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The Advanced Photon Source (APS) occupies an 80-acre site on the Argonne National Laboratory campus,
about 25 miles from downtown Chicago, lllinois.
For directions to Argonne, see http://www.anl.gov/directions-and-visitor-information.

The APS, a national synchrotron radiation research facility operated by Argonne for the U.S. Department of Energy (DOE) Office of
Science, 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 combustion engines and microcircuits to new drugs and nanotechnologies whose scale
is measured in billionths of a meter. The APS helps researchers illuminate answers to the challenges of our high-tech world, from devel-
oping 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.

CONTACT US
For more information about the APS or to order additional copies of this, or previous, issues of APS Science, 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,
or go to http://www.aps.anl.gov/Science/Reports/ to download PDF versions.
Visit the APS on the Web at www.aps.anl.gov

For links to online content including animations, videos, etc., look for URLs or (for readers of the print version of this book) QR codes
(as below). QR codes quickly link smartphone users to the content.

A code reader can be downloaded from, for instance, http://www.quickmark.com.tw/En/basic/download.asp

Adobe Flash may be required for some films.




WELCOME

Brian Stephenson

May 2014

The year 2013 at the Advanced
Photon Source (APS) has been a year
marked by scientific breakthroughs and
capability expansions, making it a
highly productive and rewarding year
for our staff and users. We have made
great progress toward expanding user
capabilities, including installing a proto-
type of a novel superconducting undu-
lator, the first of its kind operated at a
third-generation synchrotron x-ray facil-
ity (see “First X-rays from the APS Su-
perconducting Undulator,” APS Science
2013, page 168). Soon after it was
turned on, the boost it gave to the
APS'’s high-energy brightness con-
tributed to a groundbreaking discovery
by researchers from Ames Lab and
lowa State University of a new type of
binary magnetic quasicrystal (page 32).

This was just one of many research
breakthroughs from a prolific APS user
community that generated about one
publication a day in high-impact jour-
nals. Complementing the plethora of
user publications was an equally im-
pressive string of national awards rec-
ognizing the world-leading talent of our
users, scientists, and engineers; see
page 198 for some examples.

Throughout this report we try to
give you a taste of the exciting and
boundary-pushing work done by APS
users and staff. It is impossible to cap-
ture in a single report all of the things
that make the APS and its users spe-

cial, but we hope this will give you at
least a small glimpse into the many di-
verse efforts that go into making the
APS a world leader in x-ray science and
the nation’s most frequented user re-
search facility.

Among the highlights from a busy
year: In March, one of the few remain-
ing open sectors in the APS experiment
hall was selected as the site for Presi-
dent Obama’s visit to Argonne (see
page 12), where he presented ideas for
future energy research initiatives. En-
ergy research is a major emphasis for
Argonne and for experimenters coming
to the APS. This issue features some of
these results, including investigations
into the advantages of mixed-anion iron
oxyfluoride conversion electrodes (page
40); new composite materials for life-in-
creasing electrodes in rechargeable
lithium-ion (Li-ion) batteries (page 42);
and the underlying causes of silicon
degradation, silicon being a potentially
useful candidate for Li-ion electrodes
(page 44). Other battery-related high-
lights (many in collaboration with the Ar-
gonne Center for Nanoscale Materials)
are on pages 50, 64, and 66, while
solar cells get their due on page 52.

Others delve into the molecular en-
ergy contributions to insect flight (page
100); macromolecular crystallography
(MX) studies that may result in new
vaccines against the human immunod-
eficiency virus (pages 118 and 120);
the role of rusty pipes in the release of

Stephen Streiffer

strontium into our drinking water (page
156); examinations in the lab of condi-
tions at the center of the Earth (page
164); research on potential anti-cancer
therapies (page 170); and, with the Ar-
gonne Electron Microscopy Center, a
look at new catalysts (page 90).

We strive to give our users the
best opportunities possible to create
transformational science. In the long
term, some fantastic opportunities will
come from the proposed APS Upgrade
Project, providing a factor of 100 or
more in brightness and coherent flux
and enabling nanoscale imaging with
the full range of powerful x-ray contrast
modes. In the near term, continued im-
provement and innovation will keep ex-
panding the productivity frontier of our
existing beamlines. Just a few recent
examples of are the installation of a
high-energy monochromator at Sector
11, the optimization of the detector and
optics at Sector 12, and the upgrade to
new state-of-the-art detectors at MX
beamlines at sectors 14, 17, 22, 23,
and 24.

