probing and understanding mesoscopic space-time
correlations by combining a surface x-ray probe with state-
of-the-art x-ray optics and detectors to study a range of ma-
terials surface and interface phenomena. These include the
evolution of biological membranes and complex molecules
in aqueous environments; thin-film and quantum-dot growth
at surfaces and interfaces; assembly of polymer nanocom-
posites; and structural analysis of three-dimensional,
nanoscaled electronic circuits using additive manufacturing.

APS Upgrade Achieves CD-2 Approval from the DOE
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Fig. 1. The ordered alloy FeRh undergoes
a structural and magnetic phase transi-
tion (shown in center image) in which the
lattice parameter expands and the Rh
atoms (gold spheres) acquire a magnetic
moment, and the Fe atoms (red spheres)
reorient their moments from antiferro-
magnetic to ferromagnetic order as the
temperature is increased through 375 K.
The structural transition (upper right) ap-
pears by the nucleation of islands that
grow and eventually coalesce into a uni-
form phase. The growth of these islands
is inhibited by the surrounding untrans-
formed material in the kinetic arrest
process, resulting in a behavior that mim-
ics a 2nd-order phase transition. The
magnetic transition (lower image) follows
this behavior. In spectroscopy measure-
ments done with common thermometry
(upper left) it is shown that the structural
transition and the development of Rh and
Fe moments are coincident.

Pinning the Bits
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As information storage applications demand higher

and higher bit densities, conventional magnetic storage

media and memory devices become plagued by super-

paramagnetic behavior, which causes magnetic bits to

flop about as they become smaller, resulting in a loss of

the data stored in the bits. In order to keep pushing bit

densities higher, a way must be found to stabilize, or pin,

these bits when they are quiescent, but still allow them to

be written easily. 

One promising way around this problem is heat-as-

sisted magnetic recording, in which ferromagnetic bits are

coupled to an underlying antiferromagnetic layer to pro-

vide a preferred magnetic orientation, or pinning effect.

Then, the structure is heated using a fast laser pulse to

allow the magnetic orientation to be reset. However, the

utility of this heat assisted magnetic storage approach

depends on there being a fast and reliably controllable

phase transition that can act as a switch for the pinning

effect, and a complete understanding of how the pinning

material proceeds from one phase to another.

The 50/50 alloy FeRh is an excellent candidate for

use as the pinning layer in this type of memory device,

since it has a phase transition from its normal antiferro-

magnetic state to a higher temperature ferromagnetic

state at about 375 K. This magnetic transition is also cou-

pled with a structural transition in which the lattice param-

eter changes by approximately 1%. The nearness of this

transition to room temperature, as well as the fact that

the transition temperature can be tuned by application of

a magnetic field, makes FeRh very attractive for use in

heat assisted recording. This material also offers a unique

window into how the structure and magnetism can be in-

tertwined in phase transitions, with implications for other

types of coupled phenomena.

First, the team from Argonne, the University of Califor-

nia, San Diego, and the University of South Florida used

the Hard X-ray Nanoprobe at the XSD/CNM 26-ID-C

beamline at the APS to map the lattice parameter of crys-

tallizing films of FeRh with 30-nm spatial resolution as the

films were heated and cooled through the transition.

They found that the higher-temperature ferromagnetic

phase appears in tiny islands whose growth is then inhib-

ited by the surrounding antiferromagnetic phase, a phe-

nomenon known as “kinetic arrest.” In fact, they found

that the island size follows a 2nd-order-like behavior in-

stead of the 1st order that was expected.

Using x-ray photoemission electron microscopy (X-

PEEM) at XSD beamline 4-ID-C, the researchers showed

that the magnetic domain development followed that of

the structure, with a similar island nucleation and growth

behavior.

Finally, using x-ray magnetic circular dichroism spec-

troscopy and diffraction with common thermometry at

XSD beamline 4-ID-D, the researchers examined how the

magnetic moments in the Fe and Rh atoms develop along

with the structure. They found that the magnetic and

structural transitions are almost coincident in temperature

(Fig. 1).

The information from these three powerful techniques

combines to give a greater insight into the phase transi-

tion process, which is crucial for understanding how to

use the transition in storage applications. The team

showed that the transition is dominated by defect-driven

nucleation and kinetic arrest. These results will help in

the development of high density data storage devices us-

ing FeRh alloy and similar materials with coupled phase

transitions.  — David Keavney

See: David J. Keavney1*, Yongseong Choi1, Martin V. Holt1, Vo-
jtech Uhlír2, Dario Arena3, Eric E. Fullerton2, Philip J. Ryan1, and
Jong-Woo Kim1, “Phase Coexistence and Kinetic Arrest in the
Magnetostructural Transition of the Ordered Alloy FeRh,” Sci.
Rep. 8, 1778 (2018). DOI: 10.1038/s41598-018-20101-0
Author affiliations: 1Argonne National Laboratory, 2University of
California, San Diego, 3University of South Florida
Correspondence: * keavney@aps.anl.gov

Work at the University of California, San Diego, was supported by U.S.

Department of Energy (DOE)-Basic Energy Sciences Grant Number DE-

SC0003678. Work at Argonne and use of the Advanced Photon Source,

a U.S. DOE Office of Science User Facility operated for the DOE Office

of Science by Argonne National Laboratory, was supported by Contract

No. DE-AC02- 06CH11357.

A team of researchers utilized a combination of high-resolution structural im-
aging, magnetic domain imaging, and dichroic spectroscopy on three sep-
arate x-ray beamlines at the APS to shed light on coupled structural and

magnetic phase transitions. Through this combination of three individually powerful
x-ray techniques, the team was able to provide added insights into the phase tran-
sition process and the nature of the coupling between the magnetic and structural
order.
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The researchers from Purdue University, Argonne,

Rutgers University, the National Institute of Standards and

Technology, the Massachusetts Institute of Technology,

the University of Saskatchewan (Canada), Columbia Uni-

versity, and the University of Massachusetts  started their

characterization of SNO thin films by submerging them in

a salt solution over a range of acidities. This material

maintained its ability to change its electrical resistance in

response to temperature and showed no signs of corro-

sion, suggesting its stability under these conditions. 

After applying a negative electrical potential up to –

4.0 V, the resistivity of the SNO films increased by more

than 5 orders of magnitude. This change occurred re-

gardless of the solution tested (whether it included basic

potassium hydroxide, citric acid, or table salt NaCl), or the

substrate used for the SNO film. Atomic force microscopy

images further confirmed the stability of the film and rule

out corrosion as a cause for the change in resistance. 

By applying a reverse bias, the researchers were

able to return the SNO films to their conducting state. The

electrical resistivity of this material changed stably over

multiple cycles and over a range of applied voltages, ex-

tending from those matching bioelectric potentials gener-

ated by numerous marine species to galvanic potentials

from ships and unmanned underwater vehicles.

X-ray reflectivity measurements taken using the XSD

12-ID-D beamline at the APS showed that during the ap-

plication of negative potentials, the SNO films’ thickness

increased substantially. Further investigation utilizing

neutron scattering, which is sensitive to hydrogen

species, suggested that protons from the hydrogen in wa-

ter were entering the SNO and intercalating in its struc-

ture. Furthermore, x-ray absorption spectroscopy, which

took place at the Canadian Light Source 10-ID-2 beam-

line, suggested that these added protons necessitated

the addition of extra electrons in SNO to balance out the

charge. Finally, optical spectra measurements showed

that negative electric potentials increase the trans-

parency of this material.

Each of these phenomena matched what the re-

searchers saw in molecular dynamics simulations, a type

of computer modeling technique for better understanding

molecular interactions, further confirming what they ob-

served in their experiments.

The researchers suggest that SNO seems to work like

the ampullae of Lorenzini, an organ in sharks, rays, and

skates that provides a “sixth sense” to detect the electri-

cal signals generated by prey (Fig. 1). This organ also

takes up protons under an electric bias, which are sensed

by cells that in turn release neurotransmitters to the

brain. They note that detection distance and response

time of SNO and this organ are similar as well.

The authors suggest that this unusual material could

offer a new and useful way to monitor electrical signals

generated in marine environments, such as those from

maritime vessels or sea creatures.  — Christen Brownlee

The marine environment can be tough on materials, with water and salt working together to
corrode them over time. This presents an enormous challenge for developing technologies
for energy, ocean monitoring, and biological applications that will maintain their functionality

under this assault. Another potential application in the marine environment is sensing; being able
to respond to mild stimuli, such as electric fields, could be a boon for monitoring man-made and
natural phenomena. In a new study, a team of researchers working at the APS and the Canadian
Light Source report a material that can survive a harsh marine environment while also sensing
electric fields. The material, samarium nickelate (SmNiO3, or SNO) (which has already been inves-
tigated as an electrolyte in solid-state fuel cells, a pH sensor, and a temperature-sensitive electrical
resistor) showed excellent stability in aqueous salt solutions. Further investigation showed that
this material also responds to negative electrical potentials as low as millivolts by increasing its
resistance, a phenomenon that occurs due to protons from the water intercalating into the SNO
structure. The structure also becomes more transparent under negative potentials, allowing for a
concurrent optical readout. By applying an opposing potential, these changes reverse, allowing
this material to be reused again and again. The authors suggest that these characteristics make
SNO an outstanding material for a variety of marine applications.

Sensing Electric Fields under the Sea
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Fig. 1. Perovksite nickelates can closely mimic the function of
ampullae of Lorenzinin organ in sharks. Similar to the ampullae,
the perovskite can incorporate protons into the lattice under an
electric field and change the resistance that can be read out.
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by the Office of Science of the US DOE under contract number DE-

AC02-05CH11231. An award of computer time was provided by the Inno-
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ership Computing Facility at Argonne National Laboratory, which is sup-

ported by the Office of Science of the U.S. DOE under contract

DE-AC02-06CH11357. S.S.N. acknowledges support from the University

of Massachusetts-Amherst through start-up funding. Part of the research
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which is supported by the Canada Foundation for Innovation, Natural

Sciences and Engineering Research Council of Canada, the University

of Saskatchewan, the Government of Saskatchewan, Western Economic

Diversification Canada, the National Research Council Canada and the
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the Advanced Photon Source, a U.S. DOE Office of Science User Facility

operated by Argonne National Laboratory under contract number DE-

AC02-06CH11357.
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The researchers from the National Institute of Stan-

dards and Technology, Johns Hopkins University, the Su-

perSTEM Laboratory (UK), the University of Leeds (UK),

Forschungszentrum Jülich GmbH (Germany), the Univer-

sity of Tokyo (Japan), and Osaka University (Japan) fo-

cused their investigation on two different pyrochlores:

Pr2Zr2O7 (PZO) and Yb2Ti2O7 (YTO). They first employed

electron diffraction to determine and analyze the crystal

structure of these materials. In addition to sharp spots

showing the fixed positions of atoms, the team observed

diffuse lines of scattering back and forth across these

structures, suggesting that the crystals’ tetrahedra were

displaced from their ideal positions. 

To better understand this phenomenon, the re-

searchers performed diffraction experiments utilizing the

high-resolution diffractometers at the XSD 11-BM-B (for

synchrotron powder x-ray diffraction) and 11-ID-B (for

room-temperature x-ray pair distribution) x-ray beamlines

at the APS. They carried out room-temperature time-of-

flight neutron diffraction studies with the POWGEN pow-

der diffractometer and neutron pair distribution studies

with the NOMAD diffractometer, both at the Oak Ridge

National Laboratory’s SNS.

X-rays and neutrons tend to scatter differently from

different types of atoms, but by combining the scattering

data from both types of experiments, the researchers

were able to get a more complete picture of each mater-

ial’s structure. Using this data, the researchers were able

to measure the distance between atoms in PZO and

YTO’s crystal lattices. In materials with an ideal structure,

the distance between certain atoms should be the same.

However, the researchers found that these distances var-

ied, again suggesting motion within the crystal structure.

A fourth technique, nuclear quadrupole resonance,

further confirmed that the tetrahedral were flexing and

bending back and forth.

To get a sense of the time scale of this motion, the re-

searchers employed electron energy loss spectroscopy,

along with high-resolution transmission electron mi-

croscopy, to identify both the position and type of atoms.

Transmission electron microscopy images suggested that

PZO and YTO are static on the scale of hours. However,

other data suggest they fluctuate with time, at least in

some samples. Other data on related pyrochlores confirm

that this timescale also varies.

This inherent motion within the crystal structures of

The large family of materials known as pyrochlores play a key role in applications in a
variety of different fields, including catalysis, ferroelectricity, luminescence, magnetism,
and nuclear waste storage. These materials have crystal structures in which two

positively charged ions, which tend to be rare-earth or transition metal species, are inter-
spersed with oxygen atoms in a corner-sharing tetrahedral arrangement. As with other
materials, the structure of pyrochlores dictates their function. However, unlike many other
materials, the function of pyrochlores has been shown to be extremely sensitive to minute
variations in their stoichiometry, or the relative quantities of the different atoms that make
up these materials. Additionally, based on pyrochlores’ known structures, researchers
have speculated that they should operate as ferroelectrics, or materials that have a spon-
taneous electric polarization that can be reversed by the application of an external electric
field. Instead, these materials behave almost universally as dielectrics, electrical insulators
without a permanent electric polarization, but can be polarized by an applied electrical
field. To better understand these unusual attributes, a team of researchers took a closer
look at the motion of the structures’ corner-sharing tetrahedral, in part using the U.S.
DOE’s APS and Spallation Neutron Source (SNS). They found a previously undiscovered
flexibility in the corners of these tetrahedra. When these corners flex and bend, it changes
the expected chemical nature of these materials. This discovery helps explain some of the
longstanding mysteries of these materials. 

Pyrochlores’ Motions Solve
Longstanding Mysteries
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Fig. 1. The ubiquitous pyrochlore structure type harbors universal flexing due to corner-
sharing topology, profoundly impacting the physics and chemistry of these materials.
Adapted from B.A. Trump et al., Nat. Commun. 9, 2619 (2018). © 2018 Springer Nature
Limited. All rights reserved.

these materials explains why they don’t display the ferro-

magnetic behavior that would be expected of materials

with a similar static structure, the authors say. Because

the tetrahedra are constantly flexing, the charges within

these materials can’t line up in a permanent way, leading

to dielectric behavior instead.

The authors add that these findings also explain the

longstanding question of why these materials are so sen-

sitive to stoichiometry. Small changes within the chemical

makeup of pyrochlores can dramatically change how

flexible their tetrahedra are, significantly affecting their

chemical properties.  — Christen Brownlee

See: B.A. Trump1,2, S.M. Koohpayeh2, K.J.T. Livi2, J.-J. Wen2, K.E.
Arpino2, Q.M. Ramasse3, R. Brydson4, M. Feygenson5, H.
Takeda6, M. Takigawa6, K. Kimura7, S. Nakatsuji6, C.L. Broholm2,
and T.M. McQueen2, “Universal geometric frustration in py-

rochlores,” Nat. Commun. 9, 2619 (2018). DOI: 10.1038/s41467-
018-05033-7
Author affiliations: 1National Institute of Standards and Technol-
ogy, 2Johns Hopkins University, 3SuperSTEM Laboratory, 4Uni-
versity of Leeds, 5Forschungszentrum Jülich GmbH, 6University
of Tokyo, 7Osaka University 
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Material Changes Hint at Superconductivity

Fig. 1. As the concentration of lanthanum in the material Sr2IrO4 increases (top, left to right), the low-
temperature magnetic ground state evolves from long-range, short-ranged canted antiferromag-
netic (CAF) to spin density wave (SDW). The different magnetic states are identifiable by changes in
the scattered pattern from resonant x-ray scattering on the samples below and above the critical
doping (bottom, left and right). 
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It is expensive to cool materials down to liquid helium

levels at 4 K. Temperatures above liquid nitrogen, at 77 K,

are less difficult to work with. Certain copper-based com-

pounds, known as cuprates, can be made into high-Tc su-

perconductors; one such is lanthanum copper oxide

(La2CuO4). In its normal state, it is an insulator, blocking

the flow of current. But increase the number of electrons

in the material by enough, and suddenly it becomes a su-

perconductor.

The researchers in this study, from Boston College

and the University of California, Santa Barbara, decided

to examine strontium iridium oxide (Sr2IrO4), which is also

a Mott insulator. In Mott insulators, electrons are strongly

correlated, so each affects the state of the others. The

electronic and magnetic structures of Sr2IrO4 resemble

those of La2CuO4, and both have spin-orbit coupling. Spin

is a quantum mechanical property of electrons, which can

be thought of as a spinning bar magnet. In spin-orbit cou-

pling, the direction of that spin matches the direction of

the electron’s orbit around the nucleus.

The only problem is that, for reasons not fully under-

stood, it is not possible to put enough electrons into

Sr2IrO4 for the insulating state to disappear. But scientists

have found that, when they add charge carriers to

La2CuO4, its pattern of magnetic order changes in very

particular ways as it approaches the superconducting

state. The researchers thought that if they could show the

same pattern of changes as they doped Sr2IrO4, it would

be theoretically possible to turn it into a superconductor,

too, if only they had a way to add enough electrons. 

They added electrons to the material by replacing

strontium atoms with lanthanum atoms. As they expected,

the magnetic order in the material began to evolve in a

way similar to that of La2CuO4. Though the result is not

conclusive, it hints that Sr2IrO4 would become supercon-

ducting if it were is possible to replace more strontium

atoms.

To measure the magnetic order, the researchers and

colleagues from Argonne and Cornell University per-

formed resonant elastic x-ray scattering experiments at

Cooling certain materials down to the temperature of liquid helium turns them su-
perconducting, making them able to pass current with no power loss. Scientists
would like to realize the same property at room temperature, but so far have not

achieved that goal. They have, however, found so-called high-temperature (high-Tc) super-
conductors that work above the temperature of liquid nitrogen. One group of researchers
utilized the APS to study a material in order to explore its potential to be such a supercon-
ductor, possibly paving the way to further advances. 

the XSD 6-ID-B x-ray beamline at the APS and at the A2

and C1 beamlines at the Cornell High Energy Synchrotron

Source, respectively, utilizing samples with different lev-

els of lanthanum. The technique requires synchrotron ra-

diation to be tuned to the resonance frequency of an ele-

ment in the sample, in this case the iridium. It amplifies

x-ray scattering that otherwise would be hard to see, and

the scattering carries information about the magnetic

state of the material. 

There is not an agreed upon theoretical model for

what makes a material a high-Tc superconductor. Without

one, most new classes of high-Tc superconductors have

been discovered more or less by accident. This work

shows that there are similarities between the electronic

structures of the two materials, which suggests there

should be some common model that describes both.  If

physicists can find an accurate model, they should be

able to predict other high-Tc superconductors, perhaps

some that work at even higher temperatures than those

currently known.  — Neil Savage

See: Xiang Chen1,2, Julian L. Schmehr2, Zahirul Islam3, Zach
Porter1, Eli Zoghlin2, Kenneth Finkelstein4, Jacob P.C. Ruff4, and
Stephen D. Wilson2, “Unidirectional spin density wave state in
metallic (Sr1−xLax)2IrO4”, Nat. Commun. 9, 103 (2018). 
DOI: 10.1038/s41467-017-02647-1
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Aselect group of iron (Fe) compounds exhibits an unconventional type of high-tem-
perature superconductivity. This superconducting behavior appears to be intimately
connected to the unique magnetic ordering within these Fe compounds, which

was previously only known to consist of two distinct types: stripe-type spin-density wave
(SSDW) and spin-charge-density wave (SCDW). Nevertheless, theoretical considerations
indicated the possibility of a third type of magnetic ordering: A new structural variant of
the iron-based superconductors, or FeSCs, seemed to offer the potential for manifesting
the elusive third type of magnetic pattern, known as spin-vortex crystal (SVC) ordering. A
research team probed this new compound using several techniques, including high-energy
x-ray diffraction performed at the APS. By analyzing the data from the various experimental
methods, the scientists were able to deduce the presence of SVC ordering. The confirmation
of this elusive magnetic ordering provides additional clues to the strong relationship be-
tween structure, magnetism, and superconductivity within the FeSCs. In turn, these new
insights should aid in the ongoing effort to develop practical, high-temperature supercon-
ducting materials.

An Elusive Magnetic Ordering in an
Iron-Based, High-Temperature Superconductor

Fig. 1. Left-hand side depicts the chemical structure of the layered iron compound. The elements in the
CaKFe4As4 compound are indicated by their chemical symbols. The iron atoms all lie in the same layer,
highlighted for clarity. Note that two distinct layers of arsenic atoms, indicated using different colors
and labeled “As1” and “As2”, reside below and above the iron layer. This asymmetric positioning is cru-
cial to the compound’s unique magnetic ordering. Right-hand side shows the spin-vortex crystal (SVC)
ordering that arises within the layer of iron atoms, whose magnetic moments (brown arrows) all point ei-
ther toward or away from the arsenic atoms of the As1 layer (blue circles).
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Superconductivity, which is characterized by the com-

plete disappearance of electrical resistance, was discov-

ered in 1911. In the decades that followed, many elements

and compounds were shown to be superconducting.

However, these materials generally required extremely

low temperatures of 30 K or less to support superconduc-

tivity, which was typically achieved by submersion in liq-

uid helium. The situation changed dramatically in 1986

when the first high-temperature superconductor was

demonstrated, in the form of a cuprate (copper-bearing)

ceramic compound. Over the years other superconduct-

ing cuprate compounds have been developed, including

many that super-conduct at liquid-nitrogen temperatures

(above 77 K). This development has greatly expanded the

potential range of applications for superconductors.

Then in 2006, scientists discovered a new class of

high-temperature superconductors containing iron and

other elements. In these iron-based compounds, mag-

netic ordering appears to go hand-in-hand with their su-

perconductivity. The most common type of magnetic or-

dering in these superconductors is the SSDW. As the

name implies, stripe-type ordering occurs as parallel

stripes, or rows, of magnetic moments of the iron atoms

(which are analogous to tiny bar magnets). A less com-

mon magnetic pattern in these compounds is SCDW or-

dering. Materials scientists can manipulate the magnetic

ordering within the superconducting iron layer by apply-

ing pressure to them, and/or by doping them, which en-

tails adding small amounts of impurities. Adjusting the

magnetic ordering within these compounds allows scien-

tists to tune their superconducting properties.

In the quest to observe the potential third type of

magnetic order in iron high-temperature superconductors,

the researchers in this study from Iowa State University,

Goethe University Frankfurt am Main (Germany), the Uni-

versity of Tennessee, Knoxville, Oak Ridge National Labo-

ratory, and the University of Minnesota turned to a com-

pound they suspected might support it. Besides iron, their

compound contains calcium (Ca), potassium (K), and ar-

senic (As) combined in the chemical ratio CaKFe4As4. This

compound forms a layered crystalline structure, as de-

picted on the left-hand side of Fig. 1.

The researchers produced samples of this compound

doped with nickel and cobalt, which replaced a few of the

compound’s iron atoms and contributed additional elec-

trons to the crystal. Following doping and other process-

ing, the researchers needed to establish that the overall

crystalline structure had not been distorted. This was con-

firmed via high-energy x-ray diffraction measurements

performed utilizing the six-circle diffractometer at the XSD

6-ID-D x-ray beamline at the APS.

The pertinent magnetic ordering within the iron com-

pound is confined to its iron-arsenic layers, one of which

is highlighted on the left-hand side of Fig. 1. Mössbauer

spectroscopy and nuclear magnetic resonance (NMR)

were employed to probe the compound’s magnetism at

cryogenic temperatures. The researchers used the spec-

troscopic and NMR data to determine the most likely

magnetic ordering within the sample, which matched the

pattern expected from an SVC ordering.

The SVC ordering is depicted on the right side of Fig.

1. This ordering is sometimes denoted “all-in or all-out,”

since the magnetic moments of the iron atoms all point

away or toward nearby arsenic atoms. The spin-vortex

pattern is also sometimes referred to as a “hedgehog pat-

tern,” by analogy to the spikes protruding from hedge-

hogs.

When the magnetic phases in iron high-temperature

superconductors are close to are close to degeneracy in

their lowest energy state, the resulting magnetic fluctua-

tions are thought to promote their superconductivity. The

production and observation of the elusive SVC ordering

provides new avenues for scientists to observe the char-

acteristics of these unique superconductors.  — Phil Koth
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Usually when photons strike a material, electrons shaken out of their normal state
return pretty quickly — within a few billionths of a second. But when researchers
working at the APS shook up electrons in a charge-ordered oxide, the electrons

became sluggish, returning two orders of magnitude slower than expected. Their findings
shed new light on “correlated” materials in which electronic, magnetic, and structural
properties are intimately connected. The change in materials properties as a response to
light is a novel way to engineer materials. Hidden phases that can only be accessed by
light exposure exist within correlated materials, leading to new applications. Combining
experiment and theory, this study gives mechanistic insight into unconventional electron
behavior and on how engineering of correlated materials could be achieved to extend the
lifetime of a light-induced hidden phase.

Electron Recovery Slows Near a
Critical Temperature

Fig. 1. After exposure to a light pulse, excited electrons within
La1/3Sr2/3FeO3 recover two orders of magnitude slower than expected,
but only near a specific “critical” temperature (inset). Under this criti-
cal temperature, the correlated material undergoes a phase transition
to a charge ordered state. Calculations pinpoint magnetic properties
of the charge ordered state as the origin of the electron’s slowdown.
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Interactions within correlated materials are the basis

for phenomena, like high-temperature superconductivity

and metal-to-insulator phase transitions, on which emerg-

ing technologies depend. The oxide investigated in this

study, lanthanum strontium ferrite (La1/3Sr2/3FeO3), is a cor-

related material that undergoes a widely applicable

phase transition known as the “first order phase transi-

tion.” Like a liquid becoming an orderly solid below its

freezing point, below a critical temperature this oxide

freezes into a “charge-ordered” state. This means

charges in the material localize to different sites when the

temperature gets low enough — below -100° F. 

It was just under this critical temperature that a slow-

down of electrons was found by scientists from Argonne,

Northwestern University, the University of Illinois at

Chicago, and Dublin City University (Ireland). But at much

lower or higher temperatures, electrons recover quickly,

as expected. 

Normally, electron recovery following absorption of

light has the same dynamics as lattice cooling — when

heat, also generated by the light, transfers from the lat-

tice to the substrate. That is why until now, timescales be-

yond thermal cooling of electronic degrees of freedom

had not been well studied.

The researchers were able to track the recovery of

electrons employing transient optical reflectivity at the

Argonne Center for Nanoscale Materials. Two ultrafast

pulses of light were utilized to first excite the thin-film

sample and then interrogate its reflectivity after light ab-

sorption. Reflectivity was then tracked over time, from a

fraction of a picosecond to hundreds of nanoseconds, as

the second pulse is delayed from the first one. 

Time-resolved x-ray diffraction performed at XSD

beamline 7-ID-C at the APS allowed the researchers to di-

rectly compare lattice cooling and electron recovery after

light excitation. As the time delay between light absorp-

tion and an x-ray probe pulse increased, radial scans of

peaks associated with the lattice structure and the

charge-ordered state’s structure evolved.

The electron in the charge-ordered state tracked

nearly the same with these two methods, even as the

temperature varied from minus 244° F to -100° F (Fig. 1, in-

set). Starting at around -136° F, the time constant for elec-

tron recovery began to increase steeply, changing from

just a few nanoseconds to over 500 nsec. But as soon as

the material exceeded the critical temperature, the time

constant dropped back to a few nanoseconds. In sharp

contrast, the time constant of lattice cooling remained un-

changed across the entire temperature range.

Apart from the region near the critical temperature,

electron recovery and lattice cooling occurred on the

same timescale. Near critical temperature, the ability of

electrons to go back to their original state and restore the

charge-ordered state is hindered — but by what exactly?

Density functional theory calculations were done to

root out the underlying cause. The researchers found that

the oxide’s energetics were driven by magnetic interac-

tions, leading to two energetically similar charge-ordered

states near the critical temperature. The potential energy

surface of these two states is shallow, which slows elec-

trons as they relax into one state. But at very low temper-

atures the two states have different energies, so the

steep slope of the lower energy state acts as a strong

restoring force for fast electron recovery.

In this oxide, charge ordering is accompanied by a

transition from a para-magnetic metal to an antiferromag-

netic insulator. This behavior could be useful as a switch

— at one temperature it’s electrically insulating and mag-

netic, but just a few degrees higher and its properties

change completely. Light absorption disrupts the charge-

ordered state, and the temperature-sensitive recovery of

electrons controls how long the switch is flipped.   

— Amanda Grennell
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The experiences we live through are often etched into our minds, and something
similar can happen for so-called “memory-resistors,” or memristors. These elec-
tronic devices can hold a memory of the past in their resistance, which can be

in different states depending on the last electric current that passed through them.
But the mechanism underlying this electronic memory has not been entirely clear. A
new x-ray study performed at the APS charts the movements of atomic defects within
a memristor. The results show that memristive behavior occurs when the defect con-
centration is near a threshold value. Guided by this information, engineers may be
able to fabricate devices that operate consistently around this threshold concentration. 

Tracking the Currents of Memory
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Memristors are not yet available in consumer prod-

ucts, but that could change in the next few years as the

field is rapidly developing. Memristive memory devices

have many attractive features, such as requiring low

power and retaining memory after the power is shut off.

Memristors also have some intriguing similarities with

neurons in the brain. In analogy to synaptic connections,

memristors form conduction pathways when they are ex-

posed to a voltage. And applying a reverse voltage can

reduce the pathway — leading to a kind of “forgetting” of

information. Some researchers are working on memristive

systems that would form brain-like neural networks in

next-generation computers. 

The basic picture for the conduction pathways in

memristors is that they are associated with atomic de-

fects. For this study, scientists from Argonne, the Agency

for Science, Technology and Research (Singapore), the

University of Science and Technology (China), and KAIST

(Korea) investigated the defect behavior in a memristor

made of tungsten oxide (WO3). In the case of such a

metal-oxide memristor, the defects are oxygen vacancies,

which are places in the crystal structure that are missing

one of their oxygen atoms. Normally, the metal oxide is

an electrical insulator, but exposing it to a strong voltage

can cause the oxygen vacancies to align together as a

conduction pathway, or atomically-thin “wire,” that allow

electrons to travel back and forth between the device’s

electrodes. 

During preliminary testing, the team varied the initial

concentration of oxygen vacancies. When the vacancy

concentration was near a threshold value of 8%, the ma-

terial exhibited memristive behavior: it could be in one of

two states: a low-resistance state and a high-resistance

state. By varying the applied voltage, the team could

cause the memristor to switch from one state to the other.

In order to understand this switching, the team em-

ployed multimodal, operando x-ray microscopy to meas-

ure both structural and chemical evolution in a working

device (Fig. 1). They performed these measurements at

the XSD 2-ID-D beamline at the APS. This beamline is in-

strumented to focus x-rays in the 10-keV range down to a

200-nm-wide spot size. As they scanned this beam over

their tungsten oxide samples, the team simultaneously

recorded the spatial scattering and spectral features of

the outgoing x-rays. The spatial scattering data revealed

the crystallinity of the material, whereas the spectral in-

formation allowed the researchers to infer the oxygen

concentration. They found that the crystal structure

changed significantly wherever the concentration of oxy-

gen was depleted. Further analysis of the oxygen-va-

cancy images showed that the low-resistance state was

associated with the formation of a vacancy-rich pathway

between the electrodes. When the team switched the

memristor to its high-resistance state, they observed the

movement of some oxygen atoms back into pathway, ef-

fectively blocking electron motion.

These insights into the defect behavior in a memris-

tor could help improve the design and fabrication of de-

vices. In the future, researchers may be able to control

the placement of defects in a memristor, thus ensuring

that the concentration is near the threshold value. This

defect engineering could lead to better device repro-

ducibility, which is currently a big obstacle to the con-

sumerization of memristors. For their part, the team is

working on a technique called “ionic liquid gating” to ma-

nipulate the defect population and electrical properties of

tungsten oxide.  — Michael Schirber

See: Huajun Liu1,2, Yongqi Dong1,3, Mathew J. Cherukara1, Kiran
Sasikumar1, Badri Narayanan1, Zhonghou Cai1, Barry Lai1, Liliana
Stan1, Seungbum Hong1,4, Maria K.Y. Chan1, Subramanian K.R.S.
Sankaranarayanan1, Hua Zhou1*, and Dillon D. Fong1**, “Quanti-
tative Observation of Threshold Defect Behavior in Memristive
Devices with Operando X-ray Microscopy,” ACS Nano 12, 4938
(2018). DOI: 10.1021/acsnano.8b02028
Author affiliations: 1Argonne National Laboratory, 2Agency for
Science, Technology and Research, 3University of Science and
Technology of China, 4KAIST
Correspondence: * hzhou@aps.anl.gov, ** fong@anl.gov

This research was supported by the U.S. Department of Energy (DOE)

Office of Science-Basic Energy Sciences, Materials Sciences and Engi-

neering Division. Use of the Advanced Photon Source and the Center for

Nanoscale Materials, Office of Science user facilities at Argonne Na-

tional Laboratory, was supported by the U.S. DOE Office of Science-

Basic Energy Sciences, under Contract No. DE-AC02-06CH11357. H.L.

acknowledges support from an A*STAR International Fellowship.

< Fig. 1. Multimodal, operando x-ray microscopy images of
the active switching region in a tungsten oxide memristor.
The tungsten distribution, oxygen distribution, and degree of
crystallinity are shown in (A,B,C) for the low-resistance state
and (D,E,F) for the high-resistance state, respectively. These
distributions are determined from the WL3 fluorescence in-
tensity, the W L3 near-edge absorption spectra, and the inte-
grated intensity of the 003 Bragg peak normalized to the
thickness. For all images, the redder hues indicate larger
values (log scale). Image credit: Dillon Fong (Argonne Na-
tional Laboratory)
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Iridium oxides (iridates) exhibit many diverse and interesting electronic phases
due to interplays between electron correlations and spin-orbit coupling effects.
One possible such topological phase is the Weyl semimetal state, which in py-

rochlore iridates can exist in the all-in–all-out (AIAO) magnetic state. Because the
possible presence of this phase in pyrochlore iridates depends on the strength of
the electron correlation, which remains a matter of continuing debate, a research
team sought to understand the degree of electron correlation in the pyrochlore iri-
date Eu2Ir2O7 as a crucial first step toward assessing the topological phase of this
class of materials. In examining this issue, the researchers studied the tempera-
ture-dependent evolution of the magnetic excitation spectrum in a highly insulating
single crystal of Eu2Ir2O7 utilizing resonant inelastic x-ray scattering (RIXS) at the
APS. A complementary resonant magnetic x-ray scattering experiment was also
conducted at the Canadian Light Source.

Eu2Ir2O7 Found to Be a
Potential Weyl Semimetal
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RIXS is a particularly apt way to probe the proper-

ties of correlated electrons. RIXS is sensitive to collec-

tive spin excitations called “magnons,” which form a

propagating wave of spinning magnetic moments.

Magnons carry information about the strength of the

coupling between neighboring electron spins, which in

turn sheds light on the degree of electron correlation.

Magnons in complex antiferromagnets like Eu2Ir2O7 can-

not be probed with other x-ray spectroscopic tech-

niques, and even with RIXS require the extremely high-

energy resolution available at the XSD 27-ID-B

beamline at the APS.  