Construction was finished in 2013
on the $34.5-M, 60,000-sq-ft Advanced
Protein Characterization Facility
(APCF) adjacent to the APS'’s suite of
MX beamlines. It opened for initial re-
search in March 2014 and will provide
state-of-the-art crystallization and ro-
botic systems for the production and
structural and functional characteriza-
tion of proteins and macromolecular



The completed Advanced Protein Characterization Facility. Inset: the APCF main hallway. The APCF will house state-of-the-art robotics for gene cloning,

protein expression, protein purification, and protein crystallization.

complexes. This is the only facility of its
kind and scale connected to a light
source.

Hutches and a laboratory space
were built out this year at Sector 35 for
the Dynamic Compression Sector
(DCS), which will undergo commission-
ing and have first experiments in mid-
2014 (page 194). The shockwave
studies enabled here will establish a
new paradigm for understanding dy-
namic compression of materials at mul-
tiple length scales. This first-of-its-kind
facility will address long-standing scien-
tific challenges with the potential for un-
precedented scientific payoff in the
areas of structural changes, deforma-
tion, fracture, and chemical reactions.

Next year, we’ll upgrade areas
around the APS ring to offer the tools
users have requested to optimize their

John Chrzas, Sector Manager, SER-CAT, with the Rayonix
MX300-HS detector in the 22-BM-D research station. The de-

tector is being commissioned on the bending magnet beamline

before being moved to the insertion device line.

research. Four new beamlines are ex-
pected to enter user operations: DCS
at 35-ID, the Intermediate Energy X-ray
beamline at 29-ID, the Resonant In-
elastic X-ray Scattering beamline at 27-
ID (page 188), and the High-Energy
Diffraction beamline at 6-BM.

This is the last edition of our APS
Science highlights book during my term
as APS Director. It has been an honor
and pleasure to spend the last 3-1/2
years in this role, working with the ex-
traordinary community that makes the
APS a global scientific powerhouse. It
has also been exciting as the commu-
nity has enthusiastically joined together
to chart the future of the upgraded
APS. I'm looking forward to getting
back to doing science myself as a user
of the APS, which | haven't had much
chance to do recently. | leave the APS

| S

——

-

\

in the more-than-capable hands of
Stephen Streiffer, who will serve as in-
terim during the search for a new direc-
tor. Stephen is a long-time user of the
APS who has been serving as Argonne
Deputy Associate Laboratory Director
for Physical Sciences and Engineering.
| know all of our users and staff will
welcome Stephen in his new role and
offer him the same support and counsel
that has been provided to me. | antici-
pate reading next year’'s APS Science
report as a user and continuing to take
inspiration from the creativity, dedica-
tion, and passion that this community
brings to its research every day.
Brian Stephenson
Argonne National Laboratory
Associate Laboratory Director,
Photon Sciences;
and Director, Advanced Photon Source

/

Robert Fischetti, Associate Division Director and Group Leader,
GM/CA-XSD, in the 23-ID-D research station with the Pilatus3
6M detector.



THE ADVANCED PHOTON SOURCE
UPGRADE PROJECT

George Srajer

May 2014

For several years, accelerator
physicists at the APS have been con-
sidering the potential benefits of an
ultra-low-emittance multi-bend achro-
mat (MBA) lattice for the APS storage
ring or other future light source. In July

The report of that committee recom-
mended that this new technology be
considered for incorporation into the
scope of the ongoing APS Upgrade
(APS-U). With this endorsement, the
APS has moved into high gear, working
with our user community to optimize the
scientific benefits of such a design and
to develop a proposal for an MBA lattice
for the APS.

The proposed design for the MBA
lattice upgrade will ensure that the APS
will remain internationally competitive
for many decades to come. The new
MBA technology will provide three key
improvements over the current APS:

» The ability to focus the full x-ray
beam to nanometer-size spots;

* A 100 to 1,000 times increase in
coherent flux, thus revolutionizing
new capabilities, such as coherent
diffraction imaging techniques; and

* A 100 to 1,000 times increase in
brightness.

The APS today with a double-bend lattice. Bending magnets are shown in red, quadrupoles in

blue, and sextupoles in yellow.

2013, ajoint report by scientists from
the x-ray community, the APS, and
other U.S. Department of Energy Office
of Science light sources — the Ad-
vanced Light Source (ALS) at Lawrence
Berkeley National Laboratory, the Na-
tional Synchrotron Light Source-II
(NSLS-II) at Brookhaven National Labo-
ratory, and the Stanford Synchrotron
Radiation Lightsource at the SLAC Na-
tional Accelerator Laboratory — out-
lined the future opportunities from such
a highly coherent x-ray source. The re-
port was presented to the Basic Energy
Science Advisory Committee Subcom-
mittee on Future X-ray Light Sources.

v\ -

Discussions with the research com-
munity have made it clear how these
improvements will provide unprece-
dented opportunities in many areas of
science and technology, and the APS
user community has embraced the MBA
upgrade path. In early October of 2013,
we organized more than a dozen meet-
ings with user groups to evaluate the
opportunities for using the MBA lattice.
We also held several tutorials on the
characteristics and capabilities of this
new accelerator source. The construc-
tive ideas garnered from these meet-
ings helped focus the topics of
discussion at the inaugural “Workshop

on Scientific Opportunities Provided by
a Multi-bend Achromat Lattice” at the
APS held at the end of October. Many
ideas for truly transformational science
were proposed and collected into a pre-
liminary workshop report that is now
available at the APS Upgrade web site:
http://www.aps.anl.gov/Upgrade/Work-
shops/2013/MBA-Technology/in-
cludes/aps%20workshop%20report.pdf

At the December 2013 interna-
tional “Workshop on Diffraction Limited
Storage Rings” held at the SLAC Na-
tional Accelerator Laboratory, the APS
Upgrade was a frequent topic of con-
versation. Discussions in accelerator
sessions supported the current ap-
proach to developing the APS-U MBA
lattice design. In the photon science
sessions, the community confirmed the
scientific opportunities brought about by
this technology and talked about at the
APS workshop.

Early 2014 has been very busy

with many technical reviews organized
by the APS Upgrade Project. The pri-
mary goal of these reviews has been to
assess whether major components of
the accelerator reached the conceptual
design level. The topic of the first re-
view in February was on APS MBA lat-
tice beam physics. A committee made
up of experts from the European Syn-
chrotron Radiation Facility (France),
MAX-IV (Sweden), Soleil (France), Dia-
mond (UK), and NSLS-II and ALS con-
cluded that “the team has made
outstanding progress in a short time pe-
riod towards the conceptual design.”
While the committee mentioned the



need for continuing studies, it also vali-
dated the general approach of the MBA
lattice, the choice of the basic technolo-
gies, and the current trade-off and
boundary conditions. Additional techni-
cal reviews in March and April on diag-
nostic controls, vacuum systems,
storage ring installation, magnet and
mechanical support, power supplies,
and pulsed injection systems generated
equally positive comments. Reviewers
specifically pointed out the importance
of prototyping critical magnets, vacuum
systems, and power supplies, and fur-
ther commented that the integration of
beam-physics requirements and engi-
neering solutions is critical to the suc-
cess of an MBA design. We plan to
incorporate the feedback and recom-
mendations from these reviews into
technical designs.

We will capture the integration of
the new technology into the APS-U plan
and describe how it aligns very well
with the original science mission. The
overarching themes, which were devel-
oped in a series of earlier science plan-
ning workshops with the community,
are:

has improved nonlinear dynamics with
a larger injection aperture and longer
beam lifetime.

We plan to continue strong interac-
tion with our users through workshops,
meetings, and updates in order to opti-
mize the benefits to the different re-
search communities and to provide
input into the accelerator design. Con-
currently, we are working on developing
a revised Science Case for the up-
graded APS that will highlight how the
MBA lattice technology can push the
APS-U capabilities further to answer
scientific and technological challenges
that today remain beyond our reach.

The coming year promises to be
just as exciting and full of successes as
2013. The APS staff are hard at work
fine-tuning the accelerator design with
input from representatives of sister
lightsources in the U.S., Europe, and
Asia. Working groups established in
the areas of magnets, vacuum, support
structures, power supplies, fast injec-
tion kickers, controls, diagnostics,
radio-frequency systems, tolerances,
mechanical systems integration, and
electrical systems integration have

The future APS with a multi-bend achromat lattice. Two bend magnets in

today’s APS lattice will be replaced by seven magnets.