The magnetic excitation spectrum obtained via RIXS

at 27-ID-B exhibited a dramatic contrast between local

and itinerant magnetism as the temperature of the sam-

ple was increased from 7 K to beyond the metal-insula-

tor transition temperature of 111 K. A propagating

magnon mode with a 20-meV bandwidth and a 28-meV

spin gap was found at 7 K, which suggests that the sam-

ple then was predominantly a local moment system in

the antiferromagnetic AIAO ordered state. 

The researchers in this study, from the University of

Toronto (Canada), Argonne, the Canadian Light Source,

and the University of Tokyo (Japan) next investigated

how magnetic order was destroyed at the phase transi-

tion at 111 K, in search of clues as to the itinerancy of the

system at higher temperatures. In a completely itinerant

system, the magnetic order and the metal-to-insulator

transition would occur at the same time, and magnetic

fluctuations would disappear above the transition tem-

perature. On the other hand, in a purely local moment

system, the local magnetic moments would lose long-

range coherence, but survive into the paramagnetic

phase with their moments and interactions intact.

The researchers found, however, that the magnetic

excitation exhibited substantial softening as the temper-

ature was raised toward the metal-insulator temperature

< Fig. 1. The evolution of the magnetic dispersion relation along
the G → L line in reciprocal space for Eu2Ir2O7 is shown as a func-
tion of temperature. The intensity maps of RIXS spectra at 7 K
and 95 K are plotted along the temperature axis. The magnetic
ordering temperature coincides with the metal-insulator transi-
tion temperature noted on the temperature axis.

of 111 K, where it turned into a highly damped excitation

in the paramagnetic phase (Fig. 1). Surprisingly, the

strong suppression of the excitation energy occurred

throughout the whole Brillouin zone including the zone

boundary. The researchers concluded that such a rigid

shift of the magnetic excitation band cannot be ex-

plained by thermal magnon renormalization, as would

be expected in a local moment system, but points in-

stead to a substantial change in the electronic structure

accompanying the magnetic transition. Their results

strongly suggest that the electron correlation in Eu2Ir2O7
is of intermediate strength, implying that this pyrochlore

iridate is compatible with Weyl semimetal physics.  

— Vic Comello
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When the angles don’t line up in a game of billiards,

players will intentionally hit the cue ball off-center to

make it spin. When the spinning cue ball hits another ball,

it can transfer some of that spin momentum, causing the

other ball to move at a curved angle it otherwise wouldn’t

(and hopefully fly right into the desired pocket). 

Magnetic moments trading spinning electrons in a

magnetic material are doing essentially the same thing.

That is the key to the antiferromagnetic material built and

studied by a team of researchers from the University of

Tennessee, Knoxville, Brookhaven National Laboratory,

the University of Tokyo (Japan), Charles University in

Prague (Czech Republic), the Academy of Sciences of the

Czech Republic, Dublin City University (Ireland), Oak

Ridge National Laboratory, and Argonne. When a spin-

ning electron flies from one magnetic moment to the next,

it can knock over the magnetic moment it lands on. The

moment flips, and in this way pairs of magnetic moments

can "communicate" with each other by using different

spins of the electron (Fig. 1).

The researchers layered sheets of strontium iridium

oxide (SrIrO3) just a single atom thick over similarly thin

< Fig. 1. Symmetry-invariant anisotropy. Spins in an antiferromag-
net are aligned to be magnetically inert. But in this paper, the
researchers show that creating a material with local spin
anisotropy that preserves global isotropy gears up the antipar-
allel spins for efficient control with a magnetic field.

sheets of strontium titanium oxide (SrTiO3). The iridium

was the source of the antiferromagnetism, because each

iridium atom has a “doublet” spin state; it can spin clock-

wise or counter-clockwise, also called up or down. If one

iridium atom spins up, its neighbor spins down, the very

definition of an antiferromagnet. But in most antiferromag-

netic materials, the atoms are stuck in one orientation.

Not in this one. Instead, the researchers carefully de-

signed the layers of SrIrO3 and SrTiO3 to be symmetrical

around the iridium atoms. Each iridium atom (and its mag-

netic moment) sits in an environment where it “feels” all

the directions are the same. This allowed the iridium

atoms to flip their magnetic moments freely, making a

nice, big, easily detected response to external magnetic

fields.  This effect was theoretically predicted 25 years

ago but never experimentally realized until the advances

in material synthesis provide us the capabilities we have

today.

To test whether this special arrangement of coupled

magnetic moments had a magnetic response big enough

to be useful, the researchers analyzed the material at two

XSD beamlines at the APS. The team carried out x-ray

absorption and magnetic circular dichroism measure-

ments at XSD beamline 4-ID-D. The XSD 6-ID-B beamline

end station is set up to do x-ray diffraction within a mag-

netic field. These experiments, which utilize resonant 

“English” cont’d. on page 21

Magnetic materials are everywhere, from the decora-
tions on the face of your refrigerator to the GPS in
your phone. Ferromagnets, the most common kind,

are tremendously useful because they are easy to control, but
that also means they are obvious — most of ferromagnetic
devices can be easily detected or destroyed using magnets
available over the counter. Engineers would like to be able to
build computers and other electronic devices out of a different
family of magnetic materials, called “antiferromagnets.” Such
devices would be magnetically invisible and thus much harder
to detect than the typical ferromagnetic devices available to-
day. They could make computers stealthier, and much, much
faster. However, that also means they would be more difficult
to control. Researchers utilized the APS to demonstrate a su-
per-thin antiferromagnet that is readable and controllable using
outside magnetic fields. It’s the first step to building practical
antiferromagnetic devices.

Putting a Little English on Antiferromagnets
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Light interaction with matter offers a new way of con-

trolling material properties by harnessing energy trans-

port and conversion in functional materials without con-

tact on ultrafast time scales. However, the desired

dynamical control is complicated by the inhomogeneous

response of real materials. The ultrafast dynamics de-

pend not only on the intrinsic properties of the compound

but also, strongly, on mesoscale structures such as sur-

faces, domains, interfaces, and defects that govern the

coupling between various degrees of freedom. 

Rich mesoscale phenomena inspire new functions but

pose a great challenge to characterize and understand

their fundamental processes in the time domain.

The researchers from The Pennsylvania State Univer-

sity and Argonne shone ultrafast laser pulses on a proto-

typical ferroelectric single crystal, BaTiO3. Due to absorp-

tion of the light, electrons are liberated from bonding

states and start to move within a block of the material —

a ferroelectric domain — whose lengths are on the order

“Gigahertz” cont’d. on next page

Fig. 1. Left: Schematic illustration of spatially-resolved pump-
probe experiment and domain configuration of a BaTiO3 single
crystal sample. The inset shows a unit cell of BaTiO3. Right: The
measured lattice strain (dots) oscillates at gigahertz frequency
that confirms the prediction by the dynamical phase-field theory
(solid lines). 

A team of researchers has made an important advance
in broadening our understanding of light-induced
mesoscale dynamics. Time-resolved x-ray diffraction

microscopy, aided by a newly developed dynamical phase-
field method (DPFM) , revealed how lattice waves can be
excited by light pulses and the resulting local structural
changes among mesoscopic domains in ferroelectrics, a
widely utilized material for sensors, nanoscale positioners,
and information storage devices.

X-ray Imaging of Gigahertz
Ferroelectric Domain Dynamics
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“English” cont’d. from page 19

magnetic scattering, must be carried out in a magnetic

field and at a low temperature. The cryostat has a small

vacuum shroud that fits within the poles of the electro-

magnet. The researcher can see the actual arrangement

of the magnetic moments in the material, and how the

arrangement changes when the magnetic field around it

changes.

When they ran the experiments, the researchers saw

exactly what they had hoped for: the antiferromagnet re-

acted to the external magnetic field in a predictable, con-

trollable way, with a big enough signal that they could

actually read it. The experiment shows that antiferromag-

nets could someday work as superior materials for ultra-

fast, stealthy computing. The two major challenges the

team will work on now are making antiferromagnets that

work at higher temperatures closer to room temperature,

and devising a way to read them with something a little

more accessible than a giant x-ray synchrotron with mag-

netic diffraction.   — Kim Krieger

See: Lin Hao1, D. Meyers2, Hidemaro Suwa1,3, Junyi Yang1, Clay-
ton Frederick1, Tamene R. Dasa1, Gilberto Fabbris2, Lukas
Horak4, Dominik Kriegner4,5, Yongseong Choi6, Jong-Woo Kim6,
Daniel Haskel6, Philip J. Ryan6,7, Haixuan Xu1*, Cristian D.
Batista1,8**, M.P.M. Dean2***,  and Jian Liu1****, “Giant magnetic
response of a two-dimensional antiferromagnet,” Nat. Phys. 14,
806. (August 2018). DOI: 0.1038/s41567-018-0152-6
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4Charles University in Prague, 5Academy of Sciences of the
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“Gigahertz” cont’d. from previous page

of a micrometer (Fig. 1).  These free charge carriers can

experience different local forces that pull them in certain

directions depending on which domain they occupy. 

As a result, the lattice start to respond to light-acti-

vated charge carriers on ultrafast time scales. To capture

these local dynamics that occur on micrometer length

and sub-nanosecond time scales, a focused x-ray beam

from the XSD 7-ID-B,C,D x-ray beamline at the APS  was

utilized to probe within and across domains following op-

tical excitation, with the lattice dynamics manifesting itself

as the change of diffraction intensity from the probing x-

ray beam. The local structural dynamics, including oscil-

latory lattice spacing and rotation at gigahertz frequency

in individual domains, can be clearly resolved. 

Understanding such complex behavior without mod-

eling tools that account for spatial complexity and short

time scales is an outstanding challenge.  The authors

have newly developed a dynamical phase-field method

(DPFM) which was used to successfully predict these rich

structural dynamics. This demonstration of the ability to

reveal mesoscopic structural changes opens up new op-

portunities for understanding mesoscale phenomena and

optimizing the functionalities of technologically important

materials.

The continuous innovation of x-ray instruments at the

APS has allowed users to enter a new spatiotemporal

regime to solve challenging problems that could not pre-

viously be answered. With the APS Upgrade, higher spa-

tial resolution and better signal-to-noise ratio will further

empower these cutting-edge x-ray research tools for

meeting mesoscopic energy challenges.

See: Hirofumi Akamatsu1, Yakun Yuan1, Vladimir Stoica1,2, Greg
Stone1, Tiannan Yang1, Zijian Hong1, Shiming Lei1, Yi Zhu2, Ryan
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Wen2, and Venkatraman Gopalan1*, “Light-activated Gigahertz
Ferroelectric Domain Dynamics,” Phys. Rev. Lett. 120, 096101
(2018). DOI: 10.1103/PhysRevLett.120.096101
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ENGINEERING MATERIALS
& APPLICATIONS
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Fig. 1. (a) Energy dispersive x-ray spectrometry compositional mapping of as-built AM IN625 alloy
clearly demonstrates severe elemental microsegregation introduced by rapid cooling and solidi-
fication in the AM build process. (b) Simultaneous synchrotron USAXS and XRD data reveal an
unexpected, fast formation of deleterious delta phase in AM 625 and its morphological and
structure transformation kinetics during a stress-relief heat treatment at 870° C. (c) Thermody-
namic calculations unequivocally show that the elemental microsegregation (right panel) leads
to a much accelerated (> 1 × 102) formation of precipitate phases comparing with the nominal
composition (left panel). 

As the techniques of additive manufacturing (AM), more popularly known as
“3-D printing,” become ever more versatile and applicable for diverse pur-
poses, they sometimes pose unique challenges that are not present with

more traditional manufacturing methods.  In additive-manufactured metals and al-
loys, such problems can result in microstructural defects that lead to reduced
strength and stress resistance, an issue commonly addressed by post-build heat
treatment.  But this approach can also have undesirable side effects.  Researchers
from the National Institute of Standards and Technology (NIST) used the APS to ex-
amine the AM alloy Inconel 625 (IN625) in an effort to better understand the effects
of heat treatment on AM alloy microstructure and phase evolution.  

Putting the Heat on an
Additive-Manufactured Alloy



to be at least 100 times faster than with conventional al-

loys of similar composition.  

The atomic structure of these precipitates remains

stable after formation.  Arrhenius analysis revealed an

activation energy for these precipitates of (131.04 ± 0.69)

kJ mol-1, far lower than that seen in, for example, niobium

(Nb) diffusion in nickel alloys. Because the precipitates

initially form at interdendritic regions with high amounts

of Nb, the investigators note that long-range Nb diffusion

is not necessary for the initiation of the delta phase in AM

IN625.

Applying a second heat treatment at 1150° C for 1 h

succeeded in removing the delta-phase precipitates, re-

sulting in a single-phase face-centered cubic structure.

However, this second heat treatment was also found to

promote grain growth that could possibly weaken the al-

loy's mechanical strength.  The research team is continu-

ing to explore, in greater detail, the benefits and adverse

effects of this homogenization heat treatment.

Although the current study was confined to AM

IN625, the investigators note that their general findings

are applicable to many other AM alloys, since phenom-

ena such as elemental segregation with undesired phase

precipitates are an almost inevitable byproduct of AM

technology.  Extending the multifaceted approach taken

in this work, combining ex situ and in situ EM and XRD

with thermodynamic modeling, to other AM alloys will

lead to a better understanding of their phase evolution in

comparison with their wrought counterparts, and ulti-

mately to new strategies to avoid or mitigate microstruc-

tural defects of additive-manufactured metal alloys.  

— Mark Wolverton

See: Fan Zhang*, Lyle E. Levine, Andrew J. Allen, Mark R.
Stoudt, Greta Lindwall, Eric A. Lass, Maureen E. Williams,
Yaakov Idell, and Carelyn E. Campbell, “Effect of heat treatment
on the microstructural evolution of a nickel based superalloy
additive-manufactured by laser powder bed fusion,” Acta Mate-
rialia 152, 200  (2018). DOI: 10.1016/j.actamat.2018.03.017
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A widely-used superalloy in the aerospace, marine,

and nuclear industries where its high strength and corro-

sion resistance are critical advantages, IN625’s limited

machinability makes it attractive for AM as an alternative

and thus a good model for studying AM alloys.  Using

heat-treated IN625 samples created by laser powder-bed

fusion, the investigators used electron microscopy and

thermodynamic modeling, and in situ synchrotron small-

angle and ultra small-angle x-ray scattering (USAXS) and

x-ray diffraction (XRD) techniques for experiments at the

XSD 11-BM-B powder diffraction beamline and the XSD 9-

ID-C USAXS facility.

While the AM principle of using a laser or electron

beam to build up material layer by layer is very versatile,

it is also a volatile and somewhat unpredictable process

at the microscale, involving complex repeated cycles of

heating and cooling that inevitably result in a certain de-

gree of microstructural inhomogeneity.  One form often

seen in AM metals is elemental segregation, which can

create defects including residual stress and nonequilib-

rium phase structure.  These are generally alleviated by

post-build stress-relief and homogenization heat treat-

ments.  

The unexpected side effects of these heat treatments

were the focus of the current work, which includes some

of the first detailed in situ investigations of the phenome-

non.  Ex situ studies of IN625 AM samples with scanning

electron microscopy (SEM) and x-ray diffraction after

stress-relief heat treatment at 870° C for 0.5, 1, 4, and 8 h

(compared with as-built samples) reveal the phase pro-

files and the presence of undesired platelet-shaped

delta-phase precipitates in the interdendritic regions,

which are known to degrade mechanical performance of

IN625.

With the in situ x-ray scattering and diffraction tech-

niques at the APS USAXS facility, the researchers were

able to observe the actual formation of these delta-phase

precipitates.  These methods also allowed both time- and

temperature-dependent studies of the phase evolution ki-

netics within the same sample volume, including enough

data for thermodynamic modeling.  Across the entire tem-

perature range of the heat treatment from 800° C to 870°

C, the delta-phase precipitates were seen to grow very

rapidly, beginning less than five minutes after the com-

mencement of heat treatment, suggesting a very low nu-

cleation barrier.  Notably, the growth kinetics was found
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The super-black feathers found on many bird-of-paradise males have velvety
microstructures that act like light traps. These super-black feathers are located
adjacent to a brightly colored patch, making the colors appear almost radiant

by contrast. The visual shock of the bright feathers attracts females, and males
with the blackest and brightest plumage are chosen to pass their genes to the
next generation. Similar microstructures could be manufactured for use in solar
panels, optics, and many other technologies. To determine how the super black is
created, researchers employed a variety of experiment techniques including mi-
cro-tomography at the APS.

How to Make the Blackest Black
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so that his super-black patch appears its darkest. The ad-

jacent colored patch appears super bright due to an opti-

cal illusion. When the cone cells in the female’s eye ob-

serve the dark patch, they become hypersensitive to the

photons emanating from the colored patch — making the

colored patch appear extremely bright or even self-lumi-

nous. Researchers explain the evolution of such an elab-

orate scheme using Darwin’s idea of mate choice. Female

birds-of-paradise select and mate with the most impres-

sive male, the one with the blackest black and brightest

colored plumage. This ensures that his genes are passed

on to the next generation. The male with one imperfect

feather is out of luck.

Super-black materials appear elsewhere in natural

and manufactured settings. In golden birdwing butterflies,

super-black patches created by microscopic ridges col-

lect solar radiation. In West African Gaboon snakes, su-

per-dark scales in a vertical cone structure provide cam-

ouflage. 

Manufactured super-black materials have many tech-

nological uses, including in solar panels, optics, and tex-

tiles. Currently, manufactured super-black materials are

created with an irregular surface of regularly spaced

cones and pits. These materials are effective, but expen-

sive. By understanding the super-black feathers of birds-

of-paradise, humans can achieve super blackness using

the same structures that evolved over millions of years —

and maybe at less expense.  — Dana Desonie

See: Dakota E. McCoy1, Teresa Feo2, Todd Alan Harvey3, and
Richard O. Prum3, “Structural absorption by barbule microstruc-
tures of super black bird of paradise feathers,” Nat. Commun. 9,
1 (2018). DOI: 10.1038/s41467-017-02088-w
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< Fig. 1. Normal and super-black feather microstructures at
100 µm.  Top left: A SEM micrograph of a normal black feather
from a Melampitta lugubris. Top right: A SEM micrograph of a
super-black feather with modified barbules Ptiloris par-
adiseus. Bottom left: When normal black feathers are painted
gold, they appear gold. Bottom right: When super-black feath-
ers are painted gold, the pigment is lost in the structure of the
feather and it appears super black.

Birds of paradise inhabit the dense rain forests of

Papua New Guinea and surrounding areas. Most of the

42 species in these dark forests are sexually dimorphic

and polygynous: to attract mates and pass on their

genes, males have engaged in a sort of evolutionary

arms race. Before mating, dully feathered females evalu-

ate males, who display their beautiful plumage during an

elaborate mating dance. The male with the best plumage

display wins. 

Many bird-of-paradise males have super-black feath-

ers, which absorb 99.6% of the incoming light and 99.9%

when the incidence angle is 45° (black pigment absorbs

only 97.5% of visible light).  Since virtually no light es-

capes, the plumage appears profoundly darker than the

normal black plumage displayed in related species.  The

super-black plumage is always found adjacent to or en-

compassing a bright, highly saturated colored patch.

The researchers from Harvard University, the Smith-

sonian Institution, and Yale University utilized spectropho-

tometry, scanning electron microscopy (SEM), optical ray-

tracing simulations, and micro-tomography at the XSD

2-BM-A,B x-ray beamline at the APS. They investigated

structural absorption in feathers from museum specimens

of five bird-of-paradise species with super-black plumage

and two with normal black plumage. Under SEM (Fig. 1),

the normal black feathers display a series of barbules

with open branches, somewhat like a palm frond. Margins

are smooth and lie within the same plane, forming a flat

surface, which reflects incident light, resulting in a glossy

surface reflection. In super-black feathers, the barbule ar-

rays look more like the bushy boughs of fir trees. The bar-

bules curve away from the plane of the feather and are

fuzzy, with microstructures sticking up to form a complex,

jagged surface with intra-barbule cavities.  Photons

bounce around and become trapped in the cavities, until

no light energy is left. The barbules are tilted vertically so

the feather’s appearance varies with viewing direction;

the feathers are blackest when seen from head on. 

Everything about the male bird-of-paradise plumage

and mating dance is designed to make him look his best.

The female is positioned to view him from straight ahead,
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Fig. 1. Artist’s impression of rap-
idly flowing lithium through the
niobium tungsten oxide struc-
ture. Image credit:  Ella Maru
Studio

Even as our electronic devices become ever more sophisticated and versatile,
battery technology remains a stubborn bottleneck, preventing the full real-
ization of promising applications such as electric vehicles and power-grid

solar energy storage.  Among the limitations of current materials are poor ionic
and electron transport qualities. While strategies exist to improve these properties,
and hence reduce charging times and enhance storage capacity, they are often
expensive, difficult to implement on a large scale, and of only limited effectiveness.
An alternative solution is the search for new materials with the desired atomic
structures and characteristics.  This is the strategy of a group of researchers who,
utilizing ultra-bright x-rays from the APS, identified and characterized two niobium
tungsten oxide materials that demonstrate much faster charging rates and power
output than conventional lithium electrodes.

Finding Unusual Performance in
Unconventional Battery Materials
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The investigators note that cells using these niobium

tungsten oxides may result in lower voltages for a given

battery weight.  However, the greatly increased charging

rate can offset this disadvantage for applications requir-

ing fast charging.  Also, while the creation of nanoscale

material electrodes is complex and costly, the synthesis

of large amounts of these niobium tungsten oxides is rela-

tively simple and inexpensive.  If needed, their capabili-

ties can be further enhanced by the usual nano-scaling or

carbon coating techniques.  

This demonstration of the exceptional capabilities

that can be achieved in unconventional battery materials

opens great potential for further explorations, yet still cir-

cumvents the limitations that have dogged past efforts to

achieve next-generation batteries.  In conjunction with en-

couraging the development and maturation of technologi-

cal systems requiring fast charging and high power out-

put, expanding the repertoire of materials available for

energy storage can also make possible new approaches

to the fundamental design of electrodes in ways that may

make them more customizable for specific needs.  The re-

searchers offer the example of solid-state batteries with

greater similarities in diffusion qualities between elec-

trodes and electrolyte.  The present research shows that

the continued quest for new approaches, new materials,

and new solutions is always worth the effort.  

— Mark Wolverton
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Lauren E. Marbella1, and Clare P. Grey1*, “Niobium tungsten ox-
ides for high-rate lithium-ion energy storage,” Nature 559, 556
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Currently, the usual approach for wringing extra ca-

pacity and performance from lithium-ion batteries in-

volves the creation of electrode materials with nanoscale

structures, which reduces the diffusion distances for

lithium ions.  However, this also tends to increase the

practical volume of the material and can introduce un-

wanted additional chemical reactions. Further, when

graphite electrodes are pushed to achieve high charging

rates, irregular dendrites of lithium can form and grow,

leading to short circuits, overheating, and even fires.

Measures to prevent these dendrites generally cause a

decrease in energy density.  These issues seriously limit

the use of graphite electrodes for high-rate applications.

In the present work, the team from the University of

Cambridge (UK) together with colleagues from Argonne

and the Diamond Light Source at the Harwell Science

and Innovation Campus (UK) explored an alternative ap-

proach with materials featuring a different three-dimen-

sional crystal structure (Fig. 1) and larger active particle

size that allows freer movement of lithium ions while

avoiding the swelling and other stresses that impede

transport in graphite.  They concentrated on the niobium

tungsten oxides Nb16W5O55 and Nb18W16O93, studying their

ionic transport characteristics under pulsed-field gradient

nuclear magnetic resonance spectroscopy.  Among other

studies, the experimenters also conducted operando

powder x-ray diffraction and absorption spectroscopy

measurements at the APS, using the AMPIX cell (devel-

oped at Argonne) at the XSD 9-BM-B,C and 17-BM-B x-ray

beamlines, respectively; and ex situ x-ray absorption

spectroscopy performed at beamline B18 of the Diamond

Light Source. 

The team’s observations confirmed that, as they had

theorized, the different crystallographic natures of the

niobium tungsten oxides resulted in high diffusion rates.

The Nb16W5O55 material is composed of 4 x 5 (Nb, W)O6
octahedra connected at shear planes, while the

Nb18W16O93 structure is bronze-like, with “pillars” of oxy-

gen that hold open tunnels in the crystal lattice.  This in-

herent anisotropy of both systems allows free and rapid

passage of lithium ions while also leading to greater

rigidity and stability and reduced volume expansion.  The

testing shows that both NbW oxides feature storage den-

sities and room-temperature diffusion rates that exceed

current electrode materials by several orders of magni-

tude, even with micrometer-sized active particles.  
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themselves on the graphene oxide sheets. A simple

chemical reduction using vitamin C turns the graphene

oxide into graphene by crosslinking the sheets — perma-

nently trapping the nanocrystals inside a three-dimen-

sional hydrogel.

A combination of synchrotron x-ray probe experi-

ments, transmission electron microscopy (TEM), and com-

putational modelling allowed the researchers to examine

the insertion and extraction of sodium ions, which is the

basis of battery performance. They found that the elec-

trostatic interaction between titania nanocrystals and

graphene helps facilitate intercalation of sodium into the

bulk titania lattice, but also enhances sodium ion build-up

at the interface between the two components. This inter-

facial storage drastically boosts the performance of the

material as a battery electrode, demonstrated by electro-

chemical experiments where the hybrid material was

tested as an anode in a coin cell (Fig. 1).  

Together, high-energy x-ray diffraction (HEXRD) done

on XSD beamlines 11-ID-C and 11-ID-D at APS and x-ray

absorption near edge spectroscopy (XANES) done at XSD

beamline 20-BM-B, also at the APS, provided strong evi-

dence that the self-assembly is driven by electrostatic in-

teractions, rather than chemical reactions. Compared to

titania nanocrystals alone, the HEXRD pattern of the hy-

brid material is the same, suggesting no structural

changes. In the XANES experiment, no titanium-carbon

Both graphene and titania (TiO2) have been studied

as promising electrode materials for ion batteries. Titania

is inexpensive and Earth-abundant and can easily take

sodium ions into its crystal structure, a process called “in-

tercalation.” Nanocrystals of titania are especially attrac-

tive due to increased conductivity, a shorter diffusion

length for sodium, and a flexibility that helps cope with

the strain of adding many new ions to its lattice.

Previous studies have integrated titania nanocrystals

with graphene to increase conductivity and promote

sodium storage at the interface of the two materials. But

the main routes for fabrication of these materials require

high temperatures, long waiting times, and complicated

steps. Any new battery with commercial intent must be

easy to scale up for mass production, so researchers

from Argonne, the University of Duisburg-Essen (Ger-

many), Xiamen University (China), and the University of

North Carolina set out to find a new route. But they didn’t

just find a better synthesis — they were able to enhance

sodium storage in the process.

Their titania-graphene hybrid is based on self-assem-

bly driven by electrostatic attraction between titania

nanocrystals and graphene. The nanocrystals, grown in a

spray-flame reactor, end up with a positively charged sur-

face while preparation of graphene oxide sheets come

out negatively charged. When mixed in solution, these

opposites attract, with nanocrystals neatly arranging

L ithium-ion batteries have enabled leaps and bounds in the advancement of
lightweight electronics and electric cars. But lithium availability won’t last for-
ever. That’s why a team of scientists developed an easy-to-assemble electrode

material that targets sodium storage instead of lithium. Not only does their titania-
graphene hybrid material boast an ultrahigh capacity and long-term cycle stability,
studies done at the APS helped pin down the mechanisms behind such high per-
formance — an electrostatic attraction between titania and graphene. Computer
modelling shows that their method can be extended to other common ions, pro-
viding a new paradigm for ion battery technology.

Boosting Sodium-Ion Battery Performance
Via Self-assembly of a
Titania-Graphene Anode
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bonds were observed, indicating that nanocrystals are

not chemically attached to the graphene. 

Intercalation of sodium ions was examined with

HEXRD, taken in situ at multiple points in a charge/dis-

charge cycle. During initial discharging, the HEXRD pat-

tern did not change, thus the researchers propose the in-

terfacial sodium leaves first. A subsequent decrease in

integrated intensity signified a loss in crystallinity, likely

from the outer shell of nanocrystals as sodium ions leave

the lattice. This change was also accompanied by a

downshift in the NaxTiO2 peak, confirming a change in

sodium intercalation. 

Density functional theory calculations of the binding

energy for sodium on a titania surface demonstrated that

the presence of electrostatically attracted graphene sta-

bilizes sodium ions by lowering their binding energy. The

binding energy continues to decrease as more sodium

ions are added. Thus, more sodium ions can be stabilized

on the titania surface when graphene is present. Similar

binding energy calculations showed that Li+, K+, Mg2+, and

Al3+, are also stabilized on titania by graphene.

As sodium storage mechanisms are debated in the lit-

erature, there is a clear need to correlate structure with

behavior. Unravelling ion storage mechanisms, as demon-

strated by this research, can guide design of better bat-

tery materials. For the three-dimensional titania-graphene

hybrid studied here, both intercalation and interfacial

storage play a role in boosting performance. This results

in a promising anode material and a general strategy for

developing advanced battery systems.  

— Amanda Grennell
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Fig. 1. Left: Model of a titania nanocrystal (blue and red) elec-
trostatically attracted to a graphene sheet (brown). This strong
attraction leads to better sodium ion storage both in the titania
lattice and at the interface between the nanocrystal and
graphene. (Sodium shown in yellow). Right: Ultrahigh capacity
and long-term cycle stability are observed for a coin cell with
the titania-graphene hybrid (red) as the anode.
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For our devices to become faster, cheaper, and longer-lived, im-
provements in batteries are crucial. Lithium-ion (Li-ion) batteries
have high energy density, low self-discharge, no need for priming,

and low maintenance relative to other rechargeable battery types.  Con-
nected in a parallel circuit, lithium-ion batteries can power electric cars;
singly, they keep our personal electronics humming. The Curiosity rover
has been exploring Mars since August 6, 2012, powered by two
rechargeable lithium-ion batteries connected to solar panels. Neverthe-
less, one major downside to lithium-ion batteries is capacity fade, in
which the amount of charge a battery delivers at the rated voltage de-
creases with use. To learn how to slow the processes that cause batteries
to degrade and capacity to fade, researchers employed high-brightness
x-rays from the APS to image and model a battery’s inner workings at
the nanoscale. Their work revealed the primary cause of degradation in
the battery, providing a new materials model for minimizing capacity
fade in Li-ion batteries and helping to create the next generation of
powerful of these important batteries. 

Visualizing Degradation in
Lithium-Ion Batteries
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face, causing additional mechanical deformation. After 10

cycles, the binder and the graphite particles remain in

contact but the silicon particles are almost completely

detached. Ultimately, each silicon particle detaches and

can no longer participate in electrochemical reactions. 

This work showed that the dominant degradation

mechanism is the electric isolation of the silicon particles:

the larger the distance between the silicon particle sur-

face and its environment, the greater the rate of electro-

chemical degradation. Modelling simulates how detach-

ment and capacity fade are impacted by different

parameters, such as active particle size, viscoelastic crite-

ria of the composite electrode, adhesion between the sili-

con and the carbon black-binder domain, and the SEI

growth rate. However, it is difficult to determine the opti-

mal parameters for reducing capacity fade: smaller sili-

con particles undergo smaller volumetric changes and so

are less likely to detach, but since smaller particles have

greater surface area to volume, there is an increase in

other reactions. 

Imaging reveals the structure of these networks in

porous electrodes. It helped researchers building a new

model determine how to minimize degradation and other

undesirable traits.  By visualizing and quantifying the de-

tachment of silica in a carbon black-binder, materials en-

gineers can choose active particle size, binder type, and

the use of electrolyte additives to optimize the desired

traits. Improving these transport characteristics together

with the mechanical properties is a key step for better

performance in next-generation battery electrodes.   

— Dana Desonie
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< Fig. 1. Transmission x-ray tomographic microscopy. (a) Tomo-
graphic raw data of a pristine silicon-graphite electrode shown
with multi-phase segmentation, whereby the silicon particles
(blue), the graphite particles (dark gray), the carbon black-
binder domain (light gray), and the pore space can be distin-
guished. Scale bar: 15 µm. (b) Average gap between the
surface of a silicon particle and the corresponding carbon
black-binder domain as a function of the respective particle ef-
fective radius. The data have been acquired in electrodes in
the pristine state (black squares) and in fully delithiated elec-
trodes after one cycle (purple diamonds), after three cycles
(magenta circles), and after ten cycles (orange triangles). Gaps
increase with increasing cycle number and increasing silicon
effective particle radius, which is confirmed by renderings of
individual particles extracted from the segmented tomographic
data. The dotted lines are included to guide the eye. Scale
bar: 5 μm. From Müller et al., Nat. Commun. 9, 2340 (2018) 
© 2018 Springer Nature Limited. All rights reserved.

Electrodes in Li-ion batteries contain electrochemi-

cally active silicon particles that are mechanically stabi-

lized by a polymeric binder. Nanoscale carbon black par-

ticles, dispersed in the binder, form a network that

electrochemically connects the active particles. During

each charge-discharge cycle, the silicon particles un-

dergo small volumetric changes. Expansion and contrac-

tion cause them to detach from the carbon black-binder

network, which causes capacity fade.

Nano-imaging battery degradation is challenging

since spatial resolution that is high enough leads to a

weak signal and weak image contrast. For this work, re-

searchers from ETH (Switzerland) and Argonne replaced

50 vol% of the carbon black with carbon-coated copper

nanoparticles, which provided better contrast but did not

change the electrochemical performance of the material.

The researchers used scanning electron microscopy and

attenuation-based transmission x-ray tomographic mi-

croscopy at the XSD 32-ID-C beamline of the APS to ob-

tain three-dimensional electrode microstructures (Fig. 1).

Imaging allows researchers to depict the detachment

process during cycling. In a pristine battery, silicon parti-

cles are surrounded by the carbon-black binder domain.

After one cycle, volumetric changes in the silicon parti-

cles shrink, which causes a gap between the silicon parti-

cles and the carbon black-binder domain. After three cy-

cles the silicon particles begin to crack and a solid

electrolyte interphase (SEI) layer forms on the silicon sur-
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Due to their high en-

ergy density and other

favorable characteris-

tics, Li-ion batteries are

increasingly in demand

for vehicles, power grid

energy storage, and nu-

merous consumer prod-

ucts. Remarkably, nearly

all Li-ion batteries use

cathodes that incorpo-

rate the metals nickel

(Ni) and/or cobalt (Co).

Unfortunately, these two

metals have several

drawbacks. Nickel, and

in particular cobalt, are

relatively expensive and

rare, and mining their

ore presents heightened

environmental risks. In

spite of these draw-

backs, efforts to elimi-

nate these metals from

Li-ion batteries have

been largely unsuccess-

ful. Cobalt, for instance,

remains a key cathode

ingredient because it is

One of the key components of a lithium-ion (Li-ion) battery is the cathode, which
forms its positive electrode. The cathodes of most Li-ion batteries currently incor-
porate metals that are problematic. One alternative is to use the abundant and in-

expensive element manganese (Mn). Up until now, manganese-rich cathodes have been
limited in their ability to carry enough charge. In a quest to enhance their performance, re-
searchers demonstrated a unique design incorporating manganese in a cathode that is
durable and inexpensive, yet exhibits the requisite high-charge capacity and high-energy
output exhibited by conventional cathodes. High-energy x-ray measurements performed
at the APS and at the Advanced Light Source (ALS) were crucial in revealing the chemical
changes in the new cathode material during repeated charge-discharge cycles. Further
development of this new material could provide a safer, less-toxic, and cheaper alternative
for the cathodes of next-generation Li-ion batteries.