The excitement generated by the
maturation of this long-awaited technol-
ogy and the chance to create a fourth-
generation storage ring lightsource has
made 2013 a year to remember. Incor-
poration of the MBA lattice really offers
once-in-a-lifetime opportunities for the
APS and for our user community. With
our users’ input, we will make sure that
we take advantage of the two-to-three
orders-of-magnitude increase in bright-
ness to develop and build legacy-mak-
ing science programs at the APS for
decades to come.

| would like to thank the entire APS
community, both staff and users, for the
support that they have given me over
the past two years. It has been a privi-
lege to serve as the Director of the APS
Upgrade Project. As we now move into
a phase with strong emphasis on accel-
erator design and construction, we are
very happy that Stuart Henderson, a
highly respected accelerator expert,
has agreed to take over the reins as
Project Director on June 1, 2014. Stu-
art’'s background and expertise add to
the strength of the team and best posi-
tions the APS Upgrade to reach its

» Studying real materials under real
conditions in real time, and
» Mastering structures across length
scales from millimeters to nanome-
ters through x-ray imaging.
Currently, the overall lattice design
has converged to a ~70-pm emittance
with an integrated three-pole wiggler
serving bending magnet beamlines,
and an electron energy of 6 GeV. The
stored beam current has increased to
200 mA while maintaining the ability to
have high flux from individual pulses for
dynamics studies. The latest design
(http://www.aps.anl.gov/Upgrade/Docu-
ments/multi-bend-achromat-lattice.pdf)

been meeting on a weekly basis. In ad-
dition, system engineering, storage ring
installation, supply chain management,
and infrastructure are also being ad-
dressed at a high level. We are study-
ing various ways to minimize
installation time, such as replacing stor-
age ring components simultaneously
and implementing other accelerator
complex upgrades prior to storage ring
installation. Our goal is to execute in-
stallation in 12 months. Progress con-
tinues on paving the path to a smooth
transition through partnerships with sis-
ter laboratories to provide user access
during the installation time.

goals. | will remain strongly engaged
with the user community in my new role
as a deputy to the new interim APS di-
rector, Stephen Streiffer. The APS Up-
grade is the future of APS and | am
excited to do all | can to make it a suc-
cess.
George Srajer
Argonne National Laboratory
Deputy Associate Laboratory Director,
Facility Development, Photon Sciences;
and Director,
Advanced Photon Source Upgrade Project

The APS Upgrade Project is funded by the
U.S. Department of Energy Office of Science
under Contract No. DE-AC02-06CH11



ACCESS TO BEAM TIME AT THE APS

All beam time at the APS must be requested each cycle through the web-based Beam Time
Request System. Five types of requests are possible: General User (a researcher not associated
with a particular beamline), Partner User (a member of a collaborative access team [CAT], a Part-
ner User proposer, or a member of a collaborative development team), CAT member, CAT staff,
and APS staff. Each beam time request (BTR) must be associated with a proposal, but the require-
ments for each proposal type differ.

The APS User Portal (http://www.aps.anl.gov/Users/aps_userPortal.html) provides access to
comprehensive information for prospective and current APS users.

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, and for
each cycle, allocation 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 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; the final decision on acceptance is
made by the APS Deputy Director. Although a new BTR must be submitted each cycle, a specific
amount of beam time is guaranteed for up to three years.

CAT MEMBER PROPOSALS AND BTRs

Proposals from CAT members are much shorter, do not expire, and are reviewed by processes
developed by individual CATs. A new BTR must be submitted against these proposals for each
cycle during which the proposal needs beam time, and allocation/scheduling is determined by the
CAT.

CAT AND APS STAFF MEMBER PROPOSALS AND BTRs

These proposals are also very short, do not expire, and are reviewed through processes devel-
oped by either the CAT or the APS. A new BTR must be submitted against such proposals for each
cycle during which the proposal needs beam time. Each CAT/beamline determines how these
BTRs are allocated/scheduled.
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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 dedicated to user science and experimental apparatus. X-ray Science Divi-
sion (XSD) sectors comprise those beamlines operated by the APS. Collaborative access team (CAT) sectors
comprise beamlines operated by independent groups made up of scientists from universities, industry, and/or
research laboratories.

Key to the beamline descriptions that accompany each science highlight: Beamline designation * Sector operator *
Disciplines ¢ Techniques * Radiation source energy * User access mode(s) * General user status *
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X-RAYS PAINT A PICTURE OF PICASSO'S PIGMENTS

ablo Picasso is widely regarded as one of the most influential artists of the twentieth century, hav-

ing pioneered a variety of new styles in painting, sculpture, and other artistic forms. Besides in-

troducing avant-garde art styles, he also innovated in the use of non-traditional materials. For
example, a widely-held view has been that Picasso employed the ordinary house paint Ripolin in place of
conventional artists' paints in some of his artwork. Over the years art historians have used different ap-
proaches in attempting to determine which of Picasso's paintings (if any) incorporate Ripolin. This task is
not as straightforward as one might suppose, because many of the ingredients in Ripolin were also pres-
ent in the artists' paints used by Picasso. A recent collaborative effort between the Art Institute of Chicago
and Argonne has demonstrated conclusively that pigment from one of Picasso's paintings is, indeed, de-
rived from the Ripolin-brand house paint of that era. Moreover, x-ray characterization of paint chemical
composition can help historians learn about trade movements in ancient times and better determine when
an artwork was created. In a broader context, new information about how materials are structured on the
molecular level and how chemicals react at the nano-level is pertinent to the development of new materi-
als and technologies.

Fig. 1. Fluorescence maps showing the correlation of zinc oxide pigments (labeled Zn) and iron (Fe) impuri-
ties in the house paint “Ripolin blanc de neige,” originally sold in France in the early twentieth century and
used by Pablo Picasso in his artwotks. Background photo: the Rubens Gallery at The John and Mable Rin-
gling Museum of Art by Taty2007. Source: Wikimedia Commons.



Volker Rose (Argonne) and Francesca Casadio (Art

Institute of Chicago) in the Hard X-ray Nanoprobe
research station at APS Sector 26. The microscope
allowed the scientists to learn that the chemical
makeup of paint used by Picasso matched the
chemical makeup of the first commercial house

paint, Ripolin.

The paints artists utilize normally
contain a binder made of synthetic or
natural polymers, that imparts a charac-
teristic liquid or pasty consistency so
they can easily cover and adhere to a
surface. Other paint ingredients include
pigments (for color), and additives and
fillers that may impart specific charac-
teristics like abrasion resistance or re-
duced drying time. The binder,
pigments, and additives are dispersed
throughout a solvent, such as water or
mineral spirits, which evaporates as the
paint dries.

A specific type and brand of paint
can be determined by the proportion
and distribution of elements within its in-
gredients. Many techniques are avail-
able for identifying the composition of
paintings: multi-spectral imaging (utiliz-
ing multiple frequencies of light);
portable x-ray fluorescence imaging; x-
ray diffraction performed at synchrotron
facilities; and several others. None of
these techniques, however, has proven
capable of discerning the composition
and distribution of elements within the
pigment particles found in many paints.

Zinc oxide pigments, for instance, range
in size from 200 to 1,000 nm (0.2 to 1
pm). Conventional analytical and imag-
ing techniques are often incapable of
determining whether a particular ele-
ment resides in the fillers, additives, or
pigments of a particular paint.

The Hard X-ray Nanoprobe, situ-
ated on the 26-ID beamline of the APS
and operated jointly by the APS and the
Argonne Center for Nanoscale Materi-
als, is capable of determining element
distribution with exquisite precision.
Combining the trace element sensitivity
of x-ray fluorescence and a highly-pre-
cise positioning system, the nanoprobe
can map the distribution of elements at
spatial resolutions down to 30 nm. With
such high resolving power and chemical
sensitivity, the distribution of elements
within individual pigment particles can
be precisely determined.

X-ray fluorescence generally relies
on exciting the electrons close to an
atom's nucleus. For this research a
monochromator was utilized to select x-
ray photons possessing an energy of
10 keV, which is slightly over the K-shell
binding energy of zinc (K-shell electrons
are closest to the nucleus). Any K-shell
electrons absorbing photons of this en-
ergy were ejected from their zinc atoms;
subsequently, an electron from a more
distant orbital shell “jumped down” to fill
the K-shell, releasing a photon with en-
ergy equaling the difference in the two
shells' binding energies. An x-ray detec-
tor registered these fluorescence pho-
tons. This same technique was also
utilized to measure and quantify the dis-
tribution of other elements present in
the paint samples.

An extremely small sample of paint
(less than 0.5 mm) extracted from the
front of a Picasso painting thought to
contain Ripolin, titled Still Life with
Three Fish, Moray Eel and Lime on
White Ground, was examined using the
nanoprobe. Also examined were artists'
paints of French origin, along with sam-
ples of Ripolin house paints from
France and the United States, all dating
from roughly the same era.