An Abundant and Inexpensive
Alternative for Energy Storage in
Li-Ion Batteries

Fig. 1. The electron micrograph in the left panel shows a
single particle of the manganese-based cathode material
(Li2Mn2/3Nb1/3O2F) that was examined in this study. Scale
bar at bottom of the panel represents 100 nm. The four
smaller, color-coded panels were produced from energy-
dispersive spectroscopy mapping of the compound’s ele-
mental distribution (EDS). The vivid colors in each panel
indicate that the compound’s manganese (Mn), niobium
(Nb), oxygen (O), and fluorine (F) were evenly distributed.
Inset lower right: The x-ray diffraction pattern of
Li2Mn2/3Nb1/3O2F. From J. Lee et al., Nature 556, 185 (12
April 2018). © 2018 Springer Nature Publishing AG
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very efficient at retaining the layered structure used in

conventional Li-ion cathodes over many charge-dis-

charge cycles.

In the search for substitute cathode materials, in 2014

a team of researchers (which included researchers in this

study) found a novel material that retained its high-stor-

age capability even when its ions became fully disor-

dered, making a structure similar to the mineral rocksalt.

Using computational modeling to understand this unusual

behavior, the researchers realized they had found a po-

tentially very large class of novel cathode materials with

diverse and rich chemistry. Most importantly, by avoiding

the layered structure required by conventional Li-ion

high-performance cathodes, cobalt and nickel could be

eliminated.

Research into disordered rocksalt as a viable high-

performance cathode material has steadily progressed.

Its cation structure (its distribution of positive ions) sup-

ports the insertion of a variety of elements that can be uti-

lized to tune the material’s performance characteristics.

Manganese, for one, is abundant, environmentally-

friendly, inexpensive, and features good safety behavior.

The oxidation state of the elements in a Li-ion cath-

ode can be crucial to how it interacts with the battery’s

lithium ions as they flow in-and-out over repeated charge-

discharge cycles. The oxidation state of an element indi-

cates the sharing of electrons within a compound.

Changes in an element’s or compound’s oxidation state

occur as part of reduction-oxidation (or redox) reactions,

which are ubiquitous in nature and in batteries. A simple

example involves the sodium chloride in table salt. A re-

dox reaction between these two elements occurs when a

sodium atom gives up an outer electron to a chlorine

atom; the sodium is said to be oxidized while the chlorine

is reduced.

The research team in this study from the University

of California, Berkeley, and the Massachusetts Institute

of Technology focused on finding a material that allows

manganese to vary its oxidation state between +2 and

+4, which is referred to as a “double redox” state and

abbreviated Mn2+/Mn4+. This combination, which is simi-

lar to the Ni2+/Ni4+ double redox present in many layered

cathodes, allows for high charge and energy capacity in

the battery.

A compound containing lithium, manganese, oxygen,

fluorine, and niobium was utilized, with the chemical for-

mula Li2Mn2/3Nb1/3O2F. The addition of fluorine limited

over-oxidation of the compound during repeated charge-

discharge cycles. The compound structure was gauged

using x-ray diffraction, while spectral analysis indicated

the distribution of its constituent elements (Figure 1). To

track changes in the oxidation state of the manganese,

the team and colleagues from Argonne and Lawrence

Berkeley National Laboratory (LBNL) carried out x-ray ab-

sorption near-edge structure measurements at XSD

beamline 20-BM-B at the APS, and soft x-ray absorption

spectroscopy measurements on beamline 8.0.1.1 (iRIXS

end station) of the ALS at LBNL. The combined data indi-

cated that the compound exhibited high performance

characteristics (charge and power capacity), with the oxi-

dation state of the manganese cycling as anticipated.

The researchers demonstrated that common and in-

expensive elements can be utilized to achieve high per-

formance in disordered rocksalt cathodes, which could

eliminate the need for cobalt and nickel in Li-ion batter-

ies. Several large research programs on disordered rock-

salts are currently under way, as the nature of this mate-

rial provides ample opportunity for improving its

performance as a cathode material.  — Phil Koth

See: Jinhyuk Lee1*‡, Daniil A. Kitchaev2, Deok-Hwang Kwon1,
Chang-Wook Lee3, Joseph K. Papp1, Yi-Sheng Liu4, Zhengyan
Lun1, Raphaële J. Clément1, Tan Shi1, Bryan D. McCloskey1,4,
Jinghua Guo4,5, Mahalingam Balasubramanian3, and Gerbrand
Ceder1,4**, “Reversible Mn2+/Mn4+ double redox in lithium-excess
cathode materials,” Nature 556, 185 (12 April 2018). 
DOI: 10.1038/s41586-018-0015-4
Author affiliations: 1University of California, Berkeley, 2Massa-
chusetts Institute of Technology, 3Argonne National Laboratory,
4Lawrence Berkeley National Laboratory, 5University of Califor-
nia, Santa Cruz ‡Present address: Massachusetts Institute of
Technology
Correspondence: * jinhyuk@mit.edu, ** gceder@berkeley.edu

Work by J.L., D.A.K., D.-H.K., Z.L., R.J.C., and G.C. was supported by

Robert Bosch, LLC, Umicore Specialty Oxides and Chemicals, and the

Assistant Secretary for Energy Efficiency and Renewable Energy, Vehi-

cle Technologies Office, of the U.S. Department of Energy (DOE) under

Contract No. DE-AC02-05CH11231, under the Advanced Battery Materi-

als Research Program. This research used resources of the Advanced

Photon Source, a U.S. DOE Office of Science User Facility operated for

the DOE Office of Science by Argonne National Laboratory under con-

tract No. DE-AC02-06CH11357. Work at the Advanced Light Source is

supported by DOE Office of Science-Basic Energy Sciences User Facili-

ties under contract no. DE-AC02-05CH11231. Work at the Molecular

Foundry was supported by the DOE Office of Science-Basic Energy Sci-

ences, under contract No. DE-AC02-05CH11231. J.K.P. acknowledges the

U.S. National Science Foundation Graduate Research Fellowship (grant

no. DGE-1106400). B.D.M. acknowledges support from the Assistant Sec-

retary for Energy Efficiency and Renewable Energy, Vehicle Technolo-

gies Office, U.S. DOE, under contract no. DEAC02-05CH11231, under the

Advanced Battery Materials Research Program. 



36 APS Science 2018 • Vol. 1

of OSC fabrication during an actual spin-coating process.

This non-destructive x-ray method developed in collabo-

ration with Joel Strzalka (XSD) to install an inline spin

coater at beamline 8-ID-E provided real-time, high-resolu-

tion data about thin-film formation. For instance, the GI-

WAXS data revealed details of the liquid-to-crystalline

phase transition, and the intermediate phases that the

film encountered before its final morphology (structure)

was achieved. Optical reflectance was used to gauge

thin-film thickness.

This study analyzed three light-sensitive compounds

(which are considered semi-conducting materials) to pro-

duce OSCs. Two were polymers, the semi-crystalline

P3HT and less-crystalline PTB7, and the crystalline small-

molecule p-DTS(FBTTh2)2. Three solvents and four pro-

cessing additives were also surveyed. A large variety of

thin films was subsequently generated using different

combinations of the semi-conducting compounds, sol-

vents, and additives.

As individual solutions were spin-cast, they dried to

form a solid film. During this process, two-dimensional GI-

WAXS images were recorded every 10 msec over a pe-

riod of a few hundred seconds to 2 h. These “molecular

OSCs can be classified by the light-sensitive com-

pounds they contain: either small-molecule or polymers

consisting of long chains of smaller molecular units. Prior

to creating an organic solar cell, its light-sensitive com-

pounds (polymers or small-molecule) are suspended

within a liquid, which also contains various chemical addi-

tives and solvents. To create a single active layer of an

organic solar cell, the liquid is spread out into a thin film

where it begins to dry and crystallize. This basic process

is followed whether in the laboratory or the factory.

Spin-coating is typically employed to produce OSC

prototypes. In this technique, a substrate is placed on a

revolving turntable where small amounts of liquid are de-

posited. The liquid is quickly and evenly distributed over

the substrate surface and dries to form a solid thin film.

Repeated cycles of liquid application and solidification

build up the multiple layers within an OSC. The basic

spin-coating process is depicted in Fig. 1.

The researchers conducted grazing incidence wide-

angle x-ray scattering (GIWAXS) experiments at the XSD

8-ID-E beamline of the APS, and solution-scattering ex-

periments at the DND-CAT 5-ID-B,C,D beamline at the

APS in order to observe and measure the primary aspects

Organic solar cells (OSCs) are photovoltaic devices that convert sunlight
into electricity. OSCs consist of multiple thin layers of organic (carbon-
based) soft-matter materials that are lightweight, flexible, inexpensive,

and generally less resource-intensive to manufacture than the inorganic and sili-
con-based variety. The so-called active layers within OSCs are responsible for
converting light into electricity. To boost the light-conversion efficiency of OSCs,
researchers manipulate the morphology (the distribution, quantity, etc.) of the
light-capturing molecules within their active layers. However, improvements in
OSC morphology attained in the laboratory are sometimes difficult to carry over
into mass-produced devices. Much of this difficulty is due to differences in fabri-
cation: While scientists typically utilize spin-coating to create OSC prototypes,
manufacturers employ entirely different techniques. To better translate laboratory
advances into mass-produced OSCs, researchers undertook to quantify the many
variables affecting OSC fabrication during the spin-coating process using the
APS. These x-ray experiments allowed researchers, for the first time, to precisely
delineate the many variables affecting the morphological properties of different
OSC layers during an actual spin-coating process. These new insights will help
transition laboratory advancements to the high-volume production of improved
organic solar cells.

The Variables Controlling Thin-Film
Structure in Organic Solar Cells
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Fig. 2.  The various bar graphs summarize the morphological
evolution for all single-solvent and all additive-containing
chlorobenzene (CB) films. Chlorobenzene was one of three
solvents studied. The different bar graphs are grouped accord-
ing to the particular additives that were used in order to easily
compare film evolution across the three light-converting semi-
conductors, namely the two polymers P3HT and PTB7, and the
small-molecule p-DTS(FBTTh2)2 (identified simply as “DTS”).
Different phases of formation (the deposition-to-thinning transi-
tion, primary and secondary crystallizations of the thin-films,
etc.) are labeled according to the colored key-code at bottom.
Gray areas in the bars indicate that no further evolution was
detected.

movies” helped to identify the role of solvents and addi-

tives in tuning the evolution of domain sizes, crystalline

phases, and molecular packing corresponding to each

stage of thin-film formation. Data from one of the molecu-

lar movies is summarized in Fig. 2.

Analysis of the GIWAXS data yielded a couple of

general conclusions about the formation of thin films pro-

duced by a spin-coating process. First, the solvents used

in some experiments led to a too-rapid onset of thin-film

crystallization that sometimes locked in multiple crys-

talline orientations and/or divergent crystalline structures,

resulting in lowered solar cell efficiency. Second, for thin

films processed using both solvents and additives, the

evolving structure of the thin film proceeds step-wise over

a duration lasting anywhere from seconds to hours, de-

pending upon the specific conditions involved.

These results will aid in rationally defining the condi-

tions for desirable morphologies in high-performance

OSCs, an approach sometimes referred to as “intelligent

processing”, and should have a direct impact on advanc-

ing efficient and effective OSC industrial production. The

experimental results should also be helpful to materials

engineers in the design of next-generation OSCs.  

— Phil Koth
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Fig. 1.  Basic experimental setup
is shown at the center of the fig-
ure. Using an actual spin-coat-
ing device allowed thin layers
of organic solar cells to be spin-
cast while both high-resolution
x-ray (GIWAXS) and optical
measurements were made of
the process. “He environment”
refers to the helium atmosphere
within the spin-cast device. Col-
ored image at right illustrates
GIWAXS data of a thin film dur-
ing spin-casting.
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Fuel cells could power the next Industrial Revolution, as these devices can very efficiently
combine hydrogen and oxygen to produce electricity with only water coming out of the
“exhaust pipe.” Fuel cells are often compared to batteries, as both convert the energy re-

leased by a chemical reaction into electric power. But fuel cells don’t need to be recharged;
they will deliver electricity as long as fuel (hydrogen) is supplied. To run the chemistry inside a
fuel cell, catalysts are needed to facilitate the energy-releasing reactions. However, most
catalysts do not perform as well as expected when they are inserted into a fuel cell. To help
figure out why, a team of researchers developed an x-ray method for observing the catalyst be-
havior in a working fuel cell. As a demonstration of this in operando technique, the team inves-
tigated several catalysts utilizing extreme-brightness x-rays from the APS. Their experiments
revealed structural changes of the catalyst material that disrupt its chemical functioning. The re-
sults could help in finding catalysts that are more structurally stable under fuel cell conditions. 

Watching Fuel-Cell Catalysts in Action
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Of the many types of catalysts that are available,

one of the best options is platinum, but this noble metal is

very rare and expensive. For this reason, scientists are

exploring the potential of nanoalloy catalysts, which

could provide the same chemical boost as platinum but

at a fraction of the cost. These nanoalloys contain noble

metals (e.g., platinum and palladium), transition metals

(e.g., nickel and iron), and post-transition metals (e.g., tin

and lead). In laboratory tests, nanoalloy catalysts have

proven to be as effective as pure platinum nanoparticles

in driving the oxygen reduction reaction (ORR), which is a

key step in the fuel-cell chemical process. 

Despite their positive lab results, nanoalloy catalysts

tend to underperform — dropping roughly 70% in effi-

ciency — when exposed to actual operating conditions.

This decline is in part due to the highly corrosive environ-

ment inside fuel cells. To understand what’s going on at

the atomic level, researchers from Central Michigan Uni-

versity, the State University of New York at Binghamton,

and Argonne have developed an experimental approach

for catalyst characterization that combines energy dis-

persive x-ray spectroscopy (EDS) and high-energy total x-

ray scattering. The EDS measurements allow the re-

searchers to track composition changes, while the

scattering data helps to identify atomic structure evolu-

tion. This is the first time these two techniques have been

combined to study a catalyst during its operation.

The team investigated two types of nanoalloy cata-

lysts: one made of palladium and tin (Pd-Sn) and the

other consisting of platinum, nickel, and copper (Pt-Ni-Cu).

The researchers placed these catalysts in a specially-de-

signed fuel cell that was optimized for x-ray studies. They

then exposed each sample to the high flux of focused,

high-energy x-rays (100 keV) from the XSD 1-ID-C x-ray

beamline at the APS. Analyzing the data required tech-

niques for removing the effect from the cell’s hardware.

< Fig. 1. Fuel cells could power a greener future by combining
hydrogen fuel (H2) with oxygen (O2) from the atmosphere to
produce electricity, with the only by-product being water
(H2O). The fuel cell’s chemical reactions require a catalyst, de-
picted in the magnified inset as a nanoalloy particle composed
of several thousand green and white atoms. A new high-en-
ergy x-ray method has been developed for tracking structural
changes of the catalyst during fuel-cell operation. Credit: Va-
leri Petkov (Central Michigan University)

Once this background was subtracted, the EDS and scat-

tering observations revealed the structural and chemical

evolution of the sparse collection of catalyst particles

with approximately 1-minute time resolution and 30-µm

spatial resolution. While collecting the x-ray data, the

team also monitored the electric current produced by the

cell, allowing them to relate changes in the catalyst to

the fuel-cell performance. 

The combined measurements revealed structural

transformations of the nanoalloy catalysts that reduce

their ORR activity — and thus downgrade the efficiency

of the fuel cell. The researchers recognized that, in part,

these structural transformations are caused by fast diffu-

sion of atomic species within the catalyst particles. One

way to minimize this diffusion is to choose a different

shape for the nanometer-sized particles that make up

the catalyst. In this vein, the team tried using cube-

shaped particles, whose geometry conformed with their

cubic-type atomic structure. They found that the atoms

in these nanocubes were limited in how they could hop

to a new position, and this restricted hopping resulted in

slower diffusion and a more stable structure during fuel-

cell operation. 

The group is planning more experiments — using EDS

and scattering data — to explore other promising families

of catalysts for proton exchange membrane fuel cells.

The hope is that the information collected on structural

changes will guide the development of better catalysts

that can make fuel cells more commercially viable.  

— Michael Schirber
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Lu2, Hannah Cronk2, Fangfang Chang2, Shiyao Shan2, Haval Ka-
reem2, Jin Luo2, Chuan-Jian Zhong2, Sarvjit Shastri3, and Peter
Kenesei3, “Nanoalloy catalysts inside fuel cells: An atomic-level
perspective on the functionality by combined in operando x-ray
spectroscopy and total scattering,” Nano Energy 49, 209 (2018).
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Catastrophic failure of pliable (ductile) materials under tensile strain is
typically preceded by the appearance of shear bands, narrow layers of
the material distorted by intense shear strain. Working at the APS, re-

searchers employed x-ray diffraction measurements with high spatial resolution
to follow the evolution of shear bands in a stainless steel. The interplay of ex-
ternal strain with the local orientation of grains and their lattice structure leads
to extremely high strain gradients on submicron scales near shear bands. The
resulting high local shear stress may induce material damage and even trigger
premature failure. Failure studies of austenitic steel have shown that as the
number of loading cycles increases, failure tends to occur sooner than standard
models would imply. The results of this new study suggest that intensified
shear strain on very small scales may have an outsize effect in determining the
behavior of the sample as a whole, and provide new information about poten-
tially catastrophic, fatigue-induced failure of critical materials.

High Shear Stress on Submicron Scales
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After a material has been subjected to strain, exami-

nation of shear bands by transmission electron mi-

croscopy reveals details of dislocations and other

changes in the affected area. But such post-mortem stud-

ies do not reveal how the shear band structure came to

be, nor indicate how it will evolve under further strain. Re-

searchers from the University of Science and Technology

Beijing (China), Argonne, Northeastern University (China),

Chongqing University (China), and the Georgia Institute of

Technology used a three-dimensional (3-D) x-ray diffrac-

tion technique with micrometer-scale resolution to char-

acterize shear patterns in a sample of steel and to exam-

ine those shear patterns changed in real time when

greater stress was applied.

The team studied austenitic stainless steel (24 wt%

nickel, 20 wt% chromium, 6.2 wt% molybdenum, 0.22 wt%

nickel), an alloy known to develop a network of planar

slip bands when subjected to fatigue cycling. Such planar

slip bands are a common type of microscopic shear band

formed in metal alloys.  At the XSD 34-ID-E APS beam-

line, the team obtained two-dimensional diffraction pat-

terns utilizing an x-ray beam of 0.5-µm diameter, and si-

multaneously derived data in the third dimension by

using a differential aperture technique to scan along the

beam direction. The combination of high-intensity x-rays

with high-speed data collection makes it possible to per-

form 3-D mapping of lattice structures and overall grain

orientations over significant sample volumes (Fig. 1).

The study began by putting a steel sample through

29,000 loading cycles with a tensile strain amplitude of

0.3%. The 3-D x-ray diffraction technique applied to a

small “dog bone”-shaped piece cut from the steel re-

vealed grains of about 100 µm in size, randomly oriented,

and also showed lattice dislocations within those grains.

The researchers identified one grain in particular that

showed a striking  pattern of shear bands aligned in two

distinct directions. The geometry of these bands corre-

sponded to the primary and secondary dislocation slip

planes of the steel. In principle, such a grain would be ex-

pected to show tensile strain in the direction of the ap-

plied strain and compressive strain perpendicularly, but

further examination of the grain revealed a mix of tensile

and compressive strains near shear bands whose direc-

tions were influenced by the orientation of the grain lat-

tice. Where the primary and secondary shear bands

crossed, tensile and compressive strains ran into each

other, creating intense local shear that varied on a submi-

cron scale.

The team then continued the experiment by perform-

ing in situ x-ray diffraction measurements as the sample

was subjected slowly to an additional 0.5% strain. The

pattern of tensile and compressive strains in the selected

grain changed considerably. Close scrutiny of locations

where the shear bands intersected showed that, although

the macroscopic increase in strain on the sample was

modest, local shear strain changed by much larger

amounts as the grain, influenced by its setting in the

steel’s polycrystalline matrix, tried to adjust to the new

conditions. Computer simulations of strain distribution in

the material supported this interpretation and were con-

sistent with the magnitude of the observed local shear. 

— David Lindley
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< Fig. 1. Experiment setup and results of in situ x-ray micro-dif-
fraction (μXRD) testing. (a) Schematic of a tensile specimen cut
from a fatigued sample of stainless steel. The specimen is cov-
ered with a crystal orientation map of near-surface grains from
μXRD measurement. The map is colored by the loading direc-
tion (LD) inverse pole figure, with the color scheme shown in
the orientation triangle. (b) Schematic of an incident x-ray slic-
ing plane (in gray) at 45° to the sample surface. The specimen
orientations are represented in terms of the LD, surface normal
direction (ND), and transverse direction (TD). The primary and
secondary shear bands are represented by the solid and
dashed lines, respectively. (c) A crystal orientation map slicing
along the x-ray beam direction, measured with polychromatic
x-rays. The [001]//LD grain is red. (d) A map of the (480) diffrac-
tion peak full width half maximum of the same [001] grain
shown in (c), measured with monochromatic x-rays. The pri-
mary and secondary shear bands, as marked in the map, can
be readily identified according to the gray scale. All measure-
ments have a spatial resolution of ∼1 μm in three dimensions.
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single-crystal FeSi and success-

fully resolved double Weyl

phonon dispersions beautifully

consistent with theoretical pre-

dictions. 

See: H. Miao1*, T.T. Zhang2,3, L.
Wang2,3, D. Meyers1, A.H. Said4, Y.L.
Wang1, Y.G. Shi2, H.M. Weng2,5, Z.
Fang2,5 and M.P.M. Dean1**, “Obser-
vation of Double Weyl Phonons in
Parity-Breaking FeSi”, Phys. Rev. Lett.
121, 035302 (18 July 2018). 
DOI: 10.1103/PhysRevLett.121.035302
Author affiliations: 1Brookhaven Na-
tional Laboratory, 2Institute of
Physics, Chinese Academy of Sci-
ences, 3University of Chinese Acad-
emy of Sciences, 4Advanced Photon
Source, 5Collaborative Innovation
Center of Quantum Matter
Correspondence: * hmiao@bnl.gov,

** mdean@bnl.gov

This material is based upon work supported by the U.S. Department of

Energy (DOE)-Basic Energy Sciences, Early Career Award Program

under Award No. 1047478. Work at Brookhaven National Laboratory

was supported by the U.S. DOEOffice of Science-Basic Energy Sciences

under Contract No. DE- SC0012704. Support was provided by the Na-

tional Key Research and Development Program of China (Grant No.

2016YFA0300600), the National Natural Science Foundation of China

(Grants No. 11674369 and No. 11774399), and the Chinese Academy of

Sciences (XDB07020100 and QYZDB-SSW-SLH043). This research used

resources of the Advanced Photon Source, a U.S. DOE Office of Science

User Facility operated for the DOE Office of Science by Argonne Na-

tional Laboratory under Contract No. DE-AC02-06CH11357. 

I t has long been known that the properties of materials are crucially dependent
on the arrangement of the atoms that make up the material. For example, atoms
that are further apart will tend to vibrate more slowly and propagate sound

waves more slowly. Now, researchers from Brookhaven National Laboratory have
used the APS to discover “topological” vibrations in iron silicide (FeSi). These topo-
logical vibrations arise from a special symmetrical arrangement of the atoms in
FeSi and endow the atomic vibrations with novel properties such as the potential
to transmit sound waves along the edge of the materials without scattering and
dissipation. Looking to the future, one might envisage using these modes to transfer
energy or information within technological devices.

In quantum mechanics, atomic

motions in crystals are described in

terms of vibrational modes called

phonons. Similar to electrons moving

in metals, phonons can also propa-

gate through materials. The detailed

properties of these excitations deter-

mine many of the thermal, mechani-

cal and electronic properties of the

material. In 2017, part of the current

collaborative team from the Chinese

Academy of Science theoretically

predicted the existence of the topo-

logical phonons in transition metal

monosilicides. As shown in Fig. 1,

these topological phonons are

formed by two Dirac-cones with dif-

ferent slopes and are protected by

symmetry. Since the mathematical

description of each Dirac-cone is inti-

mately related to the famous Weyl-

equation that was originally proposed in high-energy

physics, these topological phonons are consequently

called double-Weyl excitations.

To experimentally prove the existence of these novel

phonon excitations, one needs a technique that can

probe the full bulk phonon dispersion with high energy

and momentum resolution. The HERIX beamline at the

XSD 30-ID,B,C beamline of the APS is among the very

few machines in the world in which this experiment can

be done. The research team performed comprehensive

inelastic x-ray scattering measurements on high-quality,

Fig. 1. Schematic view of the double-Weyl
phonon dispersion. Image: Brookhaven National
Laboratory

Topological Excitations from a
Vibrating Crystal Lattice
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exhibited progressive recovery of its optical absorption,

but had not yet returned to the panchromatic absorption

of the dark-state single crystal. By contrast, their previ-

ously investigated metastable ruthenium sulfur dioxide

complex counterparts had returned to the dark state in a

few seconds or minutes. These results demonstrate that

the above osmium sulfur dioxide complex is a rare exam-

ple of a material that can be developed into a promising

osmium-based, solid-state, optical switch. 

For example, one can imagine the dark-state SO2 lig-

and (1-SO2) as a 0 and the photoisomer (
2-SO2) as a 1 in

binary nomenclature. Since the molecular configurational

changes in Fig. 1a take place within a single osmium-

based crystal, one can then envision this crystal tailored

with optically switchable 0s and 1s that express encoded

forms of data – thus achieving three-dimensional optical

data storage, as illustrated in Fig. 1b.

This capability is significant because bottom-row

transition metals like osmium stand to offer linkage pho-

toisomerism with the greatest photoconversion levels and

“Store” cont’d on page 47

An intense research effort is under way worldwide on replacing electrons
with photons in solid-state switching devices. An international research team
reported the outcome of experiments at the APS: the first-ever confirmed

synthesis of an osmium sulfur dioxide ammine complex and the testing of its prop-
erties for solid-state optical switching. Such switches have applications in optical
data storage and quantum computing, but their adoption has been hampered by
interactivity problems between light and the material.

Single crystals of the

[Os(NH3)5(SO2)]-[Os(NH3)5(HSO3)]Cl4,

complex were prepared, collected

by vacuum filtration, washed with

CH3OH, and dried. By means of syn-

chrotron x-ray diffraction at the

ChemMatCARS beamline 15-ID-

B,C,D of the APS, the crystal struc-

tures of the dark- and light-induced

states were then captured at a tem-

perature of 100 K. The results

showed that stimulation of the crys-

tal with 505-nm light for 2.5 h in-

duced a metastable state, whereby

9.3% of the SO2 ligands with one bond to the osmium (
1-

SO2) was photo-converted to SO2 with two bonds (
2-SO2),

as shown in Fig. 1a. The remaining 90.7% retained the

dark-state structure. This photoisomerization caused little

structural deformation to the crystal. These results sug-

gest that osmium can better stabilize sulfur dioxide pho-

toisomers than its ruthenium counterparts, which had

been previously investigated.

The authors, from the University of Cambridge (UK),

the Rutherford Appleton Laboratory (UK), Argonne, and

The University of Chicago, further investigated the optical

properties of the osmium sulfur dioxide ammine complex

by means of concerted optical spectroscopy and mi-

croscopy, experiments that were performed at the Ar-

gonne Center for Nanoscale Materials. 

The dark-state single crystal was found to undergo

photoinduced “bleaching” upon 2.5 h of exposure to 505-

nm light at 100 K, where the optical absorption decreased

by about 50% across most of the visible spectrum. The

SO2 ligands appeared to be responsible for this bleach-

ing effect. After warming to 275 K over 15 h, the crystal

A New Material Could Store Data
in 3-D with Light

Fig. 1. (a) Thermal reversibility of SO2 photoconversion in osmium sulfur dioxide am-
mine complex and (b) prospective application of crystalline photo-isomers in 3-D
optical data storage.
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Fig. 1. Conceptual drawing of dislocations in a crystal lattice. Fig. 2. Conceptual drawing of twinning in a crystal lattice.

Fig. 3. X-ray diffraction patterns for magnesium single crystals. The three different patterns correspond to
unshocked (ambient) Mg, Mg shock-compressed along the c-axis of the crystal, and Mg after release of
stress from the shock-compressed state.  The additional spots appearing in the third pattern are due to
twinning in the Mg crystal.

Dominant Deformation Mechanisms in
Shocked Single Crystals
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Despite almost 50 years of plane shockwave studies of single crystals, un-
derstanding the specific inelastic deformation mechanisms operating during
shock compression remains a long-standing scientific need. Real-time mi-

croscopic measurements of deformation mechanisms during shockwave loading
stand at the forefront of dynamic compression science. Single-crystal studies are
ideal for examining fundamental mechanisms governing plastic deformation mech-
anisms such as twinning and dislocation slip under shockwave loading, in part be-
cause studying shock waves along different crystal axes allows for selective activation
of different deformation mechanisms. Such experiments aid in the development of
models that can accurately predict material response to dynamic compression, a
quality that is essential when developing or improving materials that will be exposed
to high-velocity impacts and explosions. In pursuit of this critical information, re-
searchers working at the APS carried out real-time x-ray diffraction (XRD) experiments
that were the first in situ observations of active deformation mechanisms in shock-
compressed and released single crystals.

Employing a combination of synchrotron x-rays with

plate-impact experiments at the DCS 35-ID x-ray beam-

line at the APS, the researchers from Washington State

University studied the effect of flat polycarbonate projec-

tiles impacting magnesium (Mg) crystals along the c axis

(Fig. 1). These XRD measurements were used to examine

the deformation mechanisms during shock compression

and during subsequent release. Using broadband x-rays,

four real-time x-ray diffraction patterns of (~ 100-ps dura-

tion; 153.4 ns between frames) were recorded during each

plate impact experiment. 

A possible deformation mechanism during both

shock compression and release along the c axis is py-

ramidal 〈c + a〉 dislocation slip. In addition, two types

of deformation twinning are possible: during shock com-

pression (longitudinal stress > lateral stress), contraction

twins or double twins are possible; during release (lateral

stress > longitudinal stress) extension twins are possible.

Changes in the measured XRD patterns were utilized to

determine which of these possible deformation mecha-

nisms were active. Figures 1 and 2 display conceptual

drawings of these mechanisms. 

Laue diffraction spots observed in the shocked state

were similar to those observed before the Mg was im-

pacted, but the spots were elongated.  New Laue spots

appeared only after the shock wave reflected as a re-

lease wave. These new Laue spots arise due to changes

in the crystal orientation within twinned regions of the

crystal. Thus, these measurements revealed that defor-

mation twinning occurred only during release.

In order to further understand which deformation

mechanisms were active during compression and re-

lease, a comparison of XRD simulations incorporating

crystallographic changes was made with the measured

XRD patterns. This revealed that dislocation slip is the

dominant cause of deformation during compression,

while during release extension twinning was activated.

These results provide important insight into the micro-

mechanisms governing inelastic deformation in shocked

single crystals, and how those micromechanisms relate to

the material response at different length scales. More-

over, time-resolved XRD measurements during both

shock compression and release in a single experiment

will be valuable for gaining insight into shock-induced in-

elastic deformation for a range of technologically rele-

vant materials, such as hexagonal-close-packed metals

and body-centered-cubic metals.  — Gwenevier Johnson
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From a materials science perspective, crystals have several advantages. They
are well-ordered rigid systems, but that rigidity also makes them brittle and
vulnerable to cracking. On the other hand, soft materials such as hydrogels

can bend and stretch without mechanical failure, but lack the molecular order and
rigidity of crystals. Now scientists using the APS have shown they can create a
hybrid material that combines the advantages of each, making crystals that are able
to expand to greater than five times their original volume. Giving crystals the ability
to expand and self-heal could lead to a range of applications, for instance trapping
biomolecules within a crystal lattice for later drug delivery or for creating a crystalline
scaffold for catalysis. The researchers are also using this method with other polymer
compositions and protein lattices to see how generalizable their method is and
derive some structural principles. 

Fig. 1. A schematic (a) shows the formation, expansion, and
contraction of ferritin-hydrogel hybrids, while a graph analyz-
ing microscope images (b) shows the expansion and contrac-
tion of a single crystal in solutions of different ionic strength.
Additional microscope images (c) show cracks caused by the
addition of calcium, followed by self-healing of the crystal.
SAXS profiles (d) allow researchers to calculate changes in the
unit cell parameters of the lattice (e). 

Flexible Crystals Can Heal Themselves
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“Store” cont’d from page 43

thermal stability.  Proposed future work is to produce

chemical derivatives of the osmium sulfur dioxide com-

plex that will generate even higher 2-SO2 photoconver-
sion fractions and to search for other types of SO2 photoi-

somers in the osmium complex family.  

— Joseph E. Harmon
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The researchers started with ferritin, a protein that

stores iron in human cells. They selected the protein be-

cause it crystallizes into a lattice with nanometer-sized

pores. They filled the pores with polymer precursors, then

polymerized the mixture, creating superabsorbent

poly(acrylate-acrylamide) copolymer hydrogels through-

out the crystal lattice. The polymer interacts with the pro-

tein through noncovalent bonds, allowing it to maintain

connectivity of the lattice during expansion.

In low ionic strength solutions, the polymer absorbed

water and expanded at the same rate in all three dimen-

sions. The expansion separated individual ferritin cages,

while the connections between protein and polymer

maintain some of the periodic order throughout the crys-

tal lattice.  This was true even when the proteins were

separated by approximately 50 Å, which is a large dis-

tance on the atomic scale. 

The researchers in this study from the University of

Califirnia, San Diego, then added concentrated salt solu-

tions — either sodium chloride or calcium chloride — to

the system. The increase in ionic strength of the solution

caused the polymers to expel water and shrink, drawing

the proteins back into their original positions. The con-

tacts between the proteins — mediated by calcium —

formed anew, and the crystal regained its original struc-

ture.  However, the addition of salt would often create an

uneven spatial gradient, leading one side of the crystal to

contract more quickly leading to the formation of cracks.

Normally, cracks in crystals are not able to repair them-

selves, but the polymer network in these materials pulls

everything back into place and repairs the crystal lattice. 

To observe the changes in crystallinity during expan-

sion and contraction of the hybrid materials, the research

team performed small-angle x-ray scattering (SAXS) at

the DND-CAT beamline 5-ID-D of the APS. That beamline

includes a syringe injector that allowed team to add wa-

ter or salt during x-ray data collection to monitor the

changes in the lattice in real-time. The SAXS technique

enabled them to examine the long-range periodicity of

the hybrid material, while separate high-angle x-ray dif-

fraction measurements let them look at changes in the

positioning of individual atoms in the contracted lattice.

They also performed similar SAXS measurements on sin-

gle crystals at beamline 4-2 at the Stanford Synchrotron

Radiation Lightsource at the SLAC National Accelerator

Laboratory. 

The technique the team employed may provide a

way to improve protein crystallography, which is widely

used to characterize proteins. Often, protein crystals lack

perfect periodicity, which impairs scientists’ ability to ob-

tain high-resolution structures. Integrating the ferritin crys-

tals with the hydrogel, then putting them through an ex-

pansion and contraction cycle, rearranged the lattice and

improved the structural order, allowing for higher-resolu-

tion diffraction images.  — Neil Savage
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Metal oxides such as titanium dioxide (TiO2) are fascinating and versatile
substances that can be used in many applications, including photovoltaic
devices, batteries, and other vital technologies.  But the utility of a particular

material for a particular purpose may be limited, and common techniques to chem-
ically "fine tune" their properties to fit specific parameters, such as doping or surface
coating, are not always practical or effective.  A group of researchers from a diverse
set of institutions decided to try a different strategy by cross-linking metal oxide
molecules with boron to create clusters of hybrid networks with new chemical and
electrical properties and then characterizing the material at the APS. Their work
opens possibilities for the precise tailoring of such materials for specific purposes.  