Results showed that zinc oxide
particles of French origin contained
small amounts of iron (Fig. 1), with no
measurable cadmium or lead. This high
purity level is indicative of chemically-
derived pigments, which were present

in the French-manufactured zinc oxide
particles in both artists' and Ripolin
house paints. The artists' paints, how-
ever, possessed additional pigments
and fillers — for instance, significant
amounts of calcium particles — that
were absent from the Ripolin. This evi-
dence shows that paint from Picasso's
Still Life... most closely matches the
composition of Ripolin sold in France at
that time.

Interestingly, U.S.-manufactured
Ripolin house paint featured zinc oxide
particles with a significant lead compo-
nent, indicating a less-refined mineral
source for its zinc oxide pigment.

The researchers involved in this
project see the Hard X-ray Nanoprobe
as an important new tool that comple-
ments the results of more conventional
methods in the nanoscale analysis of
historical artwork. At the same time, the
scientists also learned about the role of
impurities in zinc oxide, offering impor-
tant clues to how zinc oxide could be
modified to improve performance in a
variety of products, including sensors,
light-emitting diodes, and energy-saving
windows, as well as liquid-crystal dis-
plays for computers, TVs, and instru-
ment panels. — Philip Koth

See: Francesca Casadio* and Volker
Rose?**, “High-resolution fluorescence
mapping of impurities in historical zinc
oxide pigments: hard X-ray nanoprobe
applications to the paints of Pablo Pi-
casso,” Appl. Phys. A111, 1 (2013).
DOI:10.1007/s00339-012-7534-x
Author affiliations: 1The Art Institute of
Chicago, 2Argonne National Laboratory
Correspondence: *fcasadio@artic.edu,
** vrose@anl.gov

Scientific research at the Art Institute of
Chicago is generously supported by the A.W.
Mellon Foundation, the Grainger Foundation,
the Barker Welfare Foundation, and the
Stockman Family Foundation. Use of the Ad-
vanced Photon Source and the Center for
Nanoscale Materials, Office of Science User
Facilities operated for the U.S. Department
of Energy (DOE) Office of Science by Ar-
gonne National Laboratory, was supported
by the U.S. DOE under Contract No. DE-
AC02-06CH11357.

26-ID-C « CNM/XSD - Physics, materials sci-
ence * Nanofluorescence imaging, microdif-
fraction, nanotomography ¢ 8-12 keV « On-site
« Accepting general users *



AROUND THE APS

PRESIDENT OBAMA AT THE ADVANCED PHOTON SOURCE

NATIONAL LABORATORY _
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President Obama in the APS experiment hall.

,I,
President Barack Obama visited Argonne Na- ) A \‘:‘“:‘&h

tional Laboratory on Friday, March 15, 2013, NATIONS: lA.OV

where, according to a story that appeared in The
New York Times he “spoke inside a building hous-
ing a giant X-ray [machine] known as the Advanced
Photon Source, described by Argonne officials as
the brightest source of X-rays in the Western Hemi-
sphere. The facility allows scientists to explore ma-
terials on a nanoscale and to study ways to
improve engine combustion.”

An article and video of the President’s visit can
be found on the Argonne Web site at
http://www.anl.gov/articles/president-calls-new-en-
ergy-security-trust-during-argonne-visit.

More Argonne photos of the visit are at:
http://www.flickr.com/photos/argonne/sets/72157632
993416759/
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TEASING OUT THE NATURE OF
STRUCTURAL INSTABILITIES IN CERAMIC COMPOUNDS

or some time, materials scientists have been preparing artificial ceramic systems

that simply do not exist in nature, allowing scientists to engineer particularly in-

teresting and even technologically applicable behaviors. But sometimes nature
itself finds ingenious solutions to physical problems that we have not been able to solve.
An international team of researchers utilized high-brightness x-rays from the APS, as well
as a European Synchrotron Radiation Facility (ESRF) beamline, to study the rare-earth
magnetic material europium titanate (EuTiO,). In a magnetic field, the (near) optical prop-
erties of EuTiO, change quite dramatically, presenting hope of a strong magneto-electric
material often dreamed of by engineers for use in combining magnetic and charge pa-
rameters for many memory, processing, and sensor devices.

e N

Oxygen Rotation Titanium Displacement

Europium

Octahedral
Rotation
Axis

e

Fig. 1. The simple perovskite structure of EuTiO, illustrated above shows the essential competing struc-
tural instabilities. At the center of the figure is the oxygen cage rotation, and to the right is the central
titanium displacement. X-ray diffraction studies showed that, to accommodate the incompatibility of
these distortions, they naturally form a long, inter-digitized superstructure (illustrated at far left),
which allows them to coexist. Ultimately, this research demonstrates that when both electric and mag-
netic fields are applied as the europium spins align, the oxygen cage responds, mediating communi-
cation between the titanium electric and europium magnetic parameters. lllustration by Renee Carlson,
CEPA, Argonne.