Fig. 1. A scanning transmission electron microscope image of TiO2 nanoparticles cross-linked with
boron-rich clusters.

Forging the Links to Building
Better Metal Oxides  



The team's approach involved identifying a robust
boron-containing cluster capable of withstanding the
harsh conditions inherent in the cross-linking processes.
The researchers from the University of California, Los An-
geles, the University of California, Santa Barbara, Cairo
University (Egypt), Purdue University, Argonne, and the
University of Oregon settled on a three-dimensional aro-
matic benzene analog, [NnBu4]2[B12(OH)12], which is a deriv-
ative of dodecaborate of the [B12(OH)12]

2- type.  After an-
nealing a bulk sample at 500° C in air, creating a
cross-linked polymer of clusters and boron oxide, the re-
searchers combined the substance with titanium tetraiso-
propoxide, resulting in the formation of a shiny black solid
hybrid material.  They used various techniques to ana-
lyze this material's physical and electrochemical charac-
teristics, including x-ray absorption spectroscopy at the
MR-CAT 10-BM-A,B x-ray beamline at the APS, and total
scattering data suitable for pair distribution function (PDF)
analysis collected at the XSD 11-ID-B beamline at the
APS.

Structural analysis of the material utilizing a variety of
methods including powder x-ray diffraction, scanning
electron microscopy, transmission electron microscopy
(Fig. 1), x-ray photoelectron spectroscopy, nuclear mag-
netic resonance imaging, and PDF showed crystalline
anatase TiO2 in densely embedded nanocrystals.  B12-
based clusters were also present, leading to the present
model of a hybrid molecular boron oxide comprised of
cross-linked intact boron clusters and boron oxide, with
embedded nanocrystals of anatase TiO2.  

The team next investigated the material's electronic
properties.  Because dodecaborate derivatives have
been previously shown to exhibit pseudo-metallic redox
activity, the researchers looked for clusters in redox
states.  Electroparamagnetic resonance spectroscopy
and superconducting quantum interference device mag-
netometry showed that the material is paramagnetic,
which appears to be related to the cross-linked molecular
boron oxide material.  The material also showed an elec-
tron transfer rate considerably higher than that of either
anatase or rutile TiO2, indicating its ability to enhance
electronic properties when linked to metal oxides.

To further investigate these characteristics, the exper-
imenters constructed pouch-cell supercapacitors using
the material in the active layer.  These showed superior
capacitance and performance compared to both TiO2
forms, which appears to be directly related to the cross-
linked molecular nature of the hybridized material.  Com-
bined with the reduced charge-transfer and ionic diffusion
resistance of nanosized TiO2, these properties could
make this material highly desirable for energy storage
applications.

The team also examined the hybrid material's poten-
tial use in visible light photochemical processes by test-
ing it as a photocatalyst in the decomposition of various
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water contaminants.  Under a low-power LED red-light
source, three common dye contaminants showed
markedly faster degradation with the new material than
with a pristine TiO2 control.  Visible light excitation ap-
pears to stimulate electron transfer and generate reactive
oxygen species that efficiently break down organic con-
taminants.  The lack of precious metal elements in the
new material makes it an even more attractive and inex-
pensive candidate for such applications.

While the current experiments provide an excellent
demonstration of how the properties of common metal ox-
ide materials can be altered and enhanced through mo-
lecular cross-linking techniques, the researchers note that
further work is needed to better understand the underly-
ing chemistry and enable more exact and controlled
modifications.  One possibility is to expand the technique
with the use of other metal oxides such as ZrO2.  Never-
theless, the significantly enhanced properties achieved in
the material synthesized in these experiments makes this
relatively simple, room-temperature approach to molecu-
lar customization enormously promising, not only for TiO2
but also other metals and materials.  — Mark Wolverton

See: Dahee Jung1, Liban M.A. Saleh1, Zachariah J. Berkson2,
Maher F. El-Kady1, Jee Youn Hwang1, Nahla Mohamed1,3, Alex I.
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Langeslay8, Massimiliano Delferro5, Jonathan L. Brosmer1,
Christopher H. Hendon6, Marcus Gallagher-Jones1, Jose Ro-
driguez1, Karena W. Chapman5, Jeffrey T. Miller4, Xiangfeng
Duan1, Richard B. Kaner1, Jeffrey I. Zink1, Bradley F. Chmelka2,
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proach for hybrid metal oxides,” Nat. Mater. 17, 341 (April 2018).
DOI: 10.1038/s41563-018-0021-9
Author affiliations: 1University of California, Los Angeles, 2Uni-
versity of California, Santa Barbara, 3Cairo University, 4Purdue
University, 5Argonne National Laboratory, 6University of Oregon 
Correspondence: * spokoyny@chem.ucla.edu

A.M.S. thanks the University of California, Los Angeles, Department of

Chemistry and Biochemistry for start-up funds, 3M for a Non-Tenured

Faculty Award, and the Alfred P. Sloan Foundation for a research fellow-

ship in chemistry. Z.J.B. was supported by a grant from the BASF Corpo-

ration. E.C.W. and J.T.M. were supported by the U.S. National Science

Foundation (NSF) Energy Research Center for Innovative and Strategic

Transformations of Alkane Resources (CISTAR) under the cooperative

agreement no. EEC-1647722. J.I.Z. thanks the Student and Research

Support Fund for financial support. R.R.L. and M.D. were supported by

the U.S. Department of Energy (DOE), Office of Science-Basic Energy

Sciences, Division of Chemical Sciences, Biosciences and Geosciences

under Contract DE-AC02-06CH11357. MR-CAT operations are supported

by the DOE and the MR-CAT member institutions. This research used re-

sources of the Advanced Photon Source, a U.S. DOE Office of Basic En-

ergy Sciences and Office of Science User Facility, operated for the DOE

Office of Science by Argonne National Laboratory under contract no.

DE-AC02-06CH11357. 



50 APS Science 2018 • Vol. 1

A lthough crucial to modern life, metal alloys can fail, possibly leading to bridge
collapse or other disasters. One cause of failure about which little has been
understood is hydrogen embrittlement, which occurs when hydrogen from

water propagates a crack. In this work, researchers from academia and DOE
national laboratories utilized the APS to analyze the micro-structure of a preexisting
crack in a nickel superalloy in order to determine the susceptibility of individual
grain boundaries to hydrogen embrittlement. By understanding fracture behavior,
researchers and industry can better predict metal failure and how to design fail-
ure-resistant alloys. 

Fig. 1. Three-dimensional sample reconstruction. (a) X-ray attenua-
tion tomography data with metal shown in gray and void space in-
side the secondary crack shown in black. Scale bar: 200 μm. (b)
Isolated section of the XRAT reconstruction with an edge-on view of
the nominal crack plane (X–Y), indicated in blue. The nominal crack
propagation direction (X) is into the page. (c) High-energy diffraction
microscopy (HEDM) reconstruction of the microstructure viewed
from the same direction as (b). Each voxel is colored according to
the crystallographic orientation of the crystal at that location rela-
tive to the laboratory reference frame. Scale bar for (b) and (c): 100
μm. The black void space indicating the space inside the crack was
obtained from the XRAT reconstruction and digitally fused with the
HEDM data. From J.P. Hanson et al., Nat. Commun. 9, 3386 (2018).
© 2018 Springer Nature Limited. All rights reserved.

Engineering Metal Alloys that are
Less Susceptible to Failure



Argonne National Laboratory    51

During the 1989 Loma Prieta earthquake, the upper

deck of the eastern span of the San Francisco-Oakland

Bay Bridge collapsed. Engineers constructed a new

earthquake-resistant span, but before the span opened,

they discovered that one-third of the steel rods had frac-

tured due to hydrogen embrittlement (HE). While this dis-

covery averted a potential disaster, the opening of the

span was delayed by a few years and the fix was ex-

tremely costly.  

Metal alloys are made of microscopic crystal grains.

When hydrogen, typically from water, infiltrates the metal,

it propagates cracks along microstructural defects at

grain boundaries. This reduces the cohesive strength of

the grain boundaries and allows dislocations to nucleate,

resulting in sudden fracture. Since the mechanisms of HE

are poorly understood, researchers have been unable to

predict which metal alloys will fail. At this time, engineers

reduce the chance of metal failure by adding additional

material, which was the solution to make the eastern

span safe. A better understanding of HE has the potential

to save time and realize huge economic benefits. 

In the past, engineers learned about metal failure by

analyzing the separated pieces of a fractured compo-

nent. But now there are new tools to help solve this old

problem. For this paper, the researchers experimented

with nickel (Ni)-base superalloy 725. Although engi-

neered for high strength and corrosion resistance, the al-

loy is very susceptible to HE fractures. Researchers elec-

trically charged a 1 mm cylindrical sample of alloy 725

with H and loaded it to failure in tension. Within the sam-

ple they placed the tip of a large, intergranular second-

ary fracture. Two non-destructive, synchrotron-based

techniques revealed the total crystallographic character

of individual grain boundaries, including grain orienta-

tions: near-field, high-energy diffraction microscopy

(HEDM) to image grain shapes and orientations, and x-ray

absorption tomography (XRAT) to reveal the interconnec-

tions of individual grain boundaries with crack morphol-

ogy  (Fig. 1). Both were done on XSD 1-ID-B,C,E beamline

at the APS. 

The researchers in this study, from the Massachusetts

Institute of Technology, Johns Hopkins University,

Carnegie Mellon University, Lawrence Livermore National

Laboratory, Argonne, and Texas A&M University identified

ten microscopic structures that contained grain bound-

aries especially resistant to crack propagation from HE.

These grain boundaries deflected a propagating crack to

a meandering path, increasing the crack’s surface area

and the work necessary for it to grow, making the mate-

rial less susceptible to fracturing.  Nine of these fracture-

resistant microscopic structures were “BLIPs,” or grain

boundaries with low-index planes, where at least one of

the grains had a low Miller index facet. The strongest sec-

tion of a grain boundary determined the ability of the ma-

terial to stop or deflect a crack. No cracks were initiated

in the sample interior, suggesting that all cracks in the Ni-

alloy initiated at free surfaces.

As a result of this work, engineers can use mi-

crostructure design techniques to create a more HE-re-

sistant metal alloy. They also can predict the chance of

HE failure based on the density and distribution of BLIPs

in the microstructures. Although BLIPs are resistant to

HE fractures, the researchers did not discover if non-

BLIPs preferentially form cracks. In the future, engineers

working on bridges will have the tools to design HE-re-

sistant metals. Meanwhile, the microstructure of existing

metal components can be imaged to predict their sus-

ceptibility to failure. — Dana Desonie
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To explain some of the puzzling properties of water, notably the fact that ice
floats, many theorists have embraced a model in which the molecular structure
of liquid water fluctuates between two phases with different densities. By

means of high-resolution x-ray diffraction measurements on ice that is allowed to
rapidly decompress, researchers working at the APS have found strong evidence
for the existence of the hypothesized low-density liquid phase in supercooled
water. The work suggests that the relationship of the two phases may partly explain
water’s unusual characteristics.

Evidence for a Low-Density Liquid
Phase in Supercooled Water
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< Fig. 1. The phase that water attains at a given temperature
and pressure depends on the route taken. When ice at 160 K
slowly decompresses from 10 GPa, it passes through a series
of distinct crystalline phases. Rapid decompression, however,
leads to the appearance of a non-crystalline phase that re-
searchers have identified as a low-density liquid.

Water at atmospheric pressure can be carefully su-

percooled to a temperature of about 230 K without crys-

tallizing into ice. Below that temperature, ice formation

appears inevitable. On the other hand, a glassy ice that

may be formed below 100 K can be warmed to about 140

K before a liquid phase begins to appear. This same be-

havior persists, with somewhat different upper and lower

temperatures, when water is subjected to pressures as

high as 3 GPa, or 30,000 times atmospheric pressure.

These temperature and pressure limits define what has

been called a “no-man’s land” in the phase diagram of

water, a region characterized by metastable liquid water,

but experimentally not accessible. 

In the two-phase hypothesis for the structure of liquid

water, the lattice has local tetrahedral coordination in

both phases, but in one phase, the next nearest oxygen is

much closer than in the other. The former phase has

roughly an approximately 30% higher density than the

latter, and contributes significantly to the density of water

at room temperature and pressure. When water freezes

under ambient pressure, it adopts a bigger lattice struc-

ture than the high density liquid, making ice less dense

than water.

As water is supercooled, the lower density phase is

theorized to become more stable, but the line in the

phase diagram at which the two phases coexist sits

within the no-man’s land, making it hard to investigate

experimentally. Researchers with HP-CAT sought to en-

ter the no-man’s land via novel route. They created tiny

samples of ice, about one-tenth a millimeter across, by

compressing water in a diamond anvil cell at tempera-

tures from 140 K to 165 K, at 5 K intervals. Under these

conditions, water crystallized into the phase known as

“ice-VIII.” Placing the samples in the beamline, the re-

searchers then abruptly released the pressure while

keeping the temperature constant. They tracked the

changing structure of the sample during this rapid de-

compression by conducting x-ray diffraction measure-

ments at the HP-CAT 16-ID-B x-ray beamline at the APS,

with a time resolution of 5 ms (Fig. 1). 

The diffraction results showed that the ice-VIII trans-

formed into a low-density, non-crystalline phase, then be-

gan to revert to a different crystalline form, cubic ice-Ic.

By contrast, an ice-VIII sample that was allowed to slowly

decompress went through several transformations, from

ice-VI to ice-II to ice-Ic, but never passed through a non-

crystalline phase. 

The timescale on which the non-crystalline phase

turned into ice-Ic varied enormously with temperature.

For the 140 K sample, full conversion took about 2000

sec; at 155 K only 120 sec elapsed; and at 165 K, the

process was complete in a couple of hundredths of a sec-

ond. 

Using the time-resolved diffraction data, the re-

searchers plotted graphs of the percentage conversion

into ice-Ic as function of time, and found curves of a sig-

moid shape governed by a single parameter. These

trends are characteristic of a diffusion-controlled process,

suggesting that the ice-Ic fraction arises through the for-

mation of numerous separate crystals in a liquid. In addi-

tion, the large variation of timescale with temperature is

typical for a liquid near the glass transition.

The researchers conclude that their results strongly

imply that the non-crystalline phase arising during rapid

decompression is a low-density liquid. Even at much

higher temperatures, however, the presence of the low-

density phase may influence water’s properties. Above

about 319 K (46° C), water is almost entirely in the high-

density phase and behaves as a normal liquid, for exam-

ples with heat capacity and compressibility that increase

with temperature. Below that temperature, fluctuations

between the low- and high-density phases become im-

portant, influencing water’s properties.  — David Lindley
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Scientists would like to build synthetic materials that behave like muscles, turn-
ing chemical energy into mechanical motion. Such materials might one day
act as muscles for soft, deformable robots, or serve as actuators in other ap-

plications. Now a team of researchers, with an assist from the APS, have taken a
step toward this goal by combining two different materials to build polymer tubes
that move in response to changes in temperature.

Fig. 1. A hybrid polymer actuator (top left) consists of responsive polymers co-
valently bonded to aligned nanostructures (top right). SAXS measurements at
the APS (bottom left) show that the fibers are aligned, so that when heated, the
actuator contracts (bottom right).

Mixing Materials for
Muscle-like Polymers
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The tubes are made from a hydrogel, a polymer

swollen by water that is often used in medical applica-

tions. Hydrogels change shape in response to various

stimuli, but because the polymer network lacks order, it is

difficult to control how they move. To provide the material

with structure, a multidisciplinary team of researchers

from Northwestern University combined the material with

nanofibers made of water-soluble peptide molecules that

could easily be made to align with each other, giving the

hybrid material order. When the hybrid material, placed in

water, was heated to 40° C, it expelled water and con-

tracted. When it cooled, it took in more water and ex-

panded to its original shape.

The researchers began by synthesizing two different

peptide molecules and dissolving them in hexafluoroiso-

propanol, then removing the solvent and dissolving them

in an aqueous buffer. Heating that to 80° C for 30 min

caused the peptides to grow into fibers approximately 10

nm in diameter and 10- to 20-µm long, known as

“supramolecular fibers.” They placed what was now es-

sentially a liquid crystal of nanofibers into a glass mold

with a rotating central rod. The large difference between

the fibers’ thickness and their length meant that applying

even the small amount of energy from the rod’s turning

caused the fibers to align around the circumference of the

tube. The researchers removed the rod and added cal-

cium chloride, forming a gel, which they then removed

from the mold.

Finally, they placed the gel into a solution containing

different monomers, then used a process called “atom

transfer radical polymerization” to create the actuator, in

which all the polymer molecules were covalently bonded

to the nanofiber construct. When heated, the actuator got

thinner and shorter, contracting more along its length

than its width. It shrank to 62% of its original length, per-

pendicular to the direction of the nanofibers, but to only

79% of its original width. Computer modeling showed that

both mechanical and chemical mechanisms contributed

to the action. 

In order to check that the nanofibers were aligned the

way researchers had hoped, they performed small-angle

x-ray scattering measurements at the DND-CAT beamline

5-ID-D at the APS. The hybrid was approximately 97%

water and only 3% organic content, creating a low-con-

trast material that required the intensity of the beamline

to be visible. The researchers could easily identify actua-

tors with the nanofibers aligned along the circumference

versus those aligned along the axis, both of which were

distinguishable from material with no alignment.  

The heat-induced contraction took approximately 30

min, while the cooling and expansion back to the original

state took about 1 hour. The researchers would like to

speed the process up, and so plan to explore other actu-

ation mechanisms, including those induced by light, mag-

netic fields, or chemical reactions. 

They also tried creating the materials through three-

dimensional printing, rather than rotating them in a tube.

The shear induced by pushing the liquid through the

printer’s nozzle provided enough energy to trigger align-

ment, and they were able to print materials aligned in dif-

ferent directions. Heated up, the aligned hydrogels bent,

while unaligned versions simply wrinkled. The re-

searchers say that three-dimensional printing will give

them the ability to create a much wider variety of shapes

than they can with a tubular mold.  — Neil Savage
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face of supporting materials, so that reactive groups in-

teract with all metal centers in the same way. Also, no

metal centers are buried in the body of particles, so they

are used more efficiently. Finding relatively straightfor-

ward ways to make SSCs and testing them for a range

of industrial reactions have been the focus of many in-

vestigations. Unfortunately, there is an obvious obstacle

in the way of their wider development: the single metal

atoms needed in such catalysts are thermodynamically

unstable and the active sites can stick together as soon

as, or even before any reaction is initiated, effectively

self-poisoning the catalyst and rendering it useless.

One approach to circumvent this obstacle involves

dispersing the SSCs on another carrier solid, such as an

oxide, an inactive metal, or a carbon support. These

have been tested with some success. Another approach

involves chemically anchoring soluble single-site metal

compound to a solid support but this also has stability

problems as well as being costly and so commercially

untenable. Yet other approaches involve the formation

of porous materials, such as metal-organic frameworks

(MOFs) where the active metal centers of the SSC is es-

sentially encapsulated in its own support material. This

latter option often involves complex multicomponent so-

lution mixtures, ultra-high vacuum and/or vapor deposi-

tion preparation procedures that have, so far, limited its

practicality in an industrial setting.

Nevertheless, the ability to tune the design of some

of the approaches and the high selectivity and chemical

activity possible mean that researchers are now striving

to overcome the complexity of setting up SSCs and re-

ducing costs to make them a viable alternative to con-

ventional heterogeneous catalysts in the chemical in-

dustry.

Solid catalysts are utilized in approximately 9 out of 10 processes in the chemical
industry to speed up the manufacture of everything from pharmaceuticals to
pesticides. Solid catalysts are easily separated from the reaction mixture once

the reaction is complete because all the other materials involved are gas or dis-
solved in solvent. Unfortunately, solid catalysts have a major drawback: They are
less selective than soluble catalysts and so the products they make can contain
more side products. A new type of solid catalyst based on platinum promises to
change all that. Scientists working at the APS characterized the new catalysts,
which display better selectivity than the commercially available variety.

Technically speaking, such catalysts are known as

heterogeneous catalysts. This term distinguishes them

from homogeneous catalysts which are dispersed or dis-

solved in the same state, or phase, as the reaction mix-

ture. Heterogeneous catalysts are commonly very small

solid metal particles supported on materials with huge

surface area, on which starting materials, the reactants,

can come together in the mixture, and react to form the

desired products.

The separation benefits of heterogeneous catalysts

mean lower costs in the final step of extracting product

from reaction mixture.

However, their use represents something of a com-

promise because such catalysts are less selective in the

way in which they allow the starting materials to react.

They not only speed up the main reaction but also side

reactions leading to byproducts and lower percentage

yields of the target compound. The lower selectivity of

solid catalysts is due to different ways in which the reac-

tive chemical groups are arranged around different

types of metal centers in the catalyst. The problem is

particularly acute when chemists hope to add useful

functional groups to simple hydrocarbon compounds,

chemicals containing strings of carbon atoms to which

are attached the simplest “group,” hydrogen atoms.

Converting simple hydrocarbons into more complicated

molecules is often the first step in constructing pharma-

ceuticals, pesticides, and other important products.

Chemists have spent many years looking for ways

to improve heterogeneous catalysts and some progress

has been made in improving their selectivity. One prom-

ising approach involves the use of single-site catalysts

(SSC). These materials have well-defined, uniform metal

centers that are atomically dispersed through the sur-

Solidifying Catalyst Selectivity
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Critically, finding a way to make metal-lig-

and single-sites on high surface area catalyst

supports without the need for complex prepara-

tion conditions is an important target in this area.

It has now been demonstrated that it is pos-

sible to impregnate platinum and an organic lig-

and —  3,6-di-2-pyridyl-1,2,4,5-tetrazine (DPTZ)

— in a single-step process to create Pt-DPTZ sin-

gle-site catalytic centers on powdered magne-

sium oxide, aluminum oxide, and cerium oxide.

The resulting powerful and selective catalysts

have been characterized using x-ray adsorption

spectroscopy measurements at the XSD 9-BM-

B,C x-ray beamline at the APS (Fig. 1). For the

magnesium oxide example, 90% of the platinum

centers are single-site centers. Tests of their cat-

alytic performance in industrially relevant hy-

drosilylation reactions were demonstrated, satis-

factorily showing better selectivity than

commercially available homogeneous catalysts

and revealing a new strategy for the develop-

ment of supported single-site catalysts that can

potentially be applied in various metal-ligand

systems.   — David Bradley

See: Linxiao Chen1, George E. Sterbinsky2, and Steven
L. Tait1*, “Synthesis of platinum single-site centers
through metal-ligand self-assembly on powdered
metal oxide supports,” J. Catal. 365, 303 (2018). 
DOI: 10.1016/j.jcat.2018.07.004
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Fig. 1. EXAFS spectra of single-site Pt-DPTZ on a powdered
MgO support formed in a single-step process. The first-shell
fitting is shown in k-space (top) and R-space (bottom). The fit-
ting was performed in R-space, and then plotted back into k-
space. This single-site catalyst shows excellent activity for
the hydrosilylation reaction illustrated in the scheme in the
lower part of the figure. Fit parameters are available in the
paper from which this figure is adapted: L. Chen et al., J.
Catal. 365, 303 (2018).  © 2018 Elsevier Inc. All rights re-
served.
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Making Fuels from Shale Gas
with Atomic-Level Catalyst Design
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The boom in fracking for shale gas has boosted sup-

plies of small hydrocarbon alkanes like methane, ethane,

and propane. These simple molecules can act as building

blocks for complex molecules, like the octane found in

gasoline or fine chemicals. But the current practice of

“steam cracking” that transforms these alkanes takes too

much energy and is 60% efficient at best.  Fortunately,

these chemical reactions are much more efficient when

aided by catalysts. Platinum and nickel act as catalysts

to break carbon-hydrogen (C-H) bonds — the first step in

converting alkanes to more useful molecules. But often

these catalysts go too far, breaking hydrocarbons down

into a carbon-rich soot called “coke,” which coats the cat-

alyst surface and blocks reactions from happening. 

The researchers in this study from Tufts University

and University College London (UK) knew copper is resist-

ant to coking, but it isn’t an active catalyst until very high

temperatures are reached. Instead, copper was chosen

as a host material for platinum, which is very efficiently

catalyzes C-H bond breaking. By combining these ele-

ments in a single-atom alloy, each platinum atom was

surrounded by coking-resistant copper at a ratio of 1:100,

suppressing platinum’s ability to completely break down

hydrocarbons.

The catalyst was tested by the team utilizing a com-

bination of experiments and computer simulations.

D ilution may not be the solution to pollution, but it is useful nonetheless. By
alloying just a small amount of platinum with copper, researchers have
made a new catalyst that subverts the well-known problem of “coking.” In

research at the APS, the single-atom alloy’s structure was shown to consist of
highly active platinum atoms surrounded by coke-resistant copper. This new catalyst
is a less expensive and more energy efficient way to transform shale gas into fuels
and useful chemicals. Catalysts that suffer from coking must be cleaned periodically
to continue working, sapping away time and energy precious to a large industrial
plant. But with this discovery of coke-resistant single-atom alloys, catalysts for
small hydrocarbons become much easier to work with. The catalyst isn’t expensive
either – with relatively cheap copper as the main component, the high price of
platinum is mitigated. 

< Fig. 1. Top left: A single-atom alloy of platinum and copper
acts as a catalyst for C-H bond activation that is resistant to
coking. Copper (orange) is only able to break bonds between
carbon (black) and hydrogen (clear) in methane at higher tem-
peratures. But a single atom of platinum (blue) in the surface
layer of the alloy can break C-H bonds at lower temperatures
without forming coke. Top right: X-ray absorption spectrum of
platinum (blue) and the alloy (yellow), performed at the APS and
a ac-HAADF-STEM image of an alloy nanoparticle. Bottom: STM
image of atoms attached to the alloy surface during catalysis.

Nanoparticles of the alloy were prepared to maximize

surface area, and the catalytic process was carried out in

a flow reactor at atmospheric pressure, simulating an in-

dustrial environment. The desorption of molecules off the

alloy’s surface as catalysis took place was monitored

with temperature programmed reaction (TPR) experi-

ments. The surfaces of the alloy nanoparticles were in-

vestigated with scanning tunneling microscopy (STM) and

x-ray absorption spectroscopy. Supercomputers were

used to simulate each step in the reaction at an atomic

level to build a mechanism for catalysis and coke-resis-

tance.

The hallmark of a single-atom alloy (that individual

atoms of one of the metals are isolated) was confirmed

by x-ray absorption spectroscopy conducted along with

an Argonne colleague at XSD beamline 12-BM-B at the

APS (Fig. 1, top right). Consistent with STM observations,

this assured the researchers that platinum atoms were

isolated from one another by the copper host.

Both TPR and flow reactor studies showed that the

catalyst becomes active at 100-300 K cooler than

nanoparticles made from only copper, depending on the

reaction studied. While platinum nanoparticles suffer from

deactivation after just one catalytic cycle of butane dehy-

drogenation in the flow reactor, the alloy is active for

many cycles, and stable up to 54 h at 400° C, indicating

that coke is not impeding catalysis. STM studies of a re-

action with methyl iodide also confirmed that no coking

occurs; only methyl and iodide groups were observed on

the alloy surface.

When pure platinum and copper were compared to

the alloy in computer simulations, the researchers ob-

served rapid C-H bond breaking by platinum and found

the same bond breaking is a million times slower when

performed by copper at higher temperatures. The alloy

“Shale” cont’d. on page 65
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Tin is an old, familiar material, abundant in Earth’s

crust and used by humans since at least 3000 B.C.E. Al-

though it looks and behaves more like a metal, chemi-

cally tin is more similar to non-metallic elements. Tin ni-

tride shares its electrons covalently — that is, fairly

equally — between the tin and nitrogen atoms, which

makes it akin to other non-metallic compounds; think of

stone or wood. But, material scientists had predicted that

if Sn3N4 was squeezed to incredibly high pressure nor-

mally found only near the center of Earth, its electrons

would change their ways. Instead of being distributed co-

valently, they would crowd closer to the atoms to which

they belonged. A gap with no electrons in it would gradu-

ally open up in the material, and that gap would be just

the right energy to allow visible light to pass through.

To test this, researchers from University of Nevada,

Las Vegas, the Carnegie Institution for Science, the Uni-

versity of Southampton (UK), the University of Cambridge

(UK), Universität Basel (Switzerland), and Tohoku Univer-

sity (Japan) performed a unique experiment possible only

at the HP-CAT 16-BM-D and 16-ID-B beamlines at the APS.

The researchers slowly squeezed a piece of tin nitride

and watched how it changed. At 600,000 atm, the tin ni-

tride turned red. At one million atm, it became completely

transparent (Fig. 1).

The HP-CAT beamlines have specific capabilities that

make them the only place in the world this experiment

could be done. In addition to the high brilliance and flux

“Transparent” cont’d. on next page

As light becomes ever more important to our computers, communications,
and power supply, semiconductors that can work with light become critical
ingredients in our infrastructure. Right now, one of the best semiconductors

for working with light is cadmium telluride; it is used in thin-film solar cells, and
when alloyed with various heavy metals it can be used to detect infrared, x-ray,
and gamma ray light, as well as other types of nuclear radiation. But cadmium tel-
luride is expensive, difficult to mine, toxic, and the supply is controlled by nations
sometimes hostile to the United States. Researchers seeking substitutes for cad-
mium telluride have found a clue to potential materials of the future: tin nitride
(Sn3N4). Abundant and relatively non-toxic, tin nitride is an opaque semiconductor
at room temperature and pressure. Researchers utilized high-energy x-rays from
the APS to show that when squeezed at tremendously high pressures, tin nitride
goes through a dramatic transformation: It becomes transparent and allows light to
shine through, acting like an optical semiconductor. This behavior — changing
from an opaque to a transparent substance under pressure — is the opposite of
what most materials tested under pressure have exhibited. Understanding how tin
nitride does this could be the key to making related compounds that do the same
thing at everyday pressure and temperatures.

Transparent under Pressure

Fig. 1. Photomicrographs show how the tin nitride is opaque at
relatively low pressures (3 GPa), but gradually transmits red
and then all optical light (60 GPa to 102 GPa) before dimming
again near 231 GPa. Image: Ashkan Salamat (University of Ne-
vada, Las Vegas)
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“Transparent” cont’d. from previous page

of the APS x-rays, HP-CAT has a carbon dioxide laser op-

erating at 10.6 µm installed specifically to heat non-metal-

lic materials such as tin nitride at pressure (many lasers

employed in high-pressure experiments work only on

metals).  

The team used x-ray diffraction to reveal how the

atomic-level crystalline structure of tin nitride changed as

the pressure and temperature climbed. The diffraction im-

ages showed that as the atoms did indeed get closer to-

gether under pressure. Further analysis showed that the

electrons also were behaving as predicted. They hugged

closer to their native atoms, allowing an energy gap to

open in the material, a gap with no electrons inhabiting it. 

Now that the researchers have confirmed that the

unique geometry of tin nitride’s electron orbitals causes a

band gap to open, and that this band gap can be tuned

to different energies using pressure, they want to figure

out other chemical structures that may behave similarly.

Synthetic chemists might be able to design semiconduc-

tors that have optical bandgaps similar to tin nitride but

operate closer to room pressure. If these semiconductors

can be made from tin nitride or similarly abundant materi-

als, that would make optical electronics more affordable,

greener, and less dependent on trade and geopolitics,

making a more stable and environmentally friendly U.S.

economy.  — Kim Krieger
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mat1*, “Pressure-Tuneable Visible-Range Band Gap in the Ionic
Spinel Tin Nitride,” Angew. Chem. Int. Ed. 57, 11623 (2018). DOI:
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splits the difference: Breaking C-H bonds at intermediate

temperatures, and not doing it so quickly as to form coke.

This occurs because the activation barrier increases for

every subsequent C-H bond broken, though it is still

lower than copper, requiring lower temperatures. In plat-

inum, subsequent C-H bond breaking is either similar or

lower in energy, driving the rapid stripping of hydrogens

that leads to coking.

The alloy was also able to connect two or three

methyl fragments of the molecule methane, the next step

to creating useful chemicals, due to the ability of copper

to make carbon-carbon bonds.

Further studies that couple surface science, catalysis,

and simulations can engineer coke-resistant catalysts

based on palladium and nickel as well. Thus, single-atom

alloys could be a new low-cost route to many C-H

chemistries.  — Amanda Grennell
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be caused by various conditions, including temperature,

pressure, electrical potential, and chemical environment.

The structures formed during the reaction conditions are

responsible for the resulting catalytic properties.

Using in situ and operando x-ray absorption spec-

troscopy (XAS) at the DND-CAT 5-BM-D beamline at the

APS, the team was able to follow the restructuring that

occurred under CO2 reduction conditions in an aqueous

electrolyte for three copper catalysts: copper(II) phthalo-

cyanine (CuPc),  copper(II) benzene-1,3,5-tricarboxylate

(HKUST-1), and copper(II) 1,4,8,11-tetraazacyclotetradecane

([Cu(cyclam)]Cl2) (Fig. 1).

Samples were prepared for analysis by drop drying

an ink solution containing the catalysts on carbon fiber

paper (2.5 by 1.5 cm2). Supplementary analyses of the

samples included scanning electron microscopy, x-ray

diffraction, and electrocatalytic measurements. 

The authors correlated the catalyst structures deter-

mined from the XAS and other data to the observed cat-

Aunique phenomenon — reversible restructuring of metal-complex structures
that enables high electrocatalytic performance — has been discovered by
researchers employing high-brightness x-rays to carry out structural char-

acterization of samples at the APS. This work has the potential for positive impacts
in the realms of energy conservation and industrial chemistry.

In theory, electrocatalysts can be used to convert the

ever-growing carbon dioxide (CO2) in the Earth’s atmos-

phere to carbon-neutral fuels or other value-added chem-

icals. Doing so on a large scale would diminish the envi-

ronmental problems associated with the atmospheric CO2
and also benefit energy storage and chemical produc-

tion. One attractive proposal is to power catalytic CO2
conversion with electricity generated from renewable en-

ergy sources, such as wind or solar energy. This electro-

catalytic CO2 reduction would work under ambient condi-

tions in aqueous media. However, this process requires

cost-effective electrocatalysts for the reaction. The re-

search team in this study led by Yale University, Oregon

State University, and South University of Science and

Technology had earlier discovered a promising candi-

date, a copper porphyrin, which is able to convert CO2 to

methane in a neutral aqueous electrolyte. 

It is known that the structures of many catalysts

change under reaction conditions. This restructuring can

Fig. 1. Molecular structures for three cupper-complex materials: (a) CuPc, (b) HKUST-1, and (c) [Cu(cyclam)]Cl2.
Figures adapted from Z. Wang et al., Nat. Commun. 9, 415 (2018). © 2018 Springer Nature Publishing AG

Converting Atmospheric Carbon
Dioxide into Carbon-Neutral Fuels
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alytic properties. Of the three electrocatalysts, CuPc was

clearly the most efficient for electrochemical reduction of

CO2 to methane (66% Faradaic efficiency) and attained

the highest current density (13 mA/cm2). The XAS struc-

tural data showed that during the conversion reaction the

CuPc molecules restructure to metallic copper clusters

(size of around 2 nm), which are the active sites for the

electrocatalysis (Fig. 2). Then, the copper nanoclusters

reverse back to the original CuPc structure after the neg-

ative electrode potential is removed. By contrast, the

other two samples decompose to much larger copper

nanostructures, and do not return to the original structure.