Emerging ceramic materials are
displaying a tantalizing array of charac-
teristics that could find application in
existing and new technologies including
magnetic, piezoelectric, ferroelectric,
metal insulator transitions, and even
superconductivity. Most interesting to
physicists is the delicate nature balanc-
ing the underlying parameters that
drive each quality. If one introduces a
different mix of materials, perhaps re-
placing one element with another or
even slightly distorting the structure,
then one parameter disappears while
another emerges. How all the separate
electronic orbits behave and interact
with respect to, and with, each other is
a fascinating arena for scientists seek-
ing to understand ceramics, a well-
known and ancient material family.

A small subgroup referred to as the
“tetravalent titanium pseudo-per-
ovskites” have a particularly interesting
and well known characteristic. Typically,
they fall into either ferroelectric (a per-
manent electric polarization by applica-
tion of an electric field) or paraelectric
(a temporary electric polarization via an
electric field) categories. This division is
driven by two prominent phonon insta-
bilities, which generally compete to
dominate the materials structure and
thus its electric behavior.

Some of the more ubiquitous
members of this family include stron-
tium titanate (SrTiO,), calcium titanate
(CaTiO,), lead titanate (PbTiO,), and
barium titanate (BaTiO,). The first two
(SrTiO5 and CaTiO,) are very common
and prototypical of the perovskite struc-
ture. Both of these systems experience
a structural response whereby the oxy-
gen cage tilts and or rotates within the
cubic unit cell.

On the other hand, the latter two
examples (PbTiO5 and BaTiO;) do not
exhibit oxygen distortion but rather the
central atom, the titanium, moves away
from the center of the sample unit cell.

This shift generates a non-neutral elec-
tric polarity and with it an internal elec-
tric field. Moreover, by applying an
electric field, all the titanium atoms can
be switched across the center, chang-
ing the direction of the polarity and
making it a true ferroelectric material.

The researchers in this study, from
Argonne, the University of Liverpool
(England), the ESRF (France), Univer-
sidad de Castilla-la Mancha (Spain),
and the Swiss Federal Laboratories for
Materials Science and Technology stud-
ied a less common member of the
same family, europium titanate
(EuTiOs), utilizing x-ray diffraction
measurements performed on the XSD
beamline 6-ID-B,C beamline at the APS
and the XMaS beam line at the ESRF.
This rare-earth magnetic version has
the additional oddity that it demon-
strates an anomalous magneto-dielec-
tric character: In a magnetic field, the
(near) optical properties change quite
dramatically. This presented hope of a
strong magneto-electric material often
dreamed of by engineers for use in
combining magnetic and charge param-
eters for many memory, processing,
and sensor devices.

Ferroelectricity is a very useful
commodity, and the oxygen octahedral
rotations can inhibit the potential for
generating ferroelectricity. But how do
these structural instabilities interact and
through what mechanism are they cou-
pled?

What surprised the team was evi-
dence of both an oxygen cage struc-
tural distortion and a titanium
displacement coexisting. What they
found was a scenario whereby the two
instabilities were well balanced and the
system as a whole didn’t reconcile a
preferred state (Fig. 1).

The result of a complicated super-
structure allowing both parameters —
in a sense, inter-digitized and therefore
spatially separated — resolves the

issue of how the competing mecha-
nisms exist in one structure.

Ultimately, the team demonstrated
that, with coupled electric and magnetic
field application one could monitor the
structural response of the oxygen cage
rotation, suggesting that the oxygen ion
itself plays a role in mediating the mag-
netism of the europium ions and the
electric parameter of the titanium ions
and is not, as previously thought, a
passive player in the magneto-dielectric
phenomenon. — Philip J. Ryan