The excellent performance of the CuPc electrocatalyst is

due to its reversible formation of the copper nanoclusters.

The earlier reported copper porphyrin catalyst shows a

similar restructuring behavior as CuPc.

The authors also performed density functional theory

calculations on the restructuring of the CuPc material.

These calculations revealed that the causes of its good

reversibility were the small size of the copper nanoclus-

ters and the strong affinity of the copper ions and ph-

thalocyanine ligands.  

The results from this study provide valuable insight

into strategies for developing other high-performance

electrocatalysts. The team is developing other heteroge-

nized molecular catalysts with new functionalities and

high performance for electrochemical CO2 conversion.  

— Joseph E. Harmon

See: Zhe Weng1,2, Yueshen Wu2, Maoyu Wang3, Jianbing Jiang2,
Ke Yang2, Shengjuan Huo2,4, Xiao-Feng Wang5, Qing Ma6, Gary
W. Brudvig2, Victor S. Batista2, Yongye Liang1*, Zhenxing Feng3**,
and Hailiang Wang2***, “Active sites of copper-complex catalytic

materials for electrochemical carbon dioxide reduction,” Nat.
Commun. 9, 415 (2018). DOI: 10.1038/s41467-018-02819-7
Author affiliations: 1South University of Science and Technology
of China, 2Yale University, 3Oregon State University, 4Shanghai
University, 5University of South China, 6Northwestern University 
Correspondence: * liangyy@sustc.edu.cn, ** zhenxing.feng@ore-
gonstate.edu, *** hailiang.wang@yale.edu

The work was supported by the National Science Foundation (Grant
CHE-1651717), a Doctoral New Investigator grant from the ACS Petro-
leum Research Fund, a Global Innovation Initiative from the Institute of
International Education, and the Callahan Faculty Scholar Endowment
Fund from Oregon State University. The synthetic work was supported
by the U.S. Department of Energy (DOE), Chemical Sciences, Geo-
sciences, and Biosciences Division, Office of Sciences–Basic Energy Sci-
ences (Grant DEFG02-07ER15909). Additional support was provided by
a generous donation from the TomKat Foundation. V.S.B. acknowledges
support from the Air Force Office of Scientific Research grant FA9550-
13-1-0020 and supercomputing time from the NERSC. Y.L. acknowledges
financial support from Shenzhen Fundamental Research Funding
(JCYJ20160608140827794) and Peacock Plan (KQTD2014063
0160825828). DND-CAT is supported by Northwestern University, E.I.
DuPont de Nemours & Co., and The Dow Chemical Company. This re-
search used resources of the Advanced Photon Source, a U.S. Depart-
ment of Energy (DOE) Office of Science User Facility operated for the
DOE Office of Science by Argonne National Laboratory under Contract
No. DE-AC02-06CH11357.

Fig. 2. Coordination number of first shell copper-copper bond
of the CuPc catalyst at different potentials. Upper left shows
the CuPc structure; right inset shows a possible configuration
of the Cu nanoclusters generated under electrocatalytic condi-
tions. Green, carbon; blue, nitrogen; pink, copper.
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L iquid crystals (LCs) can be described as an interesting hybrid, an “in-between”
matter state occupying the region between solid, hard crystal, and free-
flowing liquid. The different orientations adopted by their long rod-like mole-

cules in their various phases as they respond to various stimuli make LCs suitable
for a wide variety of applications, including their most familiar use in liquid-crystal
electronics displays. Interfacial dynamics at the LC-air boundary are key to these
applications, because molecular ordering at the LC surface can propagate into the
LC and control molecular orientations into the bulk crystal. While this phenomenon
has been studied to some degree in smectic (layered) phase LCs, little work has
been done on nematic (long-range parallel ordered) LCs. Researchers working at
the APS employed advanced x-ray synchrotron reflectivity studies and molecular
dynamics simulations to examine how LC interfaces can serve as what the authors
call “high-fidelity reporters of molecular events.”

With These Liquid Crystals,
the Action Is On the Surface

Fig. 1. Comparison of the electron density extracted from the x-ray re-
flectivity measurements (symbols connected by lines) with the profiles
obtained from the molecular dynamics simulations (continuous lines)
along with the average orientation of 8CB and 5CB molecules with re-
spect to a predefined axis along the surface normal.
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The research team from The University of Chicago,

the University of Illinois at Chicago, the University of Wis-

consin-Madison, and Argonne focused on the air-liquid in-

terface of two widely-used LCs, the nematic liquid crystal

4-pentyl-4¢-cyanobiphenyl (5CB) and 4-octyl-4¢-
cyanobiphenyl (8CB), which is also capable of forming

smectic and isotropic phases. At room temperature, 5CB

is nematic, while 8CB exhibits a smectic A phase until

transitioning to a nematic state with increasing tempera-

ture. The synchrotron x-ray reflectivity studies were per-

formed at the ChemMatCARS 15-ID-B,C,D x-ray beamline

at the APS, and then combined with detailed simulations

using the Nanoscale Molecular Dynamics package.

The x-ray studies showed that in the 8CB samples,

surface-induced smectic layering began to form and the

reflectivity peaks became markedly sharper as the phase

transition temperature of 33.5° C approached. In 5CB,

however, this molecular ordering appears to be nearly in-

dependent of temperature. Although electron density pro-

files from the isotropic phases of both 5CB and 8CB

showed a single dominant smectic surface layer, this

changed in the nematic phase, in which 5CB formed two

surface-induced smectic interfacial layers, while 8CB

showed multiple distinct smectic layers at the air inter-

face with very deep bulk penetration. The LC orientations

of both 5CB and 8 CB were homeotropic with the inter-

faces. The authors posit that the overlapping alkyl tails of

the 5CB and 8CB molecules, though each of slightly dif-

ferent sizes, result in bilayer structures somewhat larger

than the individual molecule.

Because the x-ray studies showed only one-dimen-

sional surface information, molecular dynamics simula-

tions allowed the experimenters to infer three-dimen-

sional structures and dynamics. These showed good

quantitative agreement with the experimental observa-

tions, revealing that the air interface imparted a high de-

gree of molecular order that propagated deeply into the

liquid-crystal bulk structure. Orientational order decayed

steadily and became more isotropic with increasing dis-

tance from the surface interface, while calculations of po-

larization density profiles showed oscillations of the mo-

lecular layer dipoles that canceled out into the bulk

regions (Fig. 1).

The present work, utilizing x-ray synchrotron meas-

urements at the APS, has yielded detailed molecular-

scale information on the nature of LC-air interfacial struc-

tures that previous spectroscopic techniques were unable

to provide because of their comparatively limited resolu-

tion. Based on these studies, the team plans to extend

their x-ray reflectivity studies to investigate LC-aqueous

electrolyte interfaces, which will provide greater insights

into the effects of electrostatic interactions on LC orienta-

tional ordering. They expect that such knowledge will be

instrumental in extending the versatility of LCs into even

more applications, such as responsive interfaces for the

detection of various molecules.  — Mark Wolverton
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Fig. 1. (a) A diffraction pattern from untreated muscle compared
to treated muscle on the right. Intensification of the x-ray re-
flections from the treated muscle indicate a highly ordered
"super-relaxed" state of myosin motors. (b) The myosin heads
in the compact "interacting head motif," which the heads adopt
in the super-relaxed state allowing them to be packed closely
and tightly on the surface of muscle thick filaments.

A t its most basic level, the proper functioning of the heart depends upon the
intricate interaction of proteins that trigger, maintain, and control the muscular
contractions and relaxations of this vital organ. Disruption of those interac-

tions can cause serious pathologies such as hypertrophic cardiomyopathy (HCM).
Such disruptions can originate with mutations in the primary motor protein involved
in heart contraction, ß-cardiac myosin, which can alter the rate of ATP hydrolysis
and have been hypothesized to destabilize its super-relaxed state (SRX). Re-
searchers utilizing electron microscopy together with low-angle x-ray diffraction
studies carried out at the APS investigated the stabilizing action of mavacamten, a
cardiac drug currently in phase-3 clinical trials, on the ß-cardiac myosin super-re-
laxed state and its possible therapeutic effects on HCM.

A Super-relaxed Myosin State to Offset
Hypertrophic Cardiomyopathy
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Previous work had hinted that a folded state of the

myosin protein, seen both in purified form and in isolated

filaments and known as the interacting-heads motif or

IHM, could be analogous to the SRX state, although this

has not yet been demonstrated experimentally. It has

been proposed that mutations causing HCM disrupt this

state, resulting in a higher percentage of myosin heads

being available for interaction with actin and leading to

the hypercontractility of cardiac tissue seen in HCM.

These investigators, from  MyoKardia, Inc., the Stanford

University School of Medicine, the Illinois Institute of Tech-

nology, Exemplar Genetics, the Harvard Medical School,

and the University of California, San Francisco, first stud-

ied this possibility using three separate purified ß-cardiac

myosin constructs (25-heptad heavy meromysin [HMM],

two-heptad HMM, and short S1), finding that a fraction of

their basal ATPase rates were within the range of 0.002-

0.004 s-1 which defines the SRX state. 

After confirming the slow basal ATPase rate, the team

hypothesized that they were observing a folded structural

state biochemically similar to SRX. This was supported by

electron microscopy that visualized a folded-back myosin

structure. They also demonstrated that mavacamten

slowed ATPase rates to SRX levels and promotes the for-

mation of folded-back myosin molecules, suggesting that

it acts by stabilizing a SRX state.

The research team also investigated the action of

mavacamten in porcine and human cardiac fibers. Both

showed similar marked effects, with an increase in SRX

and decreased tension. The low-angle x-ray diffraction

studies carried out at the Bio-CAT 18-ID-D beamline at the

APS showed a significant increase in ordering of the

porcine myosin heads in both relaxed and contracting

fibers on the thick filament backbone (Fig. 1). The pres-

ence of mavacamten appears to shift the on-off state

equilibrium of myosin to an off/folded-back state.

To study one of the best-described ß-cardiac myosin

mutations in HCM, R403Q, the researchers used a large-

animal model of the Yucatan minipig. This showed a

sharp decrease in SRX levels in R403Q cardiac fibers

compared to those from wild-type pigs, consistent with

the role of this mutation in causing hypercontractility.

Treatment with mavacamten restored SRX levels to nor-

mal and reduced fiber tension. The XRD images again

showed increase in ordering of myosin heads along the

thick filament backbone. Further studies of human car-

diac fibers with the R663H mutation showed similar re-

sults, showing the destabilizing effects of the HCM muta-

tions on the SRX state in both humans and pigs.

The experimenters emphasize that although the pres-

ent work does not establish an equivalency of the folded-

back SRX state with the IHM state, it demonstrates some

striking insights, particularly that specific myosin muta-

tions weaken SRX enough to lead to the hypercontractil-

ity seen in HCM. The results also confirm the importance

of the tail region of myosin for a stable SRX state, al-

though uncertainties persist regarding the exact molecu-

lar structures and charge interactions. Further work to

better characterize and understand these phenomena

promises new insights and therapeutic possibilities for the

treatment of hypertrophic cardiomyopathy. 

— Mark Wolverton
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The Molecular Drivers of Dilated Cardiomyopathy



Dilated cardiomyopathy has a number of causes,

with sporadic cases arising from ischemia, alcohol toxic-

ity, or viral infection, and inherited cases arising from ge-

netic mutations in any one of approximately 40 currently

known genes. Some 25% of DCM cases have a known

genetic component, and each of the identified genes is in-

volved in some way with the function of the cardiovascu-

lar musculature. This work by researchers from the Uni-

versity of Miami Miller School of Medicine and the

University of California, Davis, builds on a recent discov-

ery of a new mutation, D94A that is associated with DCM

in a family pedigree. MYL2 encodes a portion of the

myosin protein, a subcellular filament that is a primary

building block of muscle tissue. Myosin works like a mo-

tor, burning chemical energy to contract muscle tissue, in-

cluding the muscle that makes up the heart. 

To better understand the relationship between D94A

and the clinical manifestations of DCM, researchers de-

veloped a transgenic mouse that expressed either the

normal or D94A mutated human MYL2 gene. The hearts

of D94A mice had increased ventricular chamber size

(Fig. 1) that correlated with reduced cardiac function, and

microscopic evaluation showed tissue remodeling and fi-

brosis that is characteristic of DCM pathology in humans.

Finally, male D94A mice were more susceptible to DCM

than females, mirroring DCM clinical patterns in humans.

Together, these patterns are highly suggestive of a direct

role for D94A in DCM. 

To understand the molecular mechanism of the DCM
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phenotype in D94A mice, researchers used small-angle

x-ray diffraction at the Bio-CAT 18-ID-B beamline at the

APS to measure the spacing of the myosin fibers within

the D94A mouse heart tissue. They found that the posi-

tion of the “motor” portion of the myosin fibers was ab-

normal in the D94A mice and consistent with a more

stable inactive state. This finding, together with the ob-

servation that D94A muscle fibers are less sensitive to

stimulation with Calcium ions than normal heart tissue

reveal illustrate how the D94A mutation likely leads to

reduced function in heart tissue and eventually, to my-

opathy.

The impact of this work is twofold. First, the develop-

ment of the clinical mouse model paves the way for more

in depth exploration of other genes known to play a part

in DCM. Second, the improved understanding of how

D94A leads to clinical manifestations may lead to devel-

opment of therapies that can be used to treat DCM.

— Emma Nichols

See: Chen-Ching Yuan1, Katarzyn1, Kazmierczak1, Jingsheng
Liang1, Zhiqun Zhou1, Sunil Yadav1, Aldrin V. Gomes2, Thomas C.
Irving3, and Danuta Szczesna-Cordary1*, “Sarcomeric perturba-
tions of myosin motors lead to dilated cardiomyopathy in ge-
netically modified MYL2 mice,” Proc. Nat. Acad. Sci. USA 115(10)
(2018). DOI: 10.1073/pnas.1716925115
Author affiliations: 1University of Miami Miller School of Medi-
cine, 2University of California, Davis, 3Illinois Institute of Tech-
nology
Correspondence: * dszczesna@med.miami.edu

This work was supported by NIH-HL123255 (to D.S.-C.), NIH-HL096819

(to A.V.G.), and NIH-NIGMS 9P41-GM103622 (to T.C.I.), and American

Heart Association Grants 15PRE23020006 (to C.-C.Y.), 17PRE33650085

(to S.Y.), and 15POST25080302 (to Z.Z.). This research used resources

of the Advanced Photon Source, a U.S. Department of Energy (DOE) Of-

fice of Science User Facility operated for the DOE Office of Science by

Argonne National Laboratory under Contract DE-AC02-06CH11357.

< Fig. 1. Normal mouse hearts (top, WT) and hearts with a muta-
tion (top, D94A). The D94A mutation causes dilated cardiomy-
opathy, evidenced in part by the impact of the mutation on
heart structures (bottom). Adapted from C.-C. Yuan et al., Proc.
Nat. Acad. Sci. USA 115(10) (2018). Copyright ©2018 National
Academy of Sciences.

D ilated cardiomyopathy (DCM) is a serious and progressive heart disease that
affects over 1 million people in the United States, annually. One hallmark of
DCM is a reduced ability of the heart muscle to contract, and thus failure of

the heart to adequately pump blood throughout the body. To build upon the recent
discovery of the D94A mutation in the gene MYL2, in a family affected by DCM, re-
searchers evaluated the hearts of transgenic mice expressing either normal or D94A
human MYL2. Coupled with findings from functional assessments, examination of
tissue samples using small-angle x-ray scattering at the APS show that D94A gives
rise to the hypocontractile activity, reduced ejection fraction, and dilated left ventricle,
supporting a direct role for the mutation in DCM. Showing that D94A is likely a causative
mutation for DCM paves the way for new DCM therapies that may target MYL2.  
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Fig. 1. A new antibiotic NOSO-95C, discovered in the symbiotic bacte-
ria Xenorhabdus nematophila that infects nematode worms, occupies
a unique binding site on the ribosome, the cell’s protein manufacturer.
NOSO-95C make contacts with both rRNA and tRNA within the ribo-
some and interrupts the proper building of proteins, likely by promot-
ing the binding of the wrong version of tRNA. 
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The new class of antibiotics discovered by re-

searchers from Nosopharm (France), the University of Illi-

nois at Chicago, Institut Charles Gerhardt Montpellier

(France), Université de Montpellier (France), the University

of Wisconsin-Milwaukee, Aix-Marseille Université

(France), Statens Serum Institut (Denmark), and Uppsala

University (Sweden) exhibit a unique way to kill bacteria.

The new antibiotics, called “odilorhabdins,” or ODLs, latch

onto a specific binding site of a cell’s protein-producing

machine, called the ribosome, and gum up the works so

badly that the cell makes defective versions of life-sus-

taining proteins. While many clinically useful antibiotics

target the ribosome, ODLs bind to a site that has never

been used by other known antibiotics. 

ODLs are produced by symbiotic bacteria, Xenorhab-

dus nematophila, found in soil-dwelling nematode worms

that colonize insects for food. The bacteria help to kill the

insects and, importantly, secrete the antibiotic to keep

competing bacteria away. Until now, these nematode-as-

sociated bacteria and the antibiotics they make have not

been studied extensively.

To identify the antibiotic, the Nosopharm research

team screened 80 cultured strains of X. nematophila for

antimicrobial activity. They then isolated the active com-

pounds, studied their chemical structures, and engi-

neered more potent derivatives. After the team screened

and isolated the most potent ODL derivatives, they

showed that ODLs can neutralize Gram-positive and

Gram-negative pathogens, including a family of highly

antibiotic-resistant bacteria called “carbapenem-resistant

Enterobacteriacae.” The team then demonstrated that

ODLs kill bacteria by crippling protein synthesis. X-ray

crystal structural analyses conducted at the NE-CAT 24-

ID-C and 24-ID-E x-ray beamlines at the APS further re-

vealed that ODLs bind to the small ribosomal subunit of

the Gram-negative eubacterium Thermus thermophilus at

a site not exploited by current antibiotics. The re-

searchers discovered that when bound to the ribosome,

ODLs make contacts with both rRNA and tRNA and stimu-

late miscoding in the cell-free translation system and in

the living cell, likely by promoting the binding of the

wrong version of tRNA (Fig. 1). This illegitimate binding

phenomenon impacts the reading ability of the ribosome

and causes the organelle to make mistakes when trans-

lating the genetic code during the creation of new pro-

teins. The result is that the cell is flooded with misshapen

proteins, leading to the death of the bacterial cell.

The team confirmed the potency of ODLs with experi-

ments in which the new antibiotics eradicated infections

in a mouse model. Because ODLs are found in an uncon-

ventional source and because they employ a distinct

method of killing bacteria, the compounds may be partic-

ularly effective at treating drug-resistant or hard-to-treat

bacterial infections. 

The researchers then tested the ODL compounds

against bacterial pathogens, including many known to

develop antibiotic resistance. They found that the ODL

compounds cured mice infected with several pathogenic

bacteria and demonstrated activity against both Gram-

“Bacteria” cont’d. on page 81

The growing resistance of pathogenic bacteria to antibiotics and the lack of
new drug development by the pharmaceutical industry has created an enor-
mous global-health crisis. According to the World Health Organization, an-

tibiotic resistance is one of the biggest threats to global health today and a signif-
icant contributor to longer hospital stays, higher medical costs, and increased
mortality. Scientists are continuously in search of new sources of antibiotics that
pathogenic bacteria are unfamiliar with and to which they have not yet evolved de-
fense mechanisms. This threat has driven the exploration of unconventional sources
of antibiotics and the identification of inhibitors able to exterminate drug-resistant
bacteria. An international team of researchers recently identified a novel class of
antibiotics produced by the nematode-symbiotic bacterium Xenorhabdus ne-
matophila. Research with high-brightness x-ray beams from the APS and other ex-
periments have led to clinical trials on one of these new antibiotics. 

A New Way to Kill Deadly Bacteria
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RodA, researchers can deduce these interactions and

build structural constraints that form a scaffold for struc-

ture design. The Harvard team developed 100 possible

RodA models based on evolutionary constraints and

tested whether each model could have produced the

measured diffraction data. Of the initial 100, they found

22 plausible structures that eventually led them to a final

refined crystal structure. 

Their hard work paid off. The structure of RodA shows

a unique fold with 10 transmembrane domains connected

by small intracellular and large extracellular loops, sug-

gesting that the extracellular domains are where the ac-

tion happens. On the outer side of the membrane, be-

tween transmembrane domains 2 and 3, a long

hydrophobic groove penetrates the membrane. The

groove has the right characteristics to be the binding site

for the lipid substrate that the enzyme acts on. In addi-

tion, the hydrophobic groove is adjacent to a water-filled

central cavity that contains a conserved salt bridge (Fig.

1). Disruption of this evolutionarily conserved bridge

causes growth problems for the bacteria and blocks the

catalytic activity of the enzyme, suggesting this bridge

might be a good target for an antibiotic. The fact that this

central cavity is water-filled and on the outside of the

membrane also means that it could be accessible to

small-molecule drugs.     “Penicillin” cont’d. on next page

The researchers from Harvard University started by

growing RodA crystals that diffracted to a resolution of

2.9 Å. Diffraction data from the macromolecule crystals

were collected at the GM/CA-XSD beamline 23-ID-B at

the  APS. Unfortunately, the database of three-dimen-

sional (3-D) structures had no closely-related protein

structures that they could use as a model for phase cal-

culation by molecular replacement. This is the most

widely-used method of solving the crystallographic

“phase problem,” which refers to the fact that the ampli-

tude of the signal is retained in diffraction data, but phase

information is lost and must be deduced after data collec-

tion. After trying other established methods of solving this

problem without success, the team decided to adapt a

method called “evolutionary coupling analysis” to create

a crude model of the RodA 3-D structure that would suc-

ceed in phase calculation by molecular replacement.

Evolutionary co-variation is based on the idea that amino

acid residues that interact with each other will co-evolve

to maintain their interactions in a structure. Imagine two

amino acids that have a positive and a negative charge

and contact each other in the structure. Over time, these

two would evolve together because their interaction is im-

portant to the overall structure of the protein. 

Using this type of analysis and the amino acid se-

quences of a very large number of proteins related to

The story of the discovery of penicillin and its use as an antibiotic is a classic.
As the result of a serendipitous set of circumstances and a smart observation,
one of the most effective, life-saving treatments ever was discovered acci-

dentally. Now, however, overuse and bacterial evolution have combined to create
a situation in which we need new antibiotics because bacteria have become re-
sistant to the old ones. Penicillin has been shown to be so effective because it dis-
rupts essential cell wall building enzymes in the bacterial membrane, halting bac-
terial growth. However, some bacteria can tolerate a complete removal of these
essential genes and continue wall building without pause. Why? It turns out that
bacteria have another set of enzymes, the SEDS proteins, that also appear to make
the same cell wall components. Although we know SEDS are widely distributed
among bacterial species, very little is known about their structure or function.
Recent work has shown that one of these SEDS proteins, called RodA, acts as a
peptidoglycan polymerase, just like the proteins targeted by penicillin. A team of
researchers who carried out experiments at the APS has reported using a novel
approach to overcome challenges in solving the structure of RodA that may open
the door to finding the next penicillin, the hard way. 

Chasing the Next Penicillin
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“Bacteria” cont’d. from page 79

negative and Gram-positive pathogens, notably including

carbapenem-resistant Enterobacteriacae, or CRE, which

are a family of highly drug-resistant microbes. CRE are a

common cause of surgical site infections and mortality

rates for infected individuals are close to 50%.

While many antibiotics can slow bacterial growth,

such drugs that actually kill bacteria, called bactericidal

antibiotics, are rare. The bactericidal mechanism of ODLs

and the fact that they bind to a site on the ribosome not

exploited by any known antibiotic are very strong indica-

tors that ODLs have the potential to treat infections that

are unresponsive to other antibiotics.

Although ODLs have yet to be thoroughly investi-

gated for their therapeutic potential, the findings have en-

couraged further research. Researchers at Nosopharm

plan to launch the first clinical trials of ODL NOSO-502 in

humans in 2020.  — Chris Palmer
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“Penicillin” cont’d. from previous page

Using this work as a foundation, the team next plans

to determine exactly how RodA and other related SEDS

proteins work in order to understand how to block them.

— Sandy Field
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Fig. 1. The structure of RodA reveals a large water-filled central
cavity that is a prime target for small-molecule inhibitor de-
sign. The green protein is sliced vertically (dark gray surface)
to reveal bound water molecules (red) in the central cavity that
is open to the extracytoplasmic surface. The surrounding
membrane is light gray.
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The 20,000 or so genes in the human genome contain a lot of information; too
much information for a cell to use at any given time. So the cell has evolved a com-
plex system to regulate gene expression, which includes zinc finger proteins. Zinc

finger proteins, as the name suggests, have finger-like segments that press down onto
specific sequences of DNA in a 1-finger to 3 base ratio to either increase or block gene
expression. Scientists understand these binding properties so well that zing finger proteins
can be engineered to bind to specific DNA segments and regulate genes of choice. But
a new finding suggests that scientists may not understand zinc fingers as well as they
thought, and that zinc finger binding properties are fluid. Using structural data collected
at the APS, a research team discovered a protein with zinc fingers that can interact with
two, three, or four bases, suggesting a level of evolutionary tunability that hadn't before
been realized. 

Evolution of a Zinc Finger
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three base rule, while the interactions in the middle vary

from a one finger to two base ratio to a one finger to four

base ratio. The difference may have to do with the DNA

sequence, with the ends being GC-rich and the middle

AT-rich. AT-rich sequence has altered widths of DNA ma-

jor and minor grooves from that of GC-rich sequence, sug-

gesting that zinc fingers may have more options when

binding to AT-rich regions than GC-rich regions of DNA. 

To better understand the evolution of zinc finger pro-

teins and their binding sites, the team also studied the hu-

man counterparts of ZFP568. In previous research, the re-

searchers identified the human ZFP568 as a rapidly

evolving gene. A comparison of mouse and human

ZFP568 gene sequences and their corresponding binding

sites suggested that the human version may have

evolved mutations that would disrupt zinc finger binding,

and thus may have lost its function. This was supported

by data showing that human ZFP568 did not in fact bind

to its corresponding promoter. Together, these findings

suggest that human ZFP568 may be evolving new func-

tions.  — Erika Gebel Berg
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The KRAB-ZF family of zinc finger proteins include

tandem repeats of zinc fingers from 3 to 35 fingers in

length, with 11 to 13 fingers on average. The KRAB-ZF pro-

teins have been around for a while, originating in the

common ancestor of the coelacanth (an enormous bot-

tom-dwelling fish), birds, and tetrapods (four-footed ani-

mals). About two-thirds of the KRAB-ZF proteins bind to

transposable elements, bits of DNA that can jump from

one part of the genome to another. Transposons can be

disruptive, and KRAB-ZF proteins may have evolved to

help mitigate the damage transposons can cause when

they invade an important stretch of DNA. Yet, few KRAB-

ZF proteins have been studied in molecular detail, leav-

ing a gap in scientists understanding of their structure

function relationship. In this study, the researchers from

the Emory University School of Medicine, The Eunice

Kennedy Shriver National Institutes of Child Health and

Human Development, and The University of Texas MD

Anderson Cancer Center focused on one particular mem-

ber of the KRAB-ZF family, ZFP568, to better understand

how zinc finger structures evolve to solve cellular prob-

lems.

In the very earliest stages of mouse development, as

the single layer blastula undergoes gastrulation to be-

come a multi-layered pocketed gastrula, ZFP568 regu-

lates the morphogenesis of the tissue that extends be-

yond the embryo and forms the beginnings of the

placenta. Specifically, ZFP568 is responsible for repress-

ing the expression of an insulin-like growth factor in

mouse placental tissues during early development. To ac-

complish this, ZFP568's 11 zinc fingers bind to a specific

24-base segment of mouse DNA in a promoter region up-

stream of the insulin-like growth factor gene. Employing

macromolecular x-ray crystallography at the SER-CAT

22-ID-D beamline of the APS, the team obtained x-ray dif-

fraction data that allowed them to determine the three-di-

mensional structure of ZFP568 bound to the DNA , which

revealed unexpected binding properties that significantly

diverge from typical zinc finger binding behavior (Fig. 1).

The structure showed that, near the ends of the DNA

sequence, ZFP568 follows the canonical one finger to

< Fig. 1. Evolutionary and structure-function dynamics of zinc
finger-DNA interactions reveal unconventional recognition
codes and co-evolution of ZFP568 and its target gene Igf2 in
mammals. Credit: Xiaodong Cheng; from A. Patel et al., Cell
173, 221 (March 22, 2018). ©2018 Elsevier Inc.
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An Enzyme May Improve Drug Design for
Common Forms of Cancer

Membrane-embedded enzymes belonging to the DHHC family modify
nearly 1000 human proteins, including epidermal growth factor receptors
(EGFRs), a family of receptors implicated in a range of cancers. These en-

zymes, also known as “palmitoyltransferases,” modify cell membrane-bound and
soluble proteins by attaching fatty acids of differing lengths, which can lead to
changes in a number of properties of the target protein including location, stability,
and function inside of the cell. Researchers utilizing high-brightness x-rays from
the APS determined the three-dimensional structure of the human DHHC20 enzyme
using x-ray crystallography. While inhibiting DHHC activity to boost first-line treat-
ments for breast and lung cancer has been proposed, there are no approved drugs
aimed at specific DHHC enzymes. Better understanding the structure of these en-
zymes can make it possible to target them with new drugs. 



< Fig. 1. X-ray crystal structure of DHHC-CRD enzyme. The en-
zyme spans the cell membrane, with a luminal portion outside
the cell and larger cytosolic portion, including the c-terminus
domain (CTD) (mauve), inside the cell. The binding site for fatty
acids, such as palmitate (yellow), resides within the bi-lipid
membrane. Changes to the binding site can alter the length of
fatty acids that DHHC can attach to proteins. Such changes
can have significant effects of protein structure and function.
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DHHC enzymes modify other proteins by attaching to

them a certain kind of lipid called fatty acids. The pre-

dominant fatty acid used by these enzymes is the six-

teen-carbon palmitic acid which is why this kind of modifi-

cation is also called palmitoylation, although fatty acids

of other chain length can also be used. Palmitoylation

can change many properties of a target protein, such as

the membrane association of peripheral membrane pro-

teins, protein targeting to membrane subdomains, pro-

tein-protein associations, and protein trafficking.

Unlike most forms of posttranslational lipidation, pro-

tein palmitoylation is a potentially reversible modification.

This enables dynamic modulation of the hydrophobicity

of substrate proteins, which in turn results in protein

palmitoylation playing important roles in a wide range of

physiological processes such as Ras signaling, localiza-

tion of neuronal scaffolding proteins, intracellular traffick-

ing, activity of ion channels, and host-pathogen interac-

tions. Because these processes are critical to normal

cellular function, protein palmitoylation can play a promi-

nent role in diseases such as cancers and neuropsychi-

atric disorders.

There are 23 DHHC enzymes in humans that modify

an estimated 1,000 human proteins, including EGFRs. A

well-known EGFR is HER2, which is overactivated in ag-

gressive forms of breast cancer. EGFRs can also be over-

activated in colon cancer, and non-small cell lung cancer,

the most common type of lung cancer.

Scientists have proposed blocking DHHC activity to

boost the effectiveness of first-line treatments against

common forms of lung and breast cancer. Several EGFR

inhibitors are already on the market, but some cancers

can develop resistance to this class of drugs. However,

there are currently no licensed drugs that target specific

DHHC enzymes. 

A team of researchers from the National Institutes of

Health employed x-ray crystallography to study the

atomic-level structure of a human DHHC enzyme,

DHHC20 (Fig. 1), and the zebrafish version of another

DHHC enzyme, DHHC15. They collected the x-ray crys-

tallography data sets at the NE-CAT 24-ID-C, GM/CA-XSD

23-ID-D and 23-ID-B, and SER-CAT 22-ID-D beamlines at

the APS. Importantly, DHHC20 is the enzyme that palmi-

toylates EGFR. Previous studies have shown that blocking

DHHC20 makes cancer cells more vulnerable to existing

treatments that target EGFR.

The research team identified a cavity within the struc-

ture of DHHC20 where the fatty acid tail is inserted. The

amino acid residues lining this cavity form numerous con-

tacts with the fatty acyl chain that the enzyme attaches to

other proteins. Although some of these residues are con-

served across all DHHC enzymes, there is considerable

sequence diversity in the other residues between differ-

ent subgroups of DHHC enzymes. These residues vary

not only in their size, but also in their polarity, and likely

alter the chemical properties of the cavity in a complex

manner. Guided by the structure, the researchers de-

signed mutations of specific residues that altered the rel-

ative size of the cavity, causing DHHC20 to use shorter or

longer lipid chains. These changes may significantly alter

target protein function and localization. 

Based on these experiments, the researchers pro-

pose that the structure of this site explains why different

DHHC enzymes have different fatty acid preferences. The

structures reported by the team may be starting points for

developing a structure-guided research program for the

creation of human DHHC20 inhibitors that could lead to

therapeutic interventions.  — Chris Palmer

See: Mitra S. Rana1, Pramod Kumar1, Chul-Jin Lee1, Raffaello Ver-
ardi1, Kanagalaghatta R. Rajashankar2, and Anirban Banerjee1*,
“Fatty acyl recognition and transfer by an integral membrane S-
acyltransferase,” Science 359(6372), eaao6326 (12 January
2018). DOI: 10.1126/science.aao6326
Author affiliations: 1National Institutes of Health, 2Cornell Univer-
sity 
Correspondence: * anirban.banerjee@nih.gov

This work was supported by the Intramural Research Program of the Na-

tional Institutes of Health (NIH), the National Institutes of Child Health

and Human Development (1ZIAHD008928 to M.S.R., P.K., C.-J.L., R.V.,

and A.B.), and the National Institute of Neurological Disorders and

Stroke (to R.V. and A.B.). NE-CAT is funded by the National Institute of

General Medical Sciences from the NIH (P41 GM103403). The Pilatus 6M

detector on the 24-ID-C beamline (NE-CAT) is funded by a NIH-ORIP HEI

grant (S10RR029205). GM/CA-XSD has been funded in whole or in part

with federal funds from the National Cancer Institute (ACB-12002) and

the National Institute of General Medical Sciences (AGM-12006). The

Eiger 16M detector at GM/CA-XSD was funded by a NIH, Office of Re-

search Infrastructure Programs, High-End Instrumentation Grant

(1S10OD012289-01A1).  SER-CAT is supported by its member institutions

(www.ser-cat.org/members.html) and equipment grants (S10_RR25528

and S10_RR028976) from the NIH. This research used resources of the

Advanced Photon Source, a U.S. Department of Energy (DOE) Office of

Science User Facility operated for the DOE Office of Science by Ar-

gonne National Laboratory under contract no. DE-AC02-06CH11357.



86 APS Science 2018 • Vol. 1

This project, conducted by a team from the

University of Saskatchewan and McGill Univer-

sity (both Canada), started with crystallization

of Lem4. The protein has two domains; the C-

terminal end is hypothesized to bind to mem-

branes and the function of the N-terminal end is

unknown. Macromolecular crystallography

studies carried out at the the LRL-CAT 31-ID-D

beamline at the APS and at the 08ID-CMCF

beamline at the Canadian Light Source, were

successful in determining the structure of a sta-

ble fragment of the N-terminal end predicted to

house the functional domain of the protein.

Comparison of the Lem4 structure to a data-

base of structures showed that it is closely re-

lated to a mouse protein phosphatase (MDP-1),

a class of enzymes that plays a critical role in

cellular signaling by removing phosphate

groups from other proteins. 

In vitro assays showed that Lem4 acts to re-

move phosphates from tyrosine residues, rather

than serine or threonine, and has similar kinet-

Fig. 1. Structural representation of the N-terminal phos-
phatase domain of Lem4. Important active site amino
acids are shown as sticks oriented toward the phos-
phate group (orange and red ball and stick structure)
and magnesium ion (purple ball) substrates.

How Bacterial Architects Set Up House –
In Your Cells

Legionellae are bacteria normally found in aquatic environments where they infect other mi-
croorganisms and generally leave people alone. However, in some situations, they can
infect susceptible individuals and cause severe, potentially fatal pneumonia. They do this

by subverting the action of immune cells in the lungs called “macrophages” that are tasked with
killing them. Normally, macrophages engulf bacterial invaders and then break them down in a
specialized membrane compartment, the lysosome, that is akin to a cellular recycling center.
However, Legionella pneumophila counters this action by injecting 300 proteins into the
macrophage and, over a few hours, builds itself its own membrane compartment to live and
grow in. Many of the effector proteins involved in this hostile takeover have been identified by
the similarity of their amino acid sequence to known proteins. But some of them, like the Lem4
protein, have resisted identification. In an effort to identify these potentially important antibiotic
targets, researchers turned to x-ray beams from the APS and the Canadian Light Source to solve
the structure of some of these proteins to try to identify them based on their three-dimensional
similarity to known proteins. Their findings confirm the function of Lem4 as a phosphatase and
suggest it plays an important role in Legionella pneumophila infection while also providing a
variety of potentially fruitful opportunities for future studies and insight into how these clever
bacteria take over our cellular machinery to set up house.
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ics to the MDP-1 phosphatase from mice. Screening with a

panel of 360 peptides which present the phosphorylated

tyrosine in the context of different amino acid sequences,

allowed the team to identify the preferred substrate se-

quence for Lem4. Intriguingly, this preferred sequence is

found in a protein, called colony stimulating factor 1 re-

ceptor (CSF1R), that is important in macrophage signaling,

making it a potential target for Lem4 action in cells. Fur-

ther co-precipitation experiments identified a number of

other potential targets and showed that the presence of

Lem4 in cells causes an increase in phosphorylated pro-

teins in the cell. This suggests that its dephosphorylating

actions lead to activation of proteins downstream provid-

ing rich opportunities for future study.

Once they confirmed that Lem4 was indeed a phos-

phatase, the team was able to go back to the MDP-1

structure and compare its active site to their Lem4 struc-

ture. They identified the critical active site residues at the

base of a deep tunnel approximately 9 Å from the surface

of the protein. Like MDP-1, the Lem4 active site entrance

appears to be restricted by the sidechains of the surface

residues which may play a role in substrate specificity. 

To understand more about the role of Lem4 in cells

and the role of the C-terminal domain (hypothesized to be

the membrane-binding domain), they expressed each end

and the whole protein in cells. These experiments con-

firmed the role of the C-terminal domain as important to

membrane localization and showed that the protein local-

ized to lysosomes and the plasma membrane, findings

that are consistent with a role for Lem4 in early Le-

gionella infection.  — Sandy Field
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Knowing Legionellosis
Legionellosis, which includes Legionnaires’ dis-

ease and Pontiac fever, is a respiratory disease
caused by a type of bacteria called Legionella, which
was discovered after an outbreak in 1976 among peo-
ple who went to a Philadelphia convention of the
American Legion. Those who were affected suffered
from a type of pneumonia (lung infection) that eventu-
ally became known as Legionnaires’ disease.

The first identified cases of Pontiac fever occurred
in 1968 in Pontiac, Michigan, among people who
worked at and visited the city’s health department. It
wasn’t until Legionella was discovered after the 1976
outbreak in Philadelphia that public health officials
were able to show that the same bacterium causes
both diseases.

In the U.S., the rate of reported cases of Legion-
naires’ disease has grown by nearly five and a half
times since 2000. It is unclear whether this increase is
due to increased awareness and testing, increased
susceptibility of the population, increased Legionella
in the environment, or some combination of factors.
Health departments reported almost 7500 cases of
Legionnaires’ disease in the U.S. in 2017. But because
Legionnaires’ is likely underdiagnosed, this number
may underestimate the true incidence. More illness is
usually found in the summer and early fall, but it can
happen any time of year.

Legionella is a type of bacterium found naturally
in freshwater environments, like lakes and streams. It
can become a health concern when it grows and
spreads in human-made building water systems like
showerheads and sink faucets, cooling towers (struc-
tures that contain water and a fan as part of central-
ized air cooling systems for building or industrial
processes), hot tubs that aren’t drained after each
use, decorative fountains and water features, hot wa-
ter tanks and heaters, and large plumbing systems.
Home and car air-conditioning units do not use water
to cool the air, so they are not a risk for Legionella
growth.

After Legionella grows and multiplies in a build-
ing water system, water containing Legionella then
has to spread in droplets small enough for people to
breathe in. Less commonly, people can get sick by
aspiration of drinking water containing Legionella.
This happens when water accidently goes into the
lungs while drinking. People at increased risk of aspi-
ration include those with swallowing difficulties.

In general, people do not spread Legionnaires’
disease and Pontiac fever to other people. However,
this may be possible under rare circumstances. 
Source: Centers for Disease Control and Prevention,
https://bit.ly/2sNpV3a
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Fig. 1. Experimental scheme for the TRXSS experiment utilizing
photoinduced pH jump/photoreduction initiation. The protein
responds to the change in the local environment by undergo-
ing structural changes that can be probed by x-ray scattering
on nanosecond to second timescales.

Facilitating Faster Folding Following

The direct tracking of protein structural dynamics during folding and unfolding processes
is important for understanding the formation of functional proteins. In an effort to monitor
such dynamics, a team of researchers turned to the APS to investigate structural changes

during the folding of the cytochrome c, a large transmembrane protein involved in the respi-
ratory electron transport chain. Their results demonstrate how different environmental condi-
tions can change the nature of interaction between a protein’s active site and its overall con-
formation, even within the same metalloprotein, which subsequently affect folding structural
dynamics. The team believes that the experimental technique employed here, time-resolved
x-ray solution scattering or TRXSS, coupled to jumps in pH, electron transfer, and previously
reported jumps in temperature, will make it possible to perform detailed studies of biologically
relevant processes in non-photoactive proteins with high structural sensitivity and high temporal
resolution at the same time.
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Protein structure-function relationships are known to

be sensitive to environmental conditions, such as temper-

ature, pH, and the presence of compounds that trigger re-

dox reactions. Within cells, protein environment, structure,

and function work together to regulate a protein’s biologi-

cal functions via conformational gating or ligand binding.

Protein folding dynamics typically span multiple

timescales and can range from nanoseconds to millisec-

onds for fast folding proteins. 

Traditional time-resolved structural biology methods,

such as stopped flow or continuous flow mixing, typically

cannot resolve the first 100 µsec from initiating mixing

and the beginning of kinetics observations, making these

methods not suited to tracking dynamics on short

timescales. In contrast, pulsed laser-based methods can

initiate reactions on timescales as short as femtoseconds,

making them well suited to observations of short-lived in-

termediate states.

Still, laser-based approaches are limited in that natu-

rally occurring light-driven proteins are rare and an intrin-

sic chromophore is needed to drive the dynamics and

probe structural changes. The team of researchers from

Northwestern University, the University of Delaware, The

University of Chicago, and Argonne devised a new tech-

nique for studying protein folding dynamics that elimi-

nated the need for an intrinsic chromophore by employ-

ing laser excitation to perturb the protein environment.

They then probed the resulting structural changes with

TRXSS, carried out at the BioCARS 14-ID-B beamline at

the APS, which is capable of directly tracking protein terti-

ary structural dynamics, which gives it an important ad-

vantage over spectroscopic methods such as optical tran-

sient absorption (OTA) that indirectly infers global protein

conformation. The team also collected steady-state scat-

tering patterns of proteins at different temperature at the

DND-CAT 5-ID-B,C,D beamline at the APS. These patterns

served as reference in data analysis to extract transient

protein structures.

The protein that the researchers investigated, cy-

tochrome c, is a heme metalloprotein that takes part in

the mitochondrial electron transport chain. It also plays a

role in apoptosis, or programmed cell death. In their

study, the researchers triggered protein conformational

changes in cytochrome c by either bombarding the pro-

tein with UV light to induce a jump in pH or with visible

light to induce electron transfer. Both experiments utilized

TRXSS to directly observe the resulting structural dynam-

ics as the protein underwent folding and unfolding (Fig. 1). 

Starting from partially unfolded cytochrome c, a sud-

den pH drop caused a structural contraction within mi-

croseconds, followed by active site restructuring and un-

folding within milliseconds. In contrast, the reduction of

iron in the heme embedded within cytochrome c pro-

duced by photoinduced electron transfer did not affect

the protein’s conformational stability at sub-millisecond

timescales, despite changes to active site coordination

geometry.

The team found the TRXSS experiments to be sensi-

tive to both the active site dynamics and the global struc-

tural rearrangements in cytochrome c. These properties

of TRXSS allowed the researchers to directly observe the

formation of a previously unseen intermediate state in the

pH-jump experiments, which did not affect the active site

dynamics directly and would therefore have been missed

with OTA. — Chris Palmer
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Scientists had long assumed that it was necessary

that acyl-CoA ligases (enzymes that bring about ligation

of carboxylic acids with CoA-SH) perform thioesterifica-

tion directly after adenylation in the same enzymatic ac-

tive site due to the extreme reactivity of the intermediate.

It was an accident that the team from The Scripps Re-

search Institute and Rice University discovered otherwise.

They had been studying the bacterial biosynthesis of two

fatty acid synthase inhibitors. These molecules, platen-

simycin and platencin, are produced by the bacteria

Streptomyces platensis and are being investigated as po-

tential antibiotics and diabetes medications. Evidence

suggested that a key step in their biosynthesis was the

activation of a carboxylate, indicating the participation of
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Fig. 1. A naturally separated acyl-CoA ligase reaction was dis-
covered in the biosynthesis of the antibiotics platensimycin
and platencin.  PtmA1 and PtmA2 act sequentially to activate a
free acid to an acyl-CoA via an acyl-adenylate intermediate.
The canonical bifunctionality of PtmA2 was restored by a sin-
gle active site mutation.  The depicted crystal structures high-
light the ability of PtmA2 to alternate between the two
conformations necessary for both adenylation and thioesterifi-
cation. Credit: Ben Shen (The Scripps Research Institute)

A “New” Ligase Upends a
Canonical Enzyme Reaction

Just when scientists thought they knew an enzyme superfamily, they discovered a member
that doesn't fit the mold. The activation of carboxylates (salts or esters of a carboxylic acid)
with coenzyme A (CoA-SH) is a fundamental biological reaction, underpinning the metabolism

of fatty acids and the synthesis of amino acids, among many other critical reactions. The enzymes
that perform this reaction are termed “acyl-CoA ligases,” and they all catalyze a two-step reaction
including an adenylation step, the process of attaching an AMP molecule to carboxylic acids to
afford acyl-adenylates, compounds with the functional group AMP-CO-R, and a thioesterification
step, which converts acyl-adenylates, in the presence of CoA-SH, into thioesters, compounds
with the functional group CoA–S–CO–R. All, that is, until a research team working at the APS dis-
covered the first non-adenylating acyl-CoA ligase, opening up new avenues for biological inquiry. 
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an acyl-CoA ligase. After scanning the genome of S.

platensis looking for the responsible enzyme, the re-

searchers identified one candidate, PtmA2, which, ac-

cording to its sequence, should have been a canonical

adenylating acyl-CoA ligase. However, inactivation of

PtmA2 in S. platensis caused an accumulation of adeny-

lates, suggesting that the enzyme may not be involved in

adenylation after all.

So the question became, where were the adenylated

species coming from? The researchers looked toward an-

other potential acyl-CoA ligase they'd identified in the

genome of S. platensis, called PtmA1. When PtmA1 was

inactivated in S. platensis, they observed an accumula-

tion of free acids, suggesting that species were not being

adenylated. Thus, PtmA1 must be the counterpart to

PtmA2, the yin to PtmA2's yang. PtmA1 performed the

adenylation half of the acetylation reaction, while PtmA2

finished the job with thioesterification. Together, PtmA1

and PtmA2 behave as the functional equivalent of a

canonical acyl-CoA ligase. When Shen's team scanned

other species' genomes looking for other PtmA2-like non-

adenylating acyl-CoA ligases, they found a bunch, and

many had a PtmA1-like protein sequence in close ge-

nomic proximity, suggesting coexpression.

As a next step, the researchers, with colleagues from

Argonne, solved the structure of the novel enzyme PtmA2

via single-wavelength x-ray diffraction data collected at

the peak wavelength of 0.9792 Å and 100 K temperature

at the 19-BM-D and 19-ID-D beamlines of the SBC-CAT at

the APS. The structure of PtmA2 turned out to look a lot

like adenylating acyl-CoA ligases. So, at first the team

wasn't sure why PtmA2 lacked adenylation activity. But a

closer look at the protein's structure revealed one key dif-

ference in the active site. Among adenylating acyl-CoA

ligases, there is a conserved lysine in the active site that

is essential to the adenylation reaction and is believed to

track the negative charge during the adenylation half of

the reaction. In PtmA2, the corresponding residue at that

position is an alanine. When the team mutated PtmA2 to

replace that alanine with a lysine, they restored adeny-

lating activity, albeit with less catalytic efficiency than is

typical of a full strength enzyme (Fig. 1). 

The discovery of a non-adenylating CoA ligase has

some interesting biological implications, according to the

authors. The explanation for why, in this case, biology

chose to use two enzymes to perform this reaction in-

stead of one is unclear, but there are multiple possibili-

ties, including the addition of a layer of regulation. Future

studies will explore how, and why, this counterintuitive

enzymatic duo evolved and if other metabolic pathways

utilize the same strategy.  — Erika Gebel Berg
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CoA ligase reaction results in a non-adenylating enzyme,” Nat.
Chem. Biol. 4, 730 (July 2018). DOI: 10.1038/s41589-018-0061-0
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Safer Opioids Taking Shape
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Most opioids bind to several different kinds of opioid

receptors — primarily the delta, kappa, and mu receptors

— on the surface of cells throughout the brain and periph-

eral nervous system. Drugs such as fentanyl, heroin, mor-

phine, and oxycodone latch onto the mu opioid receptor

particularly well. Unfortunately, while the mu receptor fa-

cilitates these drugs’ analgesic, or painkilling, properties,

it’s also responsible for their addictive properties and a

variety of side effects, including respiratory depression,

which plays a prominent role in the deaths of tens of

thousands of people per year in the U.S.

Like mu, the kappa opioid receptor can mediate pain

relief. But the side effects associated with kappa — fre-

quent urination, hallucinations, and unhappiness — are

non-lethal. In addition, recent evidence suggests the pos-

sibility of finding specific drugs that can act at the kappa

receptor to trigger signaling pathways relevant to pain re-

lief, but not to those associated with side effects. 

But whether such selective activation is possible de-

pends on the receptor’s structure, which changes shape

when an opioid molecule binds, thereby kicking off one

or more signaling cascades inside the cell. Scientists typi-

< Fig. 1. A schematic view of an x-ray crystal structure of the
kappa opioid receptor (teal) determined using a 10-µm
minibeam at GM/CA-XSD at the APS, in complex with the mor-
phine derivative MP1104 (green and red atoms, near top) and
the antibody Nb39 (purple, near bottom).

Opioids play a very important role in providing pain relief to millions of
people, through the activation of analgesic, or painkilling, pathways found
in cells throughout the brain and peripheral nervous system. However,

the primary opioid receptors — delta, kappa, and mu — are also linked to chemical
signaling pathways tied to a variety of side effects, ranging from nausea and con-
stipation to lethal respiratory problems. One particular type of opioid receptor,
called the “kappa receptor,” triggers analgesia as well as a handful of non-lethal
side effects. Finding a drug that activates kappa in a way that only elicits pain
relief has been challenging. Knowing the exact structure of the kappa receptor
can likely help researchers identify or synthesize a safer pain relief molecule. An
international team of nearly two dozen researchers carrying out studies at the
APS derived the structure of a complex of the human kappa opioid receptor
bound by the morphine derivative MP1104 and an antibody that helps stabilize
the receptor in its active state. Comparisons between inactive- and active-state
opioid receptor structures revealed significant changes in the shape of the binding
pocket and in the regions of kappa that face the inside and outside of the cell.
These molecular insights offer the potential to accelerate the structure-guided
design of safer and more effective therapeutic compounds that target kappa
opioid receptors.

cally determine the three-dimensional structures of pro-

teins with the x-ray crystallography technique, in which

the protein is constrained in a crystal that is then bom-

barded with a high-energy x-ray beam, revealing the pro-

tein's structure based on how the crystal diffracts the x-

rays. 

Because the structure of an active kappa receptor is

far more flexible than its previously described inactive

form, the researchers had to add a few more steps to

their crystallography procedure. Using a method called

“lipidic cubic phase crystallization,” the team first sus-

pended the kappa receptor in a custom water-lipid mix-

ture and slowly removed the water. Then, they utilized a

tiny antibody to stabilize the receptor in its active state

when it was bound to a derivative of morphine called

MP1104. The effect was akin to unlocking a door with a

key, then using a door stop to keep it open long enough

to take a picture of it. The researchers tried this proce-

dure several hundred times and stitched together a 3.1-Å-

resolution crystal structure from just a couple of dozen

successful attempts (Fig. 1). The x-ray data were collected

at the GM/CA-XSD 23-ID-B and 23-ID-D beamlines at the

APS.

Some members of the team then employed computer

models of thousands of potential receptor-binding mole-

cules to figure out which parts to chemically modify to

make the molecules bind more tightly to kappa, but not

“Opioids” con’t’d. on page 95
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Despite their prevalence, LCDs are rare in the protein

structure database, leaving a dearth of molecular-scale infor-

mation. Previous electron microscopy and x-ray diffraction

studies suggested that LCDs form fibrils with a “cross-b” struc-
ture reminiscent of those found in disease-associated amyloid

fibrils, but with far less stability. To gain additional structural in-

sights, the research team from the University of California, Los

Angeles, searched for segments they suspected may form

crystals, identifying five such LCD segments. Three of the seg-

ments were from the FUS protein and one was from hnRNP1,

both found associated with stress granules, while the other

was from nucleoprotein 98. They crystallized as micron-sized

needles, and their structures were determined with x-ray dif-

fraction data collected at the NE-CAT 24-ID-E beamline at the

APS.  

All five LCD segments crystals showed similar structures:

pairs of kinked b sheets. The b sheets ran the length of the mi-
cron-sized needle crystals, a stack some 300,000 segments

long. The kinks occurred at either glycines or aromatic 

“Kinked” cont’d. on next page

Fig. 1. Structures of low-complexity, aromatic-rich
kinked segments (LARKS) shown as cartoons of the
mating b sheets viewed parallel to the fibril axes. All
structures are composed of two mating b sheets, one
red and one blue. Credit: Michael Hughes

Unlike the more familiar golgi apparatus (a complex of vesi-
cles and folded membranes within the cytoplasm of most
eukaryotic cells, involved in secretion and intracellular

transport) or mitochondria, which are organelles found in large
numbers in most cells, in which the biochemical processes of res-
piration and energy production occur, some organelles, such as P
bodies, stress granules, and nuclear paraspeckles are not bound
by membranes. Their presence is fluid, forming and dispersing
depending on a cell's needs. One common feature of membrane-
less organelles is proteins that include low-complexity domains
(or LCDs), sequence segments containing only a few of the 20
common amino acids. Scientists are learning how these proteins
tend to associate, glomming together to form hydrogels. To better
understand the forces that drive LCD assembly, researchers col-
lected structural data at the APS on five short segments of LCDs.
They discovered a common structural motif; these segments
formed kinked stacks of b sheets, termed low-complexity aro-
matic-rich kinked segments (LARKS), held together by polar and
aromatic side chain interactions. The finding provides insights
into how membraneless organelles form, but may also have
broader impact, as LCDs are extremely common in the proteome,
the entire complement of proteins that is or can be expressed by
an organism.

Kinked Protein Sheets That Know
How to Network
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“Kinked” cont’d. from previous page

residues, which predominate in the structures providing

stability both within segments and across segments. Hy-

drogen bonds also played a role stabilizing the sheets.

Pathogenic amyloid fibrils are also made from

stacked b sheets, but the authors are quick to point out
that LARKS stack differently. The steric zippers found in

amyloid fibrils are extremely stable, while LARKS are

more labile; the authors use the analogy that the amy-

loid's steric zippers are to molecular glue as LARKs in

LCDs are to Velcro. In other words, the LARKs have lower

binding energy than steric zippers, which was supported

by a series of computations and experiments. First, the re-

searchers calculated how much energy, on average,

would it take to separate the LARKS interfaces, which

was on the order of thermal energy. In amyloids, the en-

ergy is several times thermal energy. These calculations

were backed up by experiments that showed LCD hydro-

gels transition to liquid phase under gentle heating.

As a next step, the researchers explored the human

proteome looking for additional LCD candidates that

could form the kinked b sheets. They used an approach
called computational three-dimensional profiling, which

threads protein sequences through a template structure,

in this case the LARK's, and tests compatibility of the se-

quence with that structure. They found hundreds of pro-

teins with such sequences potentially capable of forming

kinked b sheets. As may be expected, many of these pro-
teins are known to be associated with membraneless or-

ganelles. 

These findings provide support for the assertion that

kinked b sheets are a general motif that facilitates the
formation and dissolution of membraneless organelles.

Additional research will be needed to understand the cel-

lular triggers that drive this activity.  — Erika Gebel Berg

See: Michael P. Hughes, Michael R. Sawaya, David R. Boyer,
Lukasz Goldschmidt, Jose A. Rodriguez, Duilio Cascio, Lisa
Chong, Tamir Gonen, and David S. Eisenberg*, “Atomic struc-
tures of low-complexity protein segments reveal kinked b
sheets that assemble networks,” Science 359, 698 (2018). 
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to other opioid receptors. Using this model, the re-

searchers synthesized a new compound that was highly

selective for the kappa receptor.

Now, opioid researchers around the world can use

the structure of the active form of the receptor, which is

available online in a public database, to simulate the

binding of hundreds of millions of compounds to the

kappa receptor. Scientists will then select the most prom-

ising molecules from these large-scale screenings to

study their effects in cells and animal models. The results

may one day yield drug candidates suitable for human

trials, with the ultimate goal of identifying compounds

that deliver pain relief without the deadly side effects as-

sociated with modern opioids.  — Chris Palmer
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New Research on Fluorine Could Transform
Drug Development

The enzyme cysteine dioxygenase (CDO) plays a critical role in
regulating the level of thiols (compounds that contain a sulfur
atom bonded to a hydrogen atom) in the body. It also contains a

cofactor consisting of a cysteine-to-tyrosine thioether bond (Cys-Tyr)
that boosts the enzyme’s catalytic efficiency. However, questions have
persisted about the addition of this cofactor, which occurs after the
enzyme is translated. Using x-ray diffraction data collected at the APS
and the Stanford Synchrotron Radiation Lightsource, researchers in-
vestigated the structure of CDO. Unexpectedly, they found that, during
formation of the cofactor, the enzyme could use oxygen to break down
carbon-fluorine (C–F) bonds, which are considered to be the strongest
bonds in organic chemistry. This novel finding not only increases sci-
entists’ understanding about fluorine chemistry, but could also have
important implications for drug development, given the important role
that fluorine plays in pharmaceutical chemistry.
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CDO is an important enzyme involved in metabolism

of sulfur, and helps to regulate the body’s levels of thiol.

CDO catalyzes the conversion of the thiol-containing

amino acid cysteine into cysteine sulfinic acid (CSA), by

adding molecular oxygen to the sulfur of the amino acid.

And abnormal or deficient CDO activity has been re-

ported in patients with various diseases, including

rheumatoid arthritis, breast cancer, Parkinson’s disease,

Alzheimer’s disease.

Soon after it is translated, CDO also undergoes a

modification that adds a unique cofactor to the enzyme’s

structure. This cofactor consists of a Cys-Tyr thioether

bond that enhances CDO’s catalytic efficiency. However,

the mechanism by which CDO produces this cofactor has

remained poorly understood. 

With this in mind, researchers at The University of

Texas at San Antonio (UTSA) conducted a study to further

investigate the formation and function of this Cys-Tyr

crosslink. Using a genetic technique, they replaced the

tyrosine of the cofactor in human CDO with unnatural ty-

rosine compounds.  To determine the crystal structures of

CDO (Fig. 1), the researchers also used crystallographic

data collected at SBC-CAT beamline 19-BM-D at the APS,

and at Stanford Synchrotron Radiation Lightsource beam-

line BL9-2. In this way, they solved the structures of hu-

man CDO and the new forms of the enzyme created by

incorporating the unnatural tyrosine compounds.  

During formation of the cofactor in some of the new

enzyme variants, the researchers found that CDO could

catalyze oxidative breakage of C–F or carbon-chloride

(C–Cl) bonds. This resulted in a marked change in confor-

mation of both the cysteine and tyrosine components of

the enzyme’s cofactor during its assembly. 

The breakage of the C-F bond was an unexpected

finding because the C–F bond is one of the strongest co-

valent bonds in organic chemistry. Indeed, although re-

cent studies have demonstrated breakage of an aromatic

< Fig. 1. Crystal structure of the active sites of the ligand-free
(gray) and substrate (CYS)-bound complex (green) crystal
structures of human CDO. From J. Li et al., Nat. Chem. Biol. 14,
843 (September 2018). © 2018 Springer Nature Publishing AG

C–F bond by nitrogen-ligated nonheme iron model com-

plexes, this UTSA study is the first to show that a protein

can break the C-F bond.

The fluorine atom can play a significant role in medic-

inal chemistry. In particular, its selective incorporation into

certain therapeutic agents can improve several of their

properties, such as biological activity, and chemical or

metabolic stability. For example, introducing fluorine to a

compound at a site of metabolic attack has been used as

a strategy to increase the metabolic stability of certain

compounds. This is because the C-F bond is more resist-

ant to attack than the carbon-hydrogen bond is. Because

of its strength, the C-F bond has traditionally been con-

sidered to be resistant to breakage. 

However, according to the researchers, this new dis-

covery about fluorine and how other molecules bond with

it widens the range of fluorine chemistry, and could trans-

form drug design and development.  — Nicola Parry
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Influenza pandemics occur when a new strain from

other animal species overwhelms inter-species barriers

and infects the human population by means of efficient

airborne transmission of the virus. Critical to this process

is that the protein hemagglutinin undergoes a few key

mutations to switch its binding from avian to human re-

ceptors. Of the 18 different hemagglutinin subtypes for

the Type A virus, only three of them (H1, H2, and H3) have

been commonly found in humans. These three are re-

sponsible for all the above pandemics and, together with

influenza Type B viruses, for seasonal flu outbreaks.

These subtypes use two sets of hallmark mutations to

cause the switch from avian to human receptors: Q226L

and G228S for H2 and H3 and E190D and G225D for H1. 

In recent years, other hemagglutinin subtypes (H5,

H6, H7, and H9) have resulted in some human deaths.

These pose the threat of causing pandemics should a few

mutations occur. Hence, a better understanding is ur-

gently needed of the mutations that cause these viruses

to become transmittable to humans through air.

The researchers in this study, from the Baylor Col-

lege of Medicine and Northwestern University, compared

the crystallographic structures of the human receptor

analogue LSTc bound with hemagglutinin from the last

four pandemic viruses: 1918H1, 1957H2, 1968H3, and

2009H1. As shown in Fig. 1, the receptor binding site con-

Fig. 1. Crystallographic ribbon structures for 1918H1, 1957H2,
1968H3, and 2009H1 hemagglutinin at the receptor binding
site. Two different views displayed. 

Solving the Transmittal Riddle of the
Influenza Type A Virus

The flu virus comes in three well-known types: A, B, and C. Type A accounts for all
the virus pandemics in recorded history. The 20th century has witnessed three
major Type A pandemics, resulting in many millions of deaths worldwide:  the Spanish

flu of 1918 (denoted as 1918 H1N1), the Asian flu of 1957 (1957 H2N2), and the Hong Kong
flu of 1968 (1968 H3N2). The recent swine flu pandemic, in 2009 (2009 H1N1), caused
about half million human deaths globally. Infections caused by Types A and B remain a
major source of human morbidity and mortality. They also pose a potential threat as man-
made bio-weapons. Work by researchers utilizing the APS offers a new insight into the
transmission of influenza Type A in humans. 
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sists of four major structures: 190-helix, 220-loop, 150-

loop, and 130-loop. The Sia-1 moiety of LSTc for 1918H1

sits higher and more toward the 130-loop than those in

1957H2 and 1968H3 (highlighted by two slim blue ar-

rows). The large blue arrow in the center highlights the

different lengths for the 130-loop of the four hemagglu-

tinin structures. The authors addressed the question of

whether the different lengths are responsible for the mu-

tational routes mentioned above. 

This study involved the preparation of the 1918H1

hemagglutinin and its mutants, determination of the ap-

parent dissociation constants, and structural characteriza-

tion by x-ray diffraction at the LS-CAT 21-ID-F and 21-ID-G

x-ray beamlines at the APS. 

The results indicated that single-residue deletion of

the residue K133a converted 1918H1 into H2/H3-like

hemagglutinin where the mutations Q226L and G228S

imposed a preferential binding for human receptor. By

sharp contrast, without the K113a deletion, no preferential

binding for human or avian receptors occurred. Taken to-

gether, their receptor-binding and structural data suggest

that the 130-loop defines the different sitting positions

within the receptor-binding site of 1918H1 and H2/H3

hemagglutinin. Further analysis led to the finding that the

130-loop also dictates the modes of binding receptors in

other subtypes of hemagglutinin (H4 to H7 and H9). 

The authors conclude that the length of the 130-loop

and, more importantly, the sitting position of the Sia-1 moi-

ety can help determine whether a given hemagglutinin

would likely behave as the H1 or H2/H3 subtypes.  More

broadly, this study has contributed to progress in gaining

a deeper understanding of the molecular mechanism be-

hind the switch in receptor preference from avian to hu-

man, and that understanding could help in the timely de-

tection of newly emerging influenza strains that pose a

pandemic threat.  — Joseph E. Harmon
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terminant of receptor-preference switch in influenza hemagglu-
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A Brief History of Influenza Epidemics
1918 Pandemic (H1N1 virus)

The 1918 influenza pandemic, the most severe in recent
history, was caused by an H1N1 virus with genes of avian ori-
gin. Although there is no consensus as to where it originated,
it spread worldwide during 1918-1919.  In the U.S., it was first
identified in military personnel in spring 1918. About 500 mil-
lion people, or one-third of the world’s population, became in-
fected with this virus. The number of deaths was estimated to
be at least 50 million worldwide, some 675,000 occurring in
the U.S. Mortality was high in people younger than 5, 20-40,
and 65 years and up. The high mortality in healthy people,
including those in the 20-40-year age group, was a unique
feature of this pandemic. The properties that made it so dev-
astating are not well understood. With no vaccine to protect
against infection and no antibiotics to treat secondary bacter-
ial infections associated with influenza, control efforts world-
wide were limited to nisolation, quarantine, good personal
hygiene, use of disinfectants, and limitations of public gather-
ings, which were applied unevenly.

1957-1958 Pandemic (H2N2 virus)
In February 1957, a new influenza A (H2N2) virus

emerged in East Asia, triggering a pandemic (“Asian Flu”). It
was reported in Singapore in February 1957, Hong Kong in
April 1957, and in coastal cities in the U.S. in summer 1957.
The estimated number of deaths was 1.1 million worldwide
and 116,000 in the U.S.

1968 Pandemic (H3N2 virus)
The 1968 pandemic was caused by an influenza A

(H3N2) virus comprising two genes from an avian influenza A
virus, including a new H3 hemagglutinin, but also contained
the N2 neuraminidase from the 1957 H2N2 virus. It was first
noted in the U.S. in September 1968. The estimated number
of deaths was 1 million worldwide and about 100,000 in the
U.S. Most deaths were in people 65 years and older. This
virus continues to circulate worldwide as a seasonal in-
fluenza A virus.

2009 H1N1 Pandemic (H1N1pdm09 virus)
In the spring 2009, a novel influenza A (H1N1) virus was

detected first in the U.S. and spread quickly around the world.
This virus contained a unique combination of influenza genes
not previously identified in animals or people, and was desig-
nated as influenza A (H1N1)pdm09 virus. Few young people
had any existing immunity to the virus, but nearly 1/3 of peo-
ple over the age of 60 had antibodies against this virus, likely
from an earlier exposure to an older H1N1 virus. The virus was
very different from H1N1 viruses that were circulating at that
time; vaccination with seasonal flu vaccines offered little
cross-protection against it. While a vaccine was produced, it
was not available in large quantities until late November
2009, after the peak of illness during the second wave had
come and gone in the U.S. From April 12, 2009, to April 10,
2010, CDC estimated that there were ~61 million cases,
~274,000 hospitalizations, and ~12,500 deaths in the U.S. due
to the virus, and that between 151,700 and 575,400 people
worldwide died from the virus during the first year. Globally,
CDC estimated that 80% of virus-associated deaths were in
people younger than 65, which differs from typical seasonal
influenza epidemics during which about 70% to 90% of
deaths are estimated to occur in people 65 and older.
Source: Centers for Disease Control and Prevention,
https://bit.ly/2ltBXNr
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Fig. 1. ADP (magenta) and pCho (cyan), the products of the reaction cat-
alyzed by ChoK, are seen buried in the enzyme’s deep binding
pocket. When TCD-717 (orange) binds, rather than competing for a bind-
ing site in this pocket, it wraps around the entry point to the active site.

Unraveling the Mechanics of a
Promising Anticancer Drug
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The enzyme human ChoK is responsible for the pro-
duction of phosphocholine (pCho) in cells. It plays a key

role in the biosynthesis of phosphatidylcholine, which is a

major phospholipid component of cell membranes.

Lipid metabolism has been shown to be abnormal

during cancer development, and ChoK has been shown
to be tumorigenic and upregulated in many types of can-

cer. The results of numerous studies have also suggested

several links between ChoK and cancer. For example,
increased intracellular levels of the enzyme are associ-

ated with malignant phenotype and poor prognosis, and

increased ChoK activity levels correlate with higher tu-
mor grade. Increased availability of pCho in the cell is

also associated with a more aggressive cancer pheno-

type. Together, these findings indicate that ChoK is a
prime target for chemotherapeutic drug design for inhibit-

ing tumor growth. Indeed, effective ChoK inhibitors have
been developed and have entered clinical trials. One

such small-molecule inhibitor, TCD-717, has recently com-

pleted phase-1 trials.

The enzymatic activity of ChoK can be ablated by
using either ChoK inhibitors or short interfering RNAs
(siRNAs) of the genes encoding the enzyme. However,

studies have also shown that, despite being very potent

in vitro, some ChoK inhibitors do not cause cancer cells
to undergo apoptosis, but only halt tumor growth. How-

ever, genetic ablation of ChoK does result in apoptosis
and thus tumor reduction.

With this in mind, a group of scientists from the Uni-

versity of Illinois at Chicago, the University of Pennsylva-

nia, and the Jesse Brown VA Medical Center conducted a

study to further investigate why these two approaches

lead to different cellular effects. They focused on the in-

teraction between ChoK and TCD-717, because the anti-
tumor activity of this inhibitor does induce apoptosis.

However, previous studies have not examined how TCD-

717 interacts with the ChoK enzyme.
The researchers wanted to determine what makes

TCD-717 different from all other ChoK inhibitors that
have been examined. Utilizing the diffraction data col-

lected at the LS-CAT 21-ID-F and 21-ID-G beamlines at the

APS, the group solved the crystal structure of ChoK in
complex with the inhibitor TCD-717.

Their study showed that TCD-717 binds to ChoK at a
site that differs from where the other inhibitors bind. Al-

though many other ChoK inhibitors bind to the enzyme
deep in the choline pocket in its structure, TCD-717 binds

in a unique location, wrapping around the active site of

the enzyme, near its surface (Fig. 1). This effectively

clamps the enzyme shut so it cannot perform the reac-

tion. It also has the added benefit of changing the surface

properties of the enzyme, which potentially disrupts a crit-

ical protein-protein interaction made by ChoK in the cell.
According to the researchers, this protein–protein interac-

tion may be necessary to cause the cells to undergo

apoptosis. Hence, to assure cell-killing potency, further

development of ChoK inhibitors should take this into
consideration.  — Nicola Parry

See: Stefanie L. Kall1, Edward J. Delikatny2, and Arnon Lavie1,3*,
“Identification of a Unique Inhibitor-Binding Site on Choline Ki-
nase ,” Biochem. 57, 1316 (2018). 
DOI: 10.1021/acs.biochem.7b01257
Author affiliations: 1University of Illinois at Chicago, 2University
of Pennsylvania, 3Jesse Brown VA Medical Center
Correspondence: * Lavie@uic.edu
Use of the Life Sciences Collaborative Access Team facility was sup-

ported by the Michigan Economic Development Corp. and the Michigan

Technology Tri-Corridor (Grant 085P1000817). This research used re-

sources of the Advanced Photon Source, a U.S. Department of Energy

(DOE) O�ce of Science User Facility operated for the DOE O�ce of Sci-

ence by Argonne National Laboratory under Contract DE-AC02-

06CH11357.

Choline kinase  (ChoK) is an enzyme with an important role in the biosynthesis of
phosphatidylcholine, a key structural component of cell membranes. This enzyme
is implicated in tumor formation because its expression is increased in a variety of

common cancers. Additional data have also highlighted ChoK as an attractive target for
development of cancer therapeutics, and one inhibitor of the enzyme, TCD-717, has com-
pleted phase 1 clinical trials. A big puzzle in the field is the fact that some ChoK inhibitors
cause cell arrest, whereas others cause cell death (apoptosis). To investigate this discrep-
ancy, researchers employed high-brightness x-rays to collect diffraction data at the APS
and found that TCD-717 binds to ChoK at a different site from that where most other in-
hibitors bind. The researchers note that this could also be disruptive to protein–protein in-
teractions that may be key to inducing apoptosis, and thus may have implications for sci-
entists involved in developing ChoK inhibitors.
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Aerosol iron is sampled using air filters, which trap

particulates. Since aerosols are airborne particles, a sam-

ple can include particulates from multiple sources de-

pending on air currents. This transportation allows many

events to physically and chemically affect the aerosol

iron to increase its solubility, including rock weathering,

cloud processing, and photoreduction. An international

team of researchers from academia and government re-

search institutions examined samples from locations dis-

tributed across the Earth and thus influenced by a variety

of atmospheric and anthropogenic events. They focused

on the speciation and oxidation state of aerosol iron to

explore the commonalities across these influences, which

affect aerosol iron solubility.

The aerosol samples were collected at five globally-

diverse locales and gave details of Earth's atmosphere

over these locations during differing spans of time. Total

soluble iron was determined using the ferrozine tech-

nique, which turns different shades of magenta to indicate

the speciation of iron. Additionally, these samples were

examined using micro x-ray fluorescence and x-ray ab-

sorption near edge structure (XANES) spectroscopy at the

XSD 2-ID-D beamline at the APS. The XANES spec-

troscopy was utilized to examine both individual particles

and bulk aerosol properties. The team applied the

XANES spectra to determine the oxidation state and min-

eral composition of the iron.

The team found that their samples exhibited a wide

range of values for the total solubility of iron, but no clear

pattern emerged until they looked at fractional solubility.

On examining samples from the Mediterranean Sea, they

found that the samples from European sources had the

highest values, followed by those samples from marine

sources. Samples from Bermuda, which were influenced

by anthropogenic activities in North America, had higher

fractional solubility than those most influenced by North

African mineral dust. 

Although previously published results have found

Fe2+ to be more soluble than Fe3+, in this work the team

found higher amounts of Fe3+ than Fe2+. This relationship

was true for both the individual particle analysis as well 

“Acidic” cont’d. on next page

Fig. 1. The modelled pH of the samples show that only when the
pH is below approximately 4, or under acidic conditions, does the
pH affect the fractional solubility of the iron.  This behavior of the
aerosol iron is consistent with the speciation of Fe+3.

“Red tide” is the term commonly applied to a harmful algal bloom. Red
tides make the news for their striking visual effect and their ability to
disturb ecosystems through the sudden die-off of fish. What may be

less well known is that the phytoplankton stimulated by easy access to iron can
sequester a great deal of carbon dioxide. But phytoplankton are only able to
access iron when in solution, and the solubility of iron depends on many factors.
Research carried out at the APS examined the composition and oxidation states
of aerosol iron and revealed that while many variables affect its solubility, including
its source and the path it has traveled, an increase in acidity increases the solubility
of aerosol iron. A better understanding of the role of aerosol iron has implications
for insights about sequestration of carbon dioxide by marine algae and other bio-
geochemical impacts.

An Acidic Environment Increases the
Solubility of Aerosol Iron
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What is a Red Tide? 

Harmful algal blooms, or HABs, occur when
colonies of algae — simple plants that live in the sea
and freshwater — grow out of control while producing
toxic or harmful effects on people, fish, shellfish, ma-
rine mammals, and birds. The human illnesses
caused by HABs, though rare, can be debilitating or
even fatal.

While many people call these blooms “red tides,”
scientists prefer “harmful algal bloom.” One of the
best known HABs in the nation occurs nearly every
summer along Florida’s Gulf Coast. This bloom, like
many HABs, is caused by microscopic algae that pro-
duce toxins that kill fish and make shellfish danger-
ous to eat, and may also make the surrounding air
difficult to breathe. As the name suggests, the bloom
of algae often turns the water red.

HABs have been reported in every U.S. coastal
state, and their occurrence may be on the rise. HABs
are a national concern because they affect not only
the health of people and marine ecosystems, but also
the health of local and regional economies.

But not all algal blooms are harmful. Most
blooms are beneficial because they are food for ani-
mals in the ocean. In fact, they are the major source
of energy that fuels the ocean food web. A small per-
centage of algae produce the harmful toxins. HABs
also include blooms of non-toxic species that have
harmful effects on marine ecosystems. For example,
when masses of algae die and decompose, the de-
caying process can deplete oxygen in the water,
causing the water to become so low in oxygen that
animals either leave the area or die.

Scientists at the National Ocean Service have
been monitoring and studying this phenomenon for a
number of years to determine how to detect and fore-
cast the location of the blooms. The goal is to give
communities advance warnings so they can ade-
quately plan for and deal with the adverse environ-
mental and health effects associated with these red-
tide events.  Source: National Ocean Service, NOAA,

https://oceanservice.noaa.gov/facts/redtide.html
Red tide pic: melvil, wikimedia, https://commons.
wikimedia.org/wiki/File:Red_tide_2017.jpg

“Acidic” cont’d. from previous page

as the bulk sample results. The team postulated this

higher value of Fe3+ may be explained by the source of

the aerosols being highly-weathered materials from land

surfaces, which often contain higher quantities of iron ox-

ides. The range of fractional iron solubilities measured by

the team for different oxidation states gave no evidence

for a relationship between iron's oxidation state and its

fractional solubility.

However, when the team concentrated on pH, they

found that the solubility of aerosol iron increased up to

35% as the pH dropped below 4. The team found no simi-

lar relationship as a function of specific compounds that

participate in acidic reactions, such as inorganic acids or

sulfuric acid. They conclude that only when a sufficient

number of acidic species act on an aerosol iron particle

will it become soluble.

The team looked at other factors, such as transport

time, alteration of clay mineral phases, and source re-

gion, but found no clear relationship between these and

solubility. They concluded that while other factors do

play a role in the solubility of aerosol iron, and simply

may not have been sufficiently present in their samples to

show a relationship, their data emphasizes the impor-

tance of pH to increase aerosol iron solubility.  

— Mary Alexandra Agner

See: Ellery D. Ingall1*, Yan Feng2, Amelia F. Longo1, Barry Lai2,
Rachel U. Shelley3, William M. Landing3, Peter L. Morton4,
Athanasios Nenes1,5,6, Nikolaos Mihalopoulos6,7, Kalliopi Vio-
laki7, Yuan Gao8, Shivraj Sahai9,10, and Erin Castorina1, “En-
hanced Iron Solubility at Low pH in Global Aerosols,”
Atmosphere-Basel 9, 201 (2018). DOI: 10.3390/atmos9050201
Author affiliations: 1Georgia Institute of Technology, 2Argonne
National Laboratory, 3Florida State University, 4National High
Magnetic Field Laboratory, 5Foundation for Research and Tech-
nology–Hellas, 6Institute for Environmental Research and Sus-
tainable Development, 7University of Crete, 8Rutgers University
at Newark, 9Amity University, 10Adigrat University
Correspondence: * ellery.ingall@eas.gatech.edu

This material is based upon work supported by the U.S. National Sci-
ence Foundation (NSF) under Grants OCE 1357375 (EDI), OCE 1658181
(EDI), OCE-0929919 (WML), OCE-1034764 (WML), OCE-1658311 (PLM),
OPP-0944589 (YG), and PLR-1341494 (YG). A portion of this work was
performed at the National High Magnetic Field Laboratory, which is sup-
ported by the U.S. NSF Cooperative Agreement DMR-1157490 and the
State of Florida. N.M. and K.V. acknowledge support from European
Union (European Social Fund) and Greek national funds through the Op-
erational Program “Education and Lifelong Learning” of the National
Strategic Reference Framework Research Funding Program. This re-
search used resources of the Advanced Photon Source, an Office of Sci-
ence User Facility operated for the U.S. Department of Energy (DOE)
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DE-AC02-06CH11357, and the Canadian Light Source and its funding
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Researchers from Northeastern Illinois

University and The University of Chicago

utilized the GSECARS x-ray microprobe

beamline 13-ID-E at the APS to perform mi-

croscale S, Fe, and V K-edge microscale x-

ray absorption near edge structure (µ-

XANES) measurements on samples from

the Nyamuragira volcano. The µ-XANES

analyses were executed on previous inves-

tigations of basanite and alkali basalt melt

inclusion (MI) samples of lava from 1938

and 1948 eruptions and samples of tephra

from 1986 and 2006 eruptions. The beam of

the monochromator was focused to a sec-

ondary source aperture (SSA) by two hori-

zontally deflecting mirrors with various

coatings. Silicon stripes for S and V pro-

vided harmonic rejection, and rhodium

stripes for Fe provided better reflectivity.

The samples rotated on a highly stable air

binding turntable of the monochromator.

While V and Fe analyses were conducted in

open air, S was conducted in a helium envi-

ronment in order to minimize absorption of

the  x-ray fluorescence signal, the mode in

which µ-XANES spectra were collected.

For MI samples taken from the 1938, 1948, and 2006

Nyamuragira eruptions, redox values showed a mean of

FMQ-1 with a small variance of 0.6 log units. This demon-

strates that any crystallization and water loss that may

have happened following entrapment had not made any

measurable changes, suggesting that some melt inclu-

sions undergo significant H2O loss with no impact to f O2. 

“Volcanic” cont’d. on next page

Fig. 1. Sulfur (a) and vanadium (b) K-edge XANES spectra from a suite of represen-
tative 1986 (in red) and 2006 (in blue) Nyamuragira MI. Individual spectra are off-
set vertically for clarity. In comparison to data collected from 1938, 1948, and
2006 MI, S XANES spectra for 1986 MI are characterized by a more intense spec-
tral feature at ~ 2469.8 eV (peak a), similar to what is observed in crystalline Fe-S
minerals, and a more intense and variable peak at ~ 2481.5 eV (peak c) that is
characteristic of sulfate (S6+) species. The 1986 MI V K-edge spectra are consis-
tently more ordered and reduced than spectra from 1938, 1948, and 2006 MI.
Also shown are S and V K-edge spectra for 1986 interstitial matrix glass (dashed
red spectra), which are similar to spectra measured in 2006 MI in that they have
low sulfate and a less structured V spectra with a higher average valence.

A New Look into the Evolution of the
Volcanic System of Nyamuragira

Nyamuragira, which is located in the Virunga region in the western branch
of the East African Rift, and is one of the most active volcanoes in Africa,
has provided a better understanding of the controls on redox behavior of

heterovalent elements in silicate melts, in which atoms have their oxidation state
changed. In samples of magmatic glass, the valence states of iron (Fe) and vanadium
(V) provide an indirect measurement of the redox state of magma, acting as proxies
for the melt’s oxygen fugacity (f O2). Sulfur (S) speciation is also strongly tied to
changing magmatic redox; understanding the behavior of S is important for dis-
cerning primary controls on volcanic degassing and explosivity, and thus the causes
and nature of volcanoes. New data resulting from this study, carried out at the
APS, imply that storage history, rather than differences in f O2, may have a larger
influence on SO2 emissions and eruption styles. However, further work is required
to clarify these differences.



The Nyamuragira Volcano

Nyamuragira, also known as Nyamulagira, is an
active composite volcano near the city of Goma in the
Virunga Mountains of the Democratic Republic of the
Congo, situated about 25 km north of Lake Kivu. The
name is derived from the Kifuru and Kishi verb Kura-
gira ngavu, meaning to herd cows. It has been de-
scribed as Africa's most active volcano and has
erupted over 40 times since 1885. As well as erup-
tions from the summit, there have been numerous
eruptions from the flanks of the volcano, creating
new, smaller volcanoes that have lasted only for a
short time. It is 13 km north-northwest of Nyiragongo,
the volcano that caused extensive damage to the city
of Goma in 2002. Nyamuragira has a volume of 500
cubic km, and covers an area of 1500 km2. It has a
low shield profile, and contrasts with the adjacent
steep-sided Nyiragongo volcano. Nyamuragira vol-
cano is responsible for a large portion of the sulfur
dioxide released into the atmosphere by volcanoes. 

At dawn on 2 January, 2010, Nyamuragira began
spewing out lava flows that could be seen on satel-
lite. It erupted again on November 5, 2011, producing
a 400-m-high column of lava, said to have been its
largest eruption in 100 years.

In 2014, for the first time in 75 years, a new lava
lake appeared at the volcano, one of the few volca-
noes on Earth that has sustained lava lakes for sev-
eral decades. The formation of the new lava lake oc-
curred between June and August 2014. It has a depth
of 500 m and is growing, and can produce lava flows
in the future. The eruption did not affect the communi-
ties in the area but left ash and air pollution. Sulfate
aerosols formed by volcanic sulfur dioxide from the
eruptions were observed as far away as the central
Amazon rain forest in South America. The lava lake
has recently hardened and the activity has appeared
to have stopped. 

Source: https://en.wikipedia.org/wiki/Nyamuragira
Photo: MONUSCO Photos
commons.wikimedia.org/wiki/File:Nyamuragira_vol-
cano_crater_on_31_January_2014_(12433170694).jpg
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The 1986 MI µ-XANES results were drastically differ-

ent, however. V had smaller pre-edge peaks and lower

energies, showing it is more ordered than other glasses.

Fe data was more reduced with an FMQ -1.5 (±0.5). Sulfur,

on the other hand, had a much higher intensity, indicating

mixed population of sulfide and sulfate, and a difference

in bonding of Fe-S (Fig. 1).

While confidence in coupled S, V, and Fe redox prox-

ies increases with the agreement of 1938, 1948, and 2006

MI, 1986 must be further evaluated to understand its

uniqueness and the variations in elemental speciation.

Identified as a potential model to explain the differences,

crystallization of nanoscale daughter minerals post-en-

trapment allows for the hypothesis that cooling and/or

diffusion post-entrapment of H is most likely to lead to the

spectroscopic features of V and S, and provides impor-

tant information to interpret the ratios of Fe. Magnetite

and sulfide nanolites’ presence within the 1986 MI and

not 2006 suggests that there are differences in the as-

cent and cooling. Although the specific mechanisms driv-

ing nanolite growth in 1986 are unclear, new data of this

study gives clarity to the evolution of Nyramuragira’s sys-

tem. 

The researchers note that their study shows that V

and S µ-XANES spectroscopy could be extremely useful

for identifying nanolite crystallization in olivine-hosted MI

where other imaging techniques prove inadequate, due

to XANES sensitivity to short-range order and ability to

detect precipitates at the nanoscale.  

— Gwenevier Johnson

See: Elisabet Head1*, Antonio Lanzirotti2, Matthew Newville2,
and Stephen Sutton2, “Vanadium, sulfur, and iron valences in
melt inclusions as a window into magmatic processes: A case
study at Nyamuragira volcano, Africa,” Geochim. Cosmochim.
Acta 226, 149 (2018). DOI: 10.1016/j.gca.2018.01.033
Author affiliations: 1Northeastern Illinois University, 2The Univer-
sity of Chicago
Correspondence: * e-head@neiu.edu
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Nyamuragira volcano crater on 31 January, 2014.
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The mantle makes up the majority of the Earth's inte-

rior by volume and comprises three layers: upper mantle,

transition zone, and lower mantle. The transition zone is

defined by changes in seismic wave velocities at depths

of 410 km and 660 km. These velocity changes are asso-

ciated with variations in crystal structure, with the peri-

dotite rock of the mantle changing into different crys-

talline forms as increasing pressure rearranges its

structure. Because the lower mantle materials do not

bond with water, current theories postulate the lower

mantle marks the depth at which water is released back

into the mantle to be incorporated into upward-moving

rock. These new results establish the presence of an

aqueous fluid in diamonds which were formed below a

depth of 660 km, thus indicating liquid water in the lower

mantle. In addition to such deep pockets of aqueous fluid,

the team also detected fluid across a range of depths

within the upper mantle and transition zone.

The team from the University of Nevada, Las Vegas,

The University of Chicago, the California Institute of Tech-

nology, the China University of Geosciences, the Univer-

sity of Hawaii at Manoa, and the Royal Ontario Museum

(Canada)  studied diamonds from China, Sierra Leone,

and countries in southern Africa. They collected several

types of x-ray data from the diamonds, including diffrac-

tion data using the GSECARS 13-ID-D and HP-CAT 16-ID-B

x-ray beamlines at the APS; and x-ray microfluorescence

maps using the GSECARS 13-ID-E beamline at the APS

(Fig. 1). They also obtained infrared spectra at the U.S.

DOE’s Advanced Light Source (ALS) at Lawrence Berke-

ley National Laboratory, and with the Caltech Division of

Geology and Planetary Sciences spectrometer.

They detected the presence of ice-VII inclusions in

“Ice” cont’d. on page 110

While it's easy to see how Earth's surface wa-
ter plays a part in global cycles, water mov-
ing through the mantle contributes to these

same cycles as mantle materials flow in such
processes as volcanism and mantle plumes. The
movement of water in the mantle enables the move-
ment of heat-generating elements and isotopes such
as thorium and uranium and the radioactive isotope
40K. To understand the effect of water in the mantle,
we need to know how much water exists at different
depths. However, it is difficult to directly sample the
distribution of water throughout the mantle. Scientists
use diamonds — especially the minerals encapsulated
in them during their growth — to learn about the con-
ditions in the mantle's depths where they formed. Re-
cent research at the APS by a team examining dia-
monds from geologically-diverse sites confirms not
only the presence of a water-based fluid but a water-
based fluid within the lower mantle, supporting exist-
ing theories and laboratory results about the compo-
sition of the mantle across the transition zone.

Ice Inclusions Indicate Deep Liquid Water

Fig. 1. Visible light and x-ray fluorescence images of samples.
Top: Visible light microscope image of the holotype ice-VII-
bearing diamond sample M57666 mounted at the diffractome-
ter at GSECARS beamline 13-ID-D. Bottom: X-ray fluorescence
map of a region in ice-VII-bearing diamonds specimen SM458.
From O. Tschauner et al., Science 359, 1136 (2018), Supp. Info.
© 2018 American Association for the Advancement of Science.
All rights reserved.
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The response of SiO2 to shock loading can be broken

up into three categories: (1) an elastic regime up to 8-9

GPa, (2) a highly compressible region, often described as

the “mixed-phase region,” 10-35 GPa, and (3) a

dense/low-compressibility phase above 35 GPa. The

crystal structure(s) of the mixed- and high-pressure re-

gions have been a point of debate for over 50 years. It

has often been assumed that the high-pressure crystal

structure corresponds to crystalline stishovite (a dense, 6-

coordinated structure observed in static compression ex-

periments) and that the mixed-phase region is a mixture

of low- and high-pressure phases, however this hypothe-

sis lacks direct proof. Crystallization of stishovite requires

a local 4- to 6-fold coordination change and it has been

argued that this process is too sluggish to occur on shock

wave timescales. Plate impact experiments utilizing the

DCS 35-ID-B,C,D,E x-ray beamline at the APS have shed

new light on these previous understandings.

In these experiments, a projectile was launched at

high velocity and impacted the SiO2, generating a shock

wave in the sample, after which ultrafast x-ray diffraction

was employed to determine the crystal structure during

the transient (~100-nsec) high-pressure state. Using both

a single-stage propellant gun and a two-stage light-gas

gun, the researchers from Princeton University and Wash-

“Silica” cont’d. on page 110

Fig. 1. a) The experimental configuration for in situ x-ray diffraction measurements under shock
compression. b) Two-dimensional diffraction image taken at 41.8 GPa overlaid with crystal struc-
ture of high-pressure stishovite phase. The bright spots (red) are single-crystal diffraction from the
LiF impactor.

S ilicon dioxide (SiO2) is the most abundant oxide in the Earth’s crust and serves
as an archetype for silicate crystals and melts of the deep Earth. Due to its
ubiquity in the Earth’s crust, studies of the dynamic response of SiO2 are

critical for understanding meteorite impact events and other types of crustal explo-
sions. While there have been numerous models of the dynamic response of SiO2 ,
the in situ crystal structure under dynamic compression is largely unexplored. New
capabilities at the DCS allow for real-time studies of the crystal structure of SiO2

under dynamic loading. This research explains heretofore controversial features of
the shock-compression behavior of fused silica and are consistent with recent mo-
lecular dynamics simulations. 

A New Understanding of
Shock-Compressed Fused Silica
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ington State University created planar shock waves in sil-

ica glass samples. A 10-mm-diameter disk of lithium fluo-

ride (LiF) was mounted in a polycarbonate projectile and

accelerated at a velocity of 1.8-5.6 km/s, generating uni-

form, well defined stress states ranging from 12 GPa to 63

GPa. After impact, a series of four x-ray diffraction images

separated by 153.4 nsecs were recorded as the shock

wave traversed the sample and during the subsequent re-

lease (Fig. 1). Each diffraction pattern was collected using

a single bunch of photons (~100 psec) from the APS stor-

age ring.

The x-ray diffraction patterns correspond to frames

captured during a uniform stress state. Below 34 GPa

there was no evidence of crystalline peaks, suggesting

fused silica can be understood to be amorphous when

shock compressed to these conditions. Above 36 GPa,

transformation to a crystalline phase was evidenced by

the emergence of sharp peaks in the x-ray diffraction

data. Fits to the data in the high-pressure region patterns

corresponded to stishovite with grain sizes ranging from 5

to 30 nm. Furthermore, the results suggest the “mixed-

phase region” between 10 to 35 GPa corresponds to a re-

gion of glass densification rather than being a true mix-

ture of low- and high-pressure phases, as had been

previously assumed.  

These results resolve the long controversy about the

nature of fused silica under dynamic loading. Upon shock

compression above the elastic limit up to 34 GPa,

stishovite adopts a dense amorphous structure, compara-

ble to its behavior under static compression and at shock

pressures above 34 GPa, fused silica transforms to poly-

crystalline stishovite.  — Gwenevier Johnson

See: Sally June Tracy1*, Stefan J. Turneaure2, and Thomas S.
Duffy1, “In situ X-Ray Diffraction of Shock-Compressed Fused Sil-
ica,” Phys. Rev. Lett. 120, 135702 (2018). 
DOI: 10.1103/PhysRevLett.120.135702
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“Ice” cont’d. from page 108

multiple diamond samples. Ice-VII, a type of water ice

formed at high pressures, is stable at pressures above 2.4

GPa. Based on this study, ice-VII was recognized by the

International Mineralogical Association as a mineral and

can be used as an indicator of the pressures and temper-

atures under which it was included by its host diamond.

The team focused on the inclusions within the dia-

mond samples. In addition to pockets of ice-VII, they de-

tected nearby inclusions of silicates, carbonates, halides,

and others. The diamond host crystal holds the ice-VII in-

clusions at pressures close to that of diamond formation

even as the mantle material moves toward Earth's sur-

face. By applying the equation of state for ice-VII, the

team estimated a minimum pressure at which the dia-

mond surrounding the ice-VII had formed. From this pres-

sure, the team determined a minimum depth of formation

for each diamond sample, allowing them to infer the

depth of the aqueous fluid which crystallized into the ice-

VII inclusions.

The diamond samples yielded depths ranging from

10 GPa (upper mantle) across the transition zone into 25

GPa (lower mantle). The team found that samples from lo-

cations close to each other exhibited this range of pres-

sures. Additionally, samples located distant from each

other also yielded formation pressures of similar values.

Based on the total range of pressures, as well as the

range of pressures at a single site, the team concluded

that multiple regions of aqueous fluid exist in the mantle,

some below the transition zone in the lower mantle.  

— Mary Alexandra Agner
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Invisibility cloaks, super-speedy chemical reactions, and lenses that change their
focus in response to their environment are just a few of the surprising techno-
logical tricks that could be performed by metamaterials. Metamaterials are de-

signed materials carefully structured to manipulate electromagnetic radiation. They
are often made of several different components — say, two different metals, or
DNA plus gold — and the most exciting metamaterials are structured at the nano
level so that they can manipulate visible light. Metamaterials are a rapidly advancing
area of research, but building specific metamaterials rapidly and at scale is still an
unsolved problem. Researchers utilized high-brightness x-rays at the APS to show
that building metamaterials using templates that employ a combination of DNA
and lithography to align the components is a viable method of creating bespoke
materials at usable scales. 

Weaving Gold and DNA into Metamaterials

Fig. 1. Each unit cell of the nanoparticle superlattice consists of
a gold surface, circular disk, cube, and sphere, with experi-
mentally matched dimensions. Adapted from Q.-Y. Lin et al.,
Science 359, 669 (2018). © 2018 American Association for the
Advancement of Science. All rights reserved.
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the interior of a material with grazing incidence diffraction

sensitivity to structures on the surface. Combining the two

in GISAXS gives detailed information about nanostruc-

tured materials such as the gold and DNA metamaterials

the team constructed.

The team found that the DNA and lithography tem-

plates did indeed build what they had designed them to

build. After a bit of experimentation, they also found that

if there were defects in the material, they could gently

warm and agitate it, and the mismatched DNA strands

would detach, while the properly assembled DNA strands

held together. This allowed the team to fix defects in the

materials without trashing the whole construct and start-

ing over. The technique dramatically expands the size of

the playground computational materials scientists have

to work with, and will open new possibilities for new

metamaterials of the future.  — Kim Krieger

See: Qing-Yuan Lin1, Jarad A. Mason1, Zhongyang Li1, Wenjie
Zhou1, Matthew N. O’Brien1, Keith A. Brown1, Matthew R. Jones1,
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vidual nanoparticles via template-confined DNA-mediated as-
sembly,” Science 359, 669 (2018). DOI: 10.1126/science.aaq0591
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DNA is best known as the instruction manual for life.

It is written with four chemical “letters”: G, A, T, and C, and

usually hangs together in double strands that look like

spiral ladders. Each rung of the ladder is made of two let-

ters that fit together. A is always paired with T, and G al-

ways goes with C. Researchers at Northwestern Univer-

sity used DNA’s desire to double as a tool to create

elaborate metamaterial structures. 

Their technique applied electron lithography, often

used to write tiny circuitry on microchips, to arrange the

DNA. First, a beam of electrons drew a pattern of pores

through a 300-nm-thick slab of polymer down to the gold

beneath it. Then the team attached strands of DNA to the

gold at the bottom of each pore. A single strand of DNA

stuck out of each pore, waiting for its “match.” Gold

nanoparticles with single strands of DNA attached to

them were the matches; whenever a single strand of DNA

sticking out of a pore met its complementary single

strand on a gold nanoparticle, the two stuck together. In

this way, particles of specific shapes could be assigned

specific spots in the pattern. Multiple layers could be

made by attaching a second strand of DNA to the other

side of each particle. By layering particles and stringing

them together with additional strands of DNA, it would be

possible to build nanoparticle superlattices: many-lay-

ered structures with nanoparticles of specific shapes in

precise locations (Fig. 1).

Previous attempts to do the same thing without DNA

required multiple lithographic steps, metal evaporation,

and perfect realignment for each new layer. Errors

quickly built up, and the process was too time-consuming.

By instead utilizing DNA to do the alignment, metamateri-

als can be built rapidly, automatically, and with precise

alignment between layers, something critical to the per-

formance of the finished material.

To see exactly what they had built, the research team

and a colleague from Argonne performed grazing-inci-

dence small-angle x-ray scattering (GISAXS) at the XSD

12-ID-B beamline at APS. The brightness and high flux of

the x-ray photons from the APS make it an ideal place to

perform this kind of analysis. GISAXS combines the small-

angle scattering ability to image objects from one to

thousands of angstroms in size on both the surface and
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tion, methane then bound to these oxygen atoms for the

methane oxidation reaction to take place. 

When the researchers compared experimental results

to this model, it was clear that the lattice distortion was

due to strong contraction that originates at the crystal

edges and propagates to the interior of the crystal. Once

the reaction was complete and the oxidated methane left

the Pt nanocatalysts, this contraction was released. 

The team further compared these findings to those

generated with finite element analysis, a different type of

computer modeling technique. Remarkably, their results

meshed with the experimental findings in terms of the

magnitude of the lattice displacement and further con-

firmed the molecular dynamics simulation, providing even

more evidence that the under-coordinated corners and

edges of the Pt nanocrystal act as preferential adsorption

sites for oxygen.

Together, the researchers say, these results show that

the Pt nanocrystal edges and corners act as active sites

for the methane oxidation reaction. The under-coordi-

Metal nanoparticles are often utilized as catalysts for applications in energy
conversion and environmental technologies. These materials have several
characteristics that make them well suited for this role, including a large

surface-to-volume ratio for reaction species to settle on, and an abundance of “un-
der-coordinated” atoms with the capacity to bind these species. These under-co-
ordinated sites can improve the efficiency of catalytic reactions by breaking chemical
bonds in the reactants or splitting them into smaller species. Identifying exactly
where catalytic reactions take place on metal nanoparticle catalysts, areas known
as the “active sites,” can shed light on the reaction mechanism and help researchers
develop ways to improve reaction efficiency. Studies have shown that when reactant
species interact with metal nanoparticle catalysts, they can change the nanoparti-
cles’ shapes or sizes. However, the structural changes that take place at active
sites aren’t well studied. To better understand this phenomenon, researchers carried
out studies at the APS. Their experiments revealed severe distortions of the crystal
lattice in platinum (Pt) nanocrystals as they adsorbed oxygen at their edges, a
strain that disappeared and allowed the lattice to return to its original state after
the reaction was complete. These findings were in good agreement with simulations.
The authors suggest that these results could provide insights that might eventually
help researchers design better nanoscale catalysts.

Living on the Edge for Pt Nanoparticles during
Methane Oxidation

The researchers from Sogang University (Korea), Ar-

gonne, the Deutsches Elektronen-Synchrotron (DESY),

and Seoul National University of Science and Technology

(Korea) examined the Pt catalysts as they catalyzed the

methane oxidation reaction. To do this, they employed

the Bragg coherent x-ray diffraction technique at the XSD

34-ID-C beamline at the APS. Before the start of the reac-

tion, the researchers saw the 6-fold symmetry character-

istic of a nanocrystal with a truncated octahedral shape.

After allowing 20% oxygen gas to flow into the reaction

chamber, the researchers imaged the Pt nanocrystals

again. Their results showed deformation through the en-

tirety of the nanocrystals’ volume. This distortion in-

creased even more once methane gas was introduced

and continued throughout the methane oxidation reac-

tion, receding only once the reaction was complete.

Employing reactive molecular dynamics simulation, a

computer modeling technique, the team found that the

most likely places for dissociated oxygen atoms to bind

were the nanocrystals’ edges and corners. In this simula-
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Fig. 1. Upper image: The schematic process of oxygen adsorp-
tion and methane oxidation at the edges of Pt nanoparticles.
Lower image: The strain observed during the process above.
The lattice displacement and strain are observed at active site
edges of the nanoparticles. In the end of the catalytic methane
oxidation process, the lattice displacement and strain are re-
covered to the initial stage.

nated atoms on these sites bind oxygen, allowing an oxi-

dation reaction to take place once methane is introduced.

This oxygen binding, and the subsequent binding of

methane to the oxygen, causes the edges to contract sig-

nificantly, distorting the Pt crystal lattice throughout its

volume. Gaining a better grasp on how this reaction takes

place, the researchers suggest, could lead to engineered

nanocatalysts that allow this process to take place even

more efficiently, saving time and money.  

— Christen Brownlee
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The engineering of materials into ordered structures is always a critical step to
transfer and amplify microscopic molecular functionalities to macroscopic ma-
terial properties. Tremendous efforts have been made toward understanding

the relationship between molecules and the corresponding supramolecular structures
as the base for further study of structure-property relationship. Giant molecules are
a family of macromolecules with well-defined composition, geometry, and topology
built up from molecular nanoparticles with precise chemical structures. They typically
include folded globular proteins, polyhedral oligomeric silsesquioxane (POSS),
fullerene (C60), and polyoxometalates (POMs). A multitude of studies have demon-
strated that they are a unique and efficient platform upon which to construct various
ordered patterns in a desired feature size. Researchers utilizing the APS have shown
that altering the composition and sequence of giant molecules answers some fun-
damental questions about how giant molecules can be used for the assembly of
controllable, well-defined, self-assembled nanostructures.

Giant Molecules as a Unique Platform for
Unconventional Nanostructures

Fig. 1. Summary of self-assembly behaviors of a set of DPOSS-BPOSSn
giant shape amphiphiles. Structural evolution is directed by variations of
molecular geometric shape. From X. Feng et al. ACS Central Sci. 3, 860
(2017). Copyright © 2018 American Chemical Society
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BPOSS nanoparticles were synthesized. As

shown in Fig. 2, besides the compositional

variation (shown in the vertical direction of

the table), the sequence of the giant mole-

cule chain also plays an important role in the

supramolecular phase formation process

(shown in the horizontal direction of the

table), resulting in versatile supramolecular

structures.

This set of samples provides a model

system for understanding the structural evo-

lution pathways and relationships among dif-

ferent phases. They also offer the opportuni-

ties to design and synthesize functional

molecules with certain microscopic assembly struc-

tures, and further introduce macroscopic properties to

the materials with potential applications in catalysts

and nano-medicine.   — Tao Li
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DOI: 10.1021/acscentsci.7b00188
and
Wei Zhang1, Xinlin Lu1, Jialin Mao1, Chih-Hao Hsu1, Gaoyan
Mu1, Mingjun Huang1, Qingyun Guo1, Hao Liu1, Chrys Wes-
demiotis1, Tao Li3, Wen-Bin Zhang7, Yiwen Li2, and Stephen
ZD Cheng1*, “Sequence-Mandated, Distinct Assembly of
Giant Molecules,” Angew. Chem. Int. Ed. 56, 15014 (2017). 
DOI: 10.1002/anie.201709354
Author affiliations: 1University of Akron, 2Sichuan University,
3Northern Illinois University/Argonne National Laboratory,
4RIKEN CLST-JEOL Collaboration Center, 5JEOL RESO-
NANCE, Inc., 6South China University of Technology,
7Peking University
Correspondence: * scheng@uakron.edu

This work was supported by National Science Foundation DMR-

1408872 (to S.Z.D.C) and National Science Foundation of China

(51603133 to Y.L., 21674003, 91427304 to W.-B.Z.), Grant-in Aid for

JSPS Research Fellow 16F16047 (to Y.H.). This research used re-

sources of the Advanced Photon Source, a U.S. Department of En-

ergy (DOE) Office of Science User Facility operated for the U.S.

DOE Office of Science by Argonne National Laboratory under Con-

tract No. DE-AC02-06CH11357.

As shown in Fig. 1, a set of giant molecules were con-

structed by linking one hydrophilic polyhedral oligomeric

silsesquioxane nanoparticle (DPOSS, 14 hydroxyl groups

functionalized POSS) with different numbers (n) of hy-

drophobic POSS(s) (BPOSS, 7 isobutyl groups functional-

ized POSS). The self-assembly study shows that a

supramolecular structure formation sequence ranging

from lamella (LAM), double gyroid (DG), hexagonal closed

packed cylinders (HEX), to Frank-Kasper (F-K) A15, and

further to F-K Sigma phase could be observed by turning

the number of hydrophobic BPOSS (structure cartoons,

Fig. 1). The phase formation sequence here is dominated

by a change of the geometry of whole molecules. In-

creasing the number of BPOSS, the shape of the whole

molecules changes from a linear shape (which forms

LAM), to fan-like shape (which forms HEX), and further to

cone-like shape (which forms the F-K A15 and F-K Sigma

phase). The samples were well-characterized by small-

angle x-ray scattering (SAXS) and transmission electron

microscopy by a team of researchers from the University

of Akron, Northern Illinois University, Sichuan University

(China), Argonne, RIKEN CLST-JEOL Collaboration Center

(Japan), JEOL RESONANCE Inc., South China University

of Technology (China), and Peking University (China). The

SAXS work was performed at the XSD 12-ID-B,C beamline

at the APS. 

Besides the composition factor, sequence controlled

giant molecules were also designed and studied. A series

of sequence controlled chain-like giant molecules based

on one hydrophilic DPOSS and multiple hydrophobic

Fig. 2. Schematic illustration of the influence of composition and se-
quence on the self-assembled supramolecular structures in POSS based
precisely defined chain-like giant molecule system.
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DATA

X-ray Availability and Reliability
In fiscal year 2018*, the APS x-ray source continued

to function as a highly reliable delivery system for syn-
chrotron x-ray beams for research. Several factors sup-
port the overall growth in both the APS user community
and the number of experiments carried out by that com-
munity. But there is a direct correlation between the num-
ber of x-ray hours available to users; the success of the
APS experiment program; and the physicists, engineers,
and technicians responsible for achieving and maintain-
ing optimum x-ray source performance. Below are defini-
tions of important measures for the delivery of x-ray
beam to users (latest data shown graphically).

X-ray Availability: The number of hours that beam is
available to users divided by the number of hours of
scheduled beam delivery prior to the beginning of a run.
The specific definition of available beam is that the APS
main control room has granted permission to users to
open shutters, and there is more than 50-mA stored

beam in the storage ring.
Storage Ring Reliability: A measure of the mean time be-
tween beam losses (faults), or MTBF, calculated by taking
the delivered beam and dividing by the total number of
faults. The APS targets, and routinely exceeds, 70 h
MTBF. A fault is defined as complete unavailability of
beam either via beam loss or removal of shutter permit
not related to weather. A fault also occurs when beam
has decayed to the point where stability and orbit can no
longer be considered reliable (50 mA).

* While the highlights in, and title of, this report cover
calendar year 2018, data on accelerator performance
and user statistics are measured on the basis of fiscal
years. 

Typical APS Machine Parameters
LINAC
Output energy                                                           425 MeV

Maximum energy                                                      500 MeV

Output beam charge                                                0.3–3 nC

Normalized emittance                                              5–20 mm-mrad

Frequency                                                                 2.856 GHz

Modulator pulse rep rate                                         30 Hz

Gun rep rate                                                              2–12 Hz

(1–6 pulses, 33.3 ms apart every 0.5 s)

Beam pulse length                                                   8–15 ns

Bunch length                                                             1–10 ps FWHM

PARTICLE ACCUMULATOR RING
Nominal energy                                                        425 MeV

Maximum energy                                                      450 MeV

Circumference                                                          30.66 m

Cycle time                                                                 500 ms or 1000 ms

Fundamental radio frequency (RF1)                        9.77 MHz

12th harmonic RF frequency (RF12)                         117.3 MHz

RMS bunch length                                                    0.34 ns

(after compression) 

INJECTOR SYNCHROTRON (BOOSTER)
Nominal extraction energy                                      7.0 GeV

Injection energy                                                        425 MeV

Circumference                                                          368.0 m

Lattice structure                                                        10 FODO cells/

                                                                                   quadrant

Ramping rep rate                                                      2 Hz or 1 Hz

Natural emittance                                                     87 nm-rad (actual)

                                                                                   132 nm-rad (nominal)

Radio frequency                                                       351.930 MHz

STORAGE RING SYSTEM
Nominal energy                                                        7.0 GeV

Circumference                                                          1104 m

Number of sectors                                                    40

Length available for insertion device                     5.0 m

Nominal circulating current, multibunch                 100 mA

Natural emittance                                                     2.5 nm-rad

RMS momentum spread                                           0.096%

Effective emittance                                                   3.1 nm-rad

Vertical emittance                                                     0.040 nm-rad

Coupling (operating)                                                 1.5%

Revolution frequency                                               271.555 kHz

Radio frequency                                                       351.935 MHz

Operating number of bunches                                24 to 324

RMS bunch lengths                                                  33 ps to 25 ps

RMS bunch length of 16 mA in hybrid mode          50 ps
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The techniques of macromolecular x-ray crystallography (MX) have revolutionized
biology, making possible the study of life down to the level of individual atoms
in proteins. But frustrating technical limitations remain, such as the need to cryo-

genically freeze protein crystals in order to limit damage from the x-ray beam, making
it difficult for MX researchers to observe working proteins at room temperature. Serial
crystallography techniques that combine data from large batches of crystals at room
temperature offer an alternative strategy, but need a large number of protein crystals.
Specialized devices to grow crystals and contain them for in situ study have been im-
plemented, but many such devices can introduce background x-ray scattering, thus
reducing data quality. A research team has developed “crystal-on-crystal” chip devices
made of a monocrystalline quartz substrate that can be used for large-scale, in situ
serial diffraction studies on protein crystals of all sizes at both synchrotron and x-ray
free-electron laser facilities. They demonstrated the applications of the devices with
Laue diffraction experiments at the APS on two different types of protein crystals.

A Monocrystalline Device for
Room-Temperature Serial Diffraction
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Because most protein crystals tend to be fragile at

room temperature, it is important to protect them from

damaging changes in sample environment such as pres-

sure, temperature, and humidity. Vibrations or other phys-

ical touches can also damage them and thus compromise

diffraction data. The crystal-on-crystal device developed

by this team will enable the conduct of large-scale and

high-throughput diffraction experiments from hundreds

and thousands of crystals without the use of injection,

screening, or other procedures so that the native crystal

states can be preserved as closely as possible. 

The experimenters in this study from The University of

Illinois at Chicago and Renz Research, Inc., chose

monocrystalline quartz as a substrate material for its lack

of permeability and thus resistance to vapor loss over a

long time, its wide transparency over broad wavelengths,

and its minimal x-ray scattering as opposed to other com-

monly used glass or plastic materials, despite prior con-

cerns that single-crystal materials might create severe in-

terference from their Bragg reflections. The team has

tested Z-cut wafers and successfully avoided Bragg re-

flections altogether from the quartz material (Fig. 1).

Laue diffraction studies were conducted on samples

of UVR8, a plant photoreceptor protein, and PhrB, a DNA

repair protein, each grown in different devices. Protein

crystallization was tested using both the hanging drop va-

por diffusion and microbatch methods. Both monochro-

matic diffraction and polychromatic Laue diffraction stud-

ies were performed with the devices mounted on a

goniometer at the BioCARS 14-ID-B beamline at the APS.

The researchers were able to obtain nearly complete

datasets from hundreds of crystals, with a greater number

of usable frames compared to previous serial Laue dif-

fraction studies. With further improvements in data pro-

cessing techniques, they expect to obtain thousands of

frames per dataset.

Serial crystallography obtains a dataset not from an

individual crystal but rather many thousands, with each

crystal often contributing only one frame. The nature of

injector-based methods inevitably rules out repeated ex-

posures of an individual crystal. Repeated exposures

from the same crystal are also difficult because they can

quickly induce x-ray damage at room temperature. How-

ever, the experiment team notes that their crystal-on-crys-

tal chip can facilitate second and subsequent x-ray expo-

sures from the same crystal but with different volumes

with the use of crystal recognition and shot planning soft-

ware, improving dynamic imaging capabilities.

The researchers observe that both injection-based

and fixed-target sampling systems often display a low

“hit rate,” defined as the number of images containing

any diffraction signal out of the total attempted hits. Con-

sidering an alternative parameter they call “yield,” which

is the percentage of total crystals that produce diffraction

data, the team notes that the current experiments pro-

duced a yield of nearly 100%, indicating that almost all of

the prepared crystals were imaged, although not all gave

usable data. 

This work spotlights a number of significant advan-

tages of monocrystalline devices for room temperature x-

ray diffraction studies. Compared to non-crystalline plas-

tic or glass materials, the "crystal-on-crystal" quartz

devices offer greatly improved signal-to-noise ratio, opti-

cal transparency, stable crystallization, excellent data

yield, and compatibility with different crystallographic

techniques. The concept is also readily suited for both

synchrotron-based and XFEL work, making both static

and dynamic room temperature serial crystallography of

biological structures and processes a scientific tool as

versatile and valuable as cryo-crystallography.  

— Mark Wolverton

See: Zhong Ren1,2*, Medine Ayhan1, Sepalika Bandara1, Kalinga
Bowatte1, Indika Kumarapperuma1, Semini Gunawardana1, Hee-
whan Shin1, Cong Wang1, Xiaoli Zeng1‡, and Xiaojing Yang1**,
“Crystal-on-crystal chips for in situ serial diffraction at room tem-
perature,” Lab Chip 18, 2246 (2018). DOI: 10.1039/c8lc00489g
Author affiliations: 1University of Illinois at Chicago, 2Renz Re-
search, Inc.  ‡Present address: Chinese Academy of Sciences
Correspondence: *zren@uic.edu, **xiaojing@uic.edu

This work is supported in part by grants from the University of Illinois at

Chicago and National Institutes of Health (R01EY024363) to XY. Use of

BioCARS was supported by the National Institute of General Medical

Sciences of the National Institutes of Health under grant number

R24GM111072. The content is solely the responsibility of the authors and

does not necessarily represent the official views of the National Insti-

tutes of Health. This research used resources of the Advanced Photon

Source, an Office of Science User Facility operated for the U.S. DOE Of-

fice of Science by Argonne National Laboratory under contract no. DE-

AC02-06CH11357, and the Canadian Light Source and its funding

partners.

< Fig. 1. An in situ diffraction platform for serial crystallography
at room temperature. A micrograph of bacteriophytochrome
crystals grown on the device is shown on the right. These crys-
tals and the entire device can be mounted on an APS beam-
line directly for diffraction experiments. As shown in the inset,
an x-ray beam through the monocrystalline device substrate
will not cause any interfering Bragg diffraction or diffuse scat-
tering. A diffraction image on the left shows very clean data
from protein diffraction only.
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Non-resonant valence-to-core (V2C) x-ray emission spectroscopy (XES) prom-
ises to be a powerful complement to other structure characterization meth-
ods, in that the emerging technique as applied to 3d transition metals has

been found to clearly distinguish ligand atoms that are similar in atomic mass,
which other structure determination tools often cannot do. This motivated a team
of researchers to begin investigating the use of nonresonant V2C XES with 4d
metals, whose V2C Kβ emission spectroscopy has not been extensively investi-
gated. All data were measured using a recently developed optimized/high-resolution
spectrometer at the APS. The spectrometer was specifically designed to operate
efficiently in the energy range required for nonresonant V2C XES of the 4d transition
metals. The amplitudes and positions of the Kβ2,4 and Kβ′′ V2C XES peaks were
identified using software that was developed to process and analyze the data gen-
erated by the recently developed spectrometer. Density functional theory was
combined with calculations of the Bethe-Salpeter equation of motion to interpret
the results.

Extending Non-resonant Valence-to-Core
Emission Spectroscopy to Niobium Chemistry

Fig. 1. The recently developed spectrometer at the MR-CAT 10-ID-B beamline, which uses a bent
Laue analyzer crystal and an area detector for excellent energy resolution at high x-ray energies.
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V2C XES measurements involving the

metal atoms of a material can complement

the more established structural determina-

tion techniques by providing a specific sen-

sitivity to the ligands bound to the metal

atoms. In an x-ray emission measurement,

the incident x-ray beam is used to excite a

1s electron of the metal atom, creating a

photoelectron and leaving behind a core

hole. When the core hole is refilled by some

other electron, a secondary photon is emit-

ted by the atom. The energy of that second-

ary photon identifies the state of that other

electron before it refilled the core hole. The

Kb¢¢ peak in V2C XES is of particular interest
as it arises from the transition of the ligand

2s electron filling the metal 1s core hole. In

the case of the 3d transition metal series (Ti

to Zn), the position of the Kb¢¢ peak shifts
many electron volts to lower energy as the

ligand changes from carbon to nitrogen, oxy-

gen, or fluorine. 

Utilizing the spectrometer at the MR-CAT

10-ID-B x-ray beamline at the APS (Fig. 1), the

research team from the National Institute of

Standards and Technology, Argonne, Stony

Brook University, Brookhaven National Labo-

ratory, and the University of Sheffield (UK) ex-

plored the ligand dependence of nonreso-

nant V2C XES for the niobium compounds

NbC, NbN, N2O5, and NbF5, showing that the

Kb¢¢ peaks of this 4d metal demonstrate the
well-defined dependence on ligand species

that was found for 3d metals and molybde-

num, the only other 4d metal studied using

the non-resonant V2C XES technique.

The nonresonant V2C XES Kb2,4 spectra
for the Nb4+ compound NbC and the Nb5+

compounds Nb2O5 and NbF5 were measured

with photons having an incident energy of

19100 eV, which is 114 eV above the Nb K-

edge energy of 18986 eV (Fig. 2). As with the

3d metals, the position of the Kb¢¢ peak was
found to be ligand dependent, with shifts by

many electron volts among the ligands C, O,

and F, which were well within the detection

limit of the researcher’s spectrometer.

The study showed that the position and

intensity of the Kb¢¢ peak can be used to posi-

tively identify ligand species, even in situations where x-ray diffrac-

tion, x-ray absorption fine structure (XAFS), neutron diffraction, or

other structural measurements cannot resolve that information. The

nonresonant V2C XES measurement does not contain as much in-

formation about the chemical state of the material as measure-

ments made in the resonant regime, with the incident photon en-

ergy being close to the core hole excitation energy. It is, however, a

relatively simple and quick measurement that can be added to an

XAFS or diffraction measurement campaign at a synchrotron.  

— Vic Comello

See: Bruce Ravel1*, A. Jeremy Kropf2, Dali Yang2, Mengen Wang3, Mehmet
Topsakal4, Deyu Lu4, Martin C. Stennett5, and Neil C. Hyatt5, “Nonresonant
valence-to-core x-ray emission spectroscopy of niobium,” Phys. Rev. B 97,
125139 (2018). DOI: 10.1103/PhysRevB.97.125139
Author affiliations: 1National Institute of Standards and Technology, 2Argonne
National Laboratory, 3Stony Brook University, 4Brookhaven National Labora-
tory, 5The University of Sheffield
Correspondence: *bravel@bnl.gov
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materials, which is a DOE Office of Science Facility at Brookhaven National Labora-

tory under Contract No. DE-SC0012704. This research used resources of the

Advanced Photon Source, a DOE Office of Science User Facility operated for the DOE

Office of Science by Argonne National Laboratory under Contract No. DE-AC02-
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Fig. 2. V2C XES measurements on three Nb compounds. Note that the
Kβ′′ peak shifts by over 10 eV from C to F. Inset: comparison of meas-
ured V2C XES data with theory for Nb2O5, showing good agreement
with all three Kβ peaks.
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How do chemists characterize pesky, reactive intermediates? Pinning down these
complexes long enough to study them can be a challenge. In particular, com-
plexes with late transition metal M-L multiply bonds are highly reactive and no-

toriously difficult to characterize. But what if there was a way to trap these fleeting inter-
mediates long enough to get a good look? Photocrystallography is a rapidly developing
crystallographic technique that allows scientists to observe the three-dimendional struc-
ture of short-lived molecules by photogenerating and trapping them in a crystalline
matrix. This innovative technique uses synchrotron experiments to irradiate a single
crystal and collect x-ray diffraction patterns of reaction species. Recently, researchers
working at the APS used photocrystallography to achieve the first-ever direct character-
ization of a reactive di-ruthenium nitride intermediate. These results position photocrys-
tallography as a feasible and powerful tool for assessing the structures of highly reactive
M-L multiply bonded intermediates.

Trapping Short-lived Intermediates to
Peek at their Structure
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Metal-oxo and metal-nitrido complexes have proven

to be powerful workhorses in the field of catalysis. Metal-

nitrido coordination complexes contain at least one termi-

nal nitrogen atom that is multiply bonded to a transition

metal. These reactive species are critical intermediates in

a variety of important catalytic reactions, such as nitro-

gen fixation and C-H amination. 

The reactivity of complexes with metal-to-ligand (M-L)

multiple bonds is determined in part by the valency of the

metal. Complexes with mid-to-late transition metals tend

to be less stable than their early transition metal, M-L

multiply bonded complex counterparts due to an in-

creased number of d electrons across the M-L bonds. Al-

though the reactivity of these mid-to-late transition metal

complexes lends beautifully to their use as catalysts,

their instability makes them very difficult to isolate and

characterize. Previous attempts to study these intermedi-

ates relied on synthetically stabilizing the reactive ligand

or metal fragments of interest, which allowed for isolation

but resulted in an undesired decrease in reactivity--not a

great result when the intended application is catalysis. 

In order to circumvent the need for synthetic modifi-

cations, the researchers applied a novel crystallographic

technique called photocrystallography that they believed

would allow them to directly determine the structure of a

highly reactive M-L multiply bonded complex. The tech-

nique of photocrystallography involves irradiating a crys-

talline sample to photogenerate reactive species that are

confined in crytalline matrices and can be studied at low

temperature. Researchers can then rapidly collect x-ray

diffraction data on the photogenerated sample using a

synchrotron source. 

To benchmark this photocrystallographic technique

with reactive ruthenium intermediates, researchers se-

lected Ru2 nitride 2 (Fig. 1), which can be generated by

photolysis of Ru2 azide 1 at low temperatures. Since the

< Fig. 1. Upon single-crystal photolysis, the Ru2 azide (left) ex-
trudes N2 extrusion to generate a reactive Ru2 nitride (right).
These structures were determined by photocrystallography.

precursor 1 is stable, researchers postulated that they

could use photocrystallography to generate 2 in situ us-

ing photolysis without disturbing the crystal lattice, and

conduct x-ray diffraction to determine its structure. Re-

searchers conducted the experiment at ChemMatCARS

beamline 15-ID-B,C,D at the APS, where they mounted a

crystal of the intermediate precursor 1, irradiated it with a

LED source, and monitored the real-time reaction

progress with x-ray diffraction. During irradiation, the Ru2
azide 1 complex undergoes a bond-angle linearization,

resulting in a phase transition, but continued irradiation

eventually leads to the formation of 2. The researchers

confirmed the successful photo-generation of 2 by com-

paring the EPR signals to a standard, which appeared

nearly identical. 

With these promising results, photocrystallography

has emerged as a feasible and powerful tool for assess-

ing the structures of highly reactive M-L multiply bonded

intermediates. By confining these reactive intermediates

within a lattice structure under low temperature condi-

tions, researchers were able to avoid synthetically modi-

fying the compound, and instead were able to directly

determine the compound’s three-dimensional structure

using photocrystallography.   — Alicia Surrao

See: Anuvab Das1, Joseph H. Reibenspies1, Yu-Sheng Chen2,
and David C. Powers1*, “Direct Characterization of a Reactive
Lattice-Confined Ru2 Nitride by Photocrystallography,” J. Am.
Chem. Soc. 139, 2912 (2017). DOI: 10.1021/jacs.6b13357
Author affiliations: 1Texas A&M University, 2The University of
Chicago
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This highlight was inadvertantly omitted from APS Sci-

ence 2017.
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AROUND THE APS: AWARDS & HONORS

Lisa Keefe (IMCA-CAT Director) was elected President of
the American Crystallographic Association, Inc.

APS guest student Daikang Yan (Northwestern University)
received the 2018 IEEE CSC Graduate Study Fellowship
Award in Applied Superconductivity.

Yang Ren (physicist with the XSD Structural Science
Group) joined eight colleagues and co-authors as co-win-
ners of the American Iron and Steel Institute “2018 Insti-
tute Medal” for their paper, “Deformation Mode and Strain
Path Dependence of Martensite Phase Transformation in
a Medium Manganese TRIP Steel.”

David Keavney (physicist with the XSD Magnetic Materi-
als Group) has been awarded an AAAS Science and
Technology Policy Fellowship at the U.S. Department of
State, Bureau of Energy Resources for 2018-2019.

Brian Toby (left, APS Chief Computational Scientist and
XSD Computational X-ray Science [CSX] Group Leader)
and Robert Von Dreele (right, senior physicist in the CSX
Group) were selected as the recipients of the American
Crystallographic Association 2019 Trueblood Award in
recognition of their “seminal contribution to the crystallo-
graphic community, in the creation and support of widely-
used open-source software (GSAS-II, GSAS, and EXPGUI),
in development of new instrumentation, new diffraction
techniques, and in training.” Von Dreele was also named
a Fellow of the American Crystallographic Association 

Qingteng Zhang (left, XSD Time Resolved Research
Group postdoc) and Cang Zhao (XSD Imaging Group
postdoc) received an award for Outstanding Postdoctoral
Performance in the Area of Applied Science from Ar-
gonne National Laboratory.

Zhang Jiang (physicist with the XSD Time Resolved Re-
search Group) was among the 84 U.S. scientists chosen to
receive a DOE 2018 Early Career Research Program
award, for developing coherence surface scattering imag-
ing, which will support research to better control the syn-
thesis and fabrication of advanced materials, which is a
challenge due to their complexity and heterogeneity.
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3.60-CM uNDuLAtOR (SECtOR 13)
Period: 3.60 cm
Length: 2.1 m
Minimum gap:  11.0 mm
Bmax/Kmax: 0.936 T/3.15 (effective; at minimum gap)
Tuning range:  2.2–11.8 keV (1st harmonic)
                        2.2–40.0 keV (1st-5th harmonic)
On-axis brilliance at 6.5 keV (ph/s/mrad2/mm2/0.1%bw): 2.8 x 1019

Source size and divergence at 8 keV:
       Sx: 276 µm Sy: 11 µm
       Sx': 12.9 µrad Sy': 7.1 µrad

1.72-CM uNDuLAtOR (3 IDS IN SECtORS 30, 35)
Period: 1.72 cm
Length: 4.8 m (2 x 2.4 m) in Sector 30; 2.4 m in Sector 35
Minimum gap:  10.6 mm
Bmax/Kmax: 0.330 T/0.53 (effective; at minimum gap)
Tuning range: 23.7–26.3 keV (1st harmonic)
On-axis brilliance at 23.7 keV (ph/s/mrad2/mm2/0.1%bw): 
1.0 x 1020 (4.8 m), 4.4 x 1019 (2.4 m)
Source size and divergence at 23.7 keV:
       Sx: 276 µm   Sy: 11 µm
       Sx': 11.6 µrad (4.8 m) 11.9 µrad (2.4 m)  
       Sy': 4.3 µrad (4.8 m), 4.9 µrad (2.4 m) 

1.80-CM uNDuLAtOR (SECtOR 32)
Period: 1.80 cm
Length: 2.4 m
Minimum gap: 11.0 mm
Bmax/Kmax: 0.244 T/0.41 (effective; at minimum gap)
Tuning range: 23.8 - 25.3 keV (1st harmonic)

71.4 - 75.9 keV (3rd harmonic)
On-axis brilliance at 23.8 keV (ph/s/mrad2/mm2/0.1%bw): 2.8 x 1019

Source size and divergence at 23.8 keV:
       Sx: 276 um        Sy: 11 um
       Sx': 11.9 urad    Sy': 4.9 urad

IEX 12.5-CM QuASI-PERIODIC POLARIzING uNDuLAtOR
(SECtOR 29)

Period: 12.5 cm
Length: 4.8 m
Circular polarization mode:
    Max. currents: horizontal coils 34.4 A, vertical coils 20.7 A
    Kmax: 2.73 (effective; at max. currents)
    Bmax: 0.27 T (peak; at max. currents)
    Tuning range:  0.44–3.5 keV (1st harmonic)
    On-axis brilliance at 1.8 keV (ph/s/mrad2/mm2/0.1%bw): 1.4 x 1019

Linear horizontal polarization mode:
    Max. current: vertical coils 47.6 A
    Kmax: 5.39 (effective; at max. current
    Bmax: 0.54 T (peak; at max. current)
    Tuning range:  0.24–3.5 keV (1st harmonic)
                             0.24–11.0 keV (1st–5th harmonic)
    On-axis brilliance at 2.1 keV (ph/s/mrad2/mm2/0.1%bw): 1.1 x 1019

Linear vertical polarization mode:
    Max. current: horizontal coils 50.3 A
    Kmax: 3.86 (effective; at max. current)
    Bmax: 0.37 T (peak; at max. current)
    Tuning range:  0.44–3.5 keV (1st harmonic)
                             0.44–11.0 keV (1st–5th harmonic)
    On-axis brilliance at 2.1 keV (ph/s/mrad2/mm2/0.1%bw): 1.1 x 1019

Fast polarization switching not required
Source size and divergence at 2 keV:
       Sx: 276 µm Sy: 13 µm
       Sx': 13.9 µrad Sy': 8.8 µrad

APS Source Parameters
uNDuLAtOR A (31 INSERtION DEvICES [IDS] IN 25 SECtORS)
Period: 3.30 cm
Length: 2.1 m in sectors 16, 21, 23, 24, 28, 34; 2.3 m in Sector 6; 
2.4 m in sectors 1, 2, 5, 7, 8, 9, 10, 11, 15, 17, 18, 19, 20, 22, 26, 28,
31, 32, 33
Minimum gap:  10.5 mm
Bmax/Kmax: 0.892 T/2.75 (effective; at minimum gap)
Tuning range:  3.0–13.0 keV (1st harmonic)
                        3.0–45.0 keV (1st–5th harmonic)
On-axis brilliance at 7 keV (ph/s/mrad2/mm2/0.1%bw): 
4.1 x 1019 (2.4 m), 4.0 x 1019 (2.3 m), 3.3 x 1019 (2.1 m)
Source size and divergence at 8 keV:
        Sx: 276 µm Sy: 11 µm
        Sx': 12.7 µrad (2.4 m), 12.8 µrad (2.3 m), 12.9 µrad (2.1 m)
        Sy': 6.7 µrad (2.4 m), 6.8 µrad (2.3 m), 7.1 µrad (2.1 m)

2.30-CM uNDuLAtOR (2 IDS IN SECtORS 11, 14)
Period: 2.30 cm  Length: 2.4 m
Minimum gap:  10.5 mm
Bmax/Kmax: 0.558 T/1.20 (effective; at minimum gap)
Tuning range:  11.8–20.0 keV (1st harmonic)
                        11.8–70.0 keV (1st-5th harmonic, non-contiguous)
On-axis brilliance at 12 keV (ph/s/mrad2/mm2/0.1%bw): 6.9 x 1019

Source size and divergence at 12 keV:
        Sx: 276 µm Sy: 11 µm
        Sx': 12.3 µrad Sy': 5.9 µrad

2.70-CM uNDuLAtOR (5 IDS IN SECtORS 3, 12, 14, 35)
Period: 2.70 cm
Length: 2.1 m in Sector 12; 2.4 m in sectors 3, 14, and 35
Minimum gap:  10.5 mm
Bmax/Kmax: 0.698 T/1.76 (effective; at minimum gap)
Tuning range:  6.7–16.0 keV (1st harmonic)
                        6.7–60.0 keV (1st-5th harmonic, non-contiguous)
On-axis brilliance at 8.5 keV (ph/s/mrad2/mm2/0.1%bw): 
5.7 x 1019 (2.4 m), 4.7 x 1019 (2.1 m)
Source size and divergence at 8 keV:
        Sx: 276 µm Sy: 11 µm
        Sx': 12.7 µrad (2.4 m), 12.9 µrad (2.1 m)
        Sy': 6.7 µrad (2.4 m), 7.1 µrad (2.1 m)

3.00-CM uNDuLAtOR (8 IDS IN SECtORS 12, 13, 16, 21, 23,
27, 34)

Period: 3.00 cm
Length: 2.1 m in sectors 12, 13, 16, 21, 23, 34; 2.4 m in Sector 27
Minimum gap:  10.5 mm
Bmax/Kmax: 0.787 T/2.20 (effective; at minimum gap)
Tuning range:  4.6–14.5 keV (1st harmonic)
                        4.6–50.0 keV (1st-5th harmonic)
On-axis brilliance at 8 keV (ph/s/mrad2/mm2/0.1%bw):
4.8 x 1019 (2.4 m), 3.9 x 1019 (2.1 m) 
Source size and divergence at 8 keV:
        Sx: 276 µm Sy: 11 µm
        Sx': 12.7 µrad (2.4 m), 12.9 µrad (2.1 m)
        Sy': 6.7 µrad (2.4 m), 7.1 µrad (2.1 m)

3.50-CM SMCO uNDuLAtOR (SECtOR 4)
Period: 3.50 cm  Length: 2.4 m
Minimum gap:  9.75 mm
Bmax/Kmax: 0.918 T/3.00 (effective; at minimum gap)
Tuning range:  2.4–12.5 keV (1st harmonic)
                        2.4–42.0 keV (1st-5th harmonic)
On-axis brilliance at 7 keV (ph/s/mrad2/mm2/0.1%bw): 3.7 x 1019

Source size and divergence at 8 keV:
        Sx: 276 µm Sy: 11 µm
        Sx': 12.7 µrad Sy': 6.7 µrad
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12.8-CM CIRCuLARLY POLARIzING uNDuLAtOR (SECtOR 4)
Period: 12.8 cm
Length: 2.1 m
Circular polarization mode:
    Max. currents: horizontal coils 1.34 kA, vertical coils 0.40 kA
    Kmax: 2.85 (effective; at max. currents)
    Bmax: 0.30 T (peak; at max. currents)
    Tuning range:  0.4–3.0 keV (1st harmonic)
    On-axis brilliance at 1.8 keV (ph/s/mrad2/mm2/0.1%bw): 3.1 x 1018

Linear horizontal polarization mode:
    Max. current: vertical coils 0.40 kA
    Kmax: 2.85 (effective; at max. current)
    Bmax: 0.30 T (peak; at max. current)
    Tuning range:  0.72–3.0 keV (1st harmonic)
                             0.72–10.0 keV (1st–5th harmonic)
    On-axis brilliance at 2.1 keV (ph/s/mrad2/mm2/0.1%bw): 2.3 x 1018

Linear vertical polarization mode:
    Max. current: horizontal coils 1.60 kA
    Kmax: 3.23 (effective; at max. current)
    Bmax: 0.34 T (peak; at max. current)
    Tuning range:  0.58–3.0 keV (1st harmonic)
                             0.58–10.0 keV (1st–5th harmonic)
    On-axis brilliance at 2.1 keV (ph/s/mrad2/mm2/0.1%bw): 2.3 x 1018

Switching frequency (limited by storage ring operation): 0–0.5 Hz
Switching rise time: 50 ms
Source size and divergence at 2 keV:
       Sx: 276 µm Sy: 12 µm
       Sx': 16.7 µrad Sy': 12.7 µrad

1.80-CM SuPERCONDuCtING uNDuLAtOR
(2 IDS IN SECtORS 1, 6)

Period: 1.80 cm
Length: 1.1 m
Gap: 9.5 mm (fixed)
Max. current: 450 A
Bmax/Kmax: 0.962 T/1.61 (effective; at maximum current)
Tuning range: 11.2–24.7 keV (1st harmonic)

11.2–150.0 keV (1st-13th harmonic, non-contiguous)
On-axis brilliance at 13 keV (ph/s/mrad2/mm2/0.1%bw): 3.2 x 1019

Source size and divergence at 13 keV:
       Sx: 276 µm Sy: 11 µm
       Sx': 13.2 µrad Sy': 7.5 µrad

3.15-CM HELICAL SuPERCONDuCtING uNDuLAtOR
(SECtOR 7)

Period: 3.15 cm
Length: 1.2 m
Coil winding diameter: 31.0 mm
Max. current: 450 A
Bmax/Kmax: 0.413 T/1.213 (Bx=By effective; at maximum current)
Tuning range: 6.0-13.0 keV (1st harmonic)
On-axis brilliance at 6.0 keV (ph/s/mrad2/mm2/0.1%bw): 2.2 x 1019

Source size and divergence at 6 keV:
       Sx: 276 µm Sy: 11 µm
       Sx': 14.7 µrad Sy': 10.0 µrad

APS BENDING MAGNEt
Critical energy: 19.51 keV
Energy range: 1–100 keV
On-axis brilliance at 16 keV (ph/s/mrad2/mm2/0.1%bw): 5.4 x 1015

On-axis angular flux density at 16 keV (ph/s/mrad2/0.1%bw): 9.6 x 1013

Horizontal angular flux density at 6 keV (ph/s/mradh/0.1%bw): 1.6 x 1013

Source size and divergence at the critical energy:
                    Sx: 92 µm Sy: 31 µm
                    Sx': 6 µrad Sy': 47 µrad
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