See: Jong-Woo Kim'*, Paul Thomp-
son?, Simon Brown?2, Peter S. Normile3,
John A. Schlueter!, Andrey Shkabko?,
Anke Weidenkaff’, and Philip J.
Ryan'**, “Emergent Superstructural Dy-
namic Order Due to Competing Antifer-
roelectric and Antiferrodistortive
Instabilities in Bulk EuTiO;” Phys, Rev.
Lett. 110, 027201 (2013).
DOI:10.1103/PhysRevLett.110.027201
Author affiliations: 1Argonne National
Laboratory, 2University of Liverpool and
European Synchrotron Radiation Facil-
ity, 3Universidad de Castilla-la Mancha,
4Swiss Federal Laboratories for Materi-
als Science and Technology
Correspondence:

** pryan@aps.anl.gov,

* jwkim@aps.anl.gov

Work at Argonne and use of the Advanced
Photon Source was supported by the U.S.
Department of Energy Office of Science
under Contract No. DE-AC02-06CH11357.
Funding for sample growth is provided by
Schweizerischer Nationalfonds National
Centre of Competence in Research MaNEP.
P.J. Ryan acknowledges additional funding
from the University of Liverpool and Aer Lin-
gus Group Plc.

6-ID-B,C + XSD + Physics, materials science *
Magnetic x-ray scattering, anomalous and res-
onant scattering (hard x-ray), general diffrac-
tion, grazing incidence diffraction, surface
diffraction (UHV) + 3.2-38 keV * On-site * Ac-
cepting general users ¢



PBTIO,/SRTIO, SUPERLATTICE COMPONENTS

RESPOND DIFFERENTLY IN AN ELECTRIC

ferroelectric-dielectric superlattice is a precisely formed stack of atoms cre-

ated by depositing alternating ultrathin layers of a ferroelectric material,

such as lead titanate (PbTiO,), and a dielectric material such as strontium
titanate (SrTiO,). Researchers utilized the APS to conduct in situ time-resolved x-ray
microdiffraction experiments in which the changes occurring in the domain pattern
and atomic structure of a superlattice were probed with a resolution of 100 ps. Among
the key results of this study, the researchers found that the ferroelectric and dielec-
tric components responded differently to the applied field in reaching the uniformly po-
larized state. Insight into the origin of the time-domain properties of superlattices has
the potential to extend the functionalities of complex oxides by providing the means
to tune the field and time dependences of their electronic properties, perhaps paving
the way for their use in new, multifunctional microelectronic devices.

In weakly coupled PbTiO,/SrTiO4
(PTO/STO) superlattices, the electrical
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polarization arising from the crystal
structure is distributed unequally be-
tween the component layers. The un-
equal distribution leads to formation of
a complex domain pattern consisting of
a series of nanoscale stripes of differing
polarization. An applied electric field
distorts the domain structure and ulti-
mately transforms the superlattice to a
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uniformly polarized state containing no : :

domains. The changes in the polariza- ey

tion-domain configuration and atomic ope

structure within each component layer : : [ 4]

during the application of the electric °®, g

field are not yet understood, partly be- 0 - : :: L

cause the transformation to a uniform

polarization state takes place over a O 1 0 1 5
nanosecond time scale. In-plane Index (U.C.)

The researchers from the Univer-
sity of Wisconsin-Madison, Stony Brook
University, and Argonne considered the
structural changes following application
of the electric field as occurring in two
time regimes. In the first regime, which
persists for durations of 1 ns to 100 ns
after the onset of the electric field, the
striped domain geometry remains but
becomes metastable. In the second in-
termediate regime, the superlattices
transform to a uniformly polarized state
in some areas while remaining as
metastable striped domains in other
areas (Fig. 1).

Fig. 1. The atomic arrangement within a PTO/STO SL showing the striped domain pattern.
As indicated by the arrows, the polarization is distributed unequally between the compo-

nent layers, having a smaller magnitude within the STO component.
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changes in x-ray inten-
sities in terms of a kine-
matic x-ray diffraction
simulation. Such an
analysis showed that
the initial distortion of
the domains is consis-

tent with the develop-
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ment of polarization in
the STO layers.

During the initial 20
ns after application of
the electric field, the do-
main structure re-
sponded with a
distortion that increased

the polarization in the
STO layers but not in
the PTO layers. Two
mechanisms that could
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lead to the increased
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Fig. 2. (a) The striped domains of the superlattice are represented
by pairs of domain-related x-ray diffuse scattering peaks, offset
from the intense structural reflections at the center of the plots.
The domain-related intensity of the satellites decreases more rap-
idly for the | = O peak under an electric field. (b) The evolution of
the domains is captured by the changes of the domain satellites
having different Miller indices. The ratio of the intensities of the m

=2,1=11tom=2,] =0 domain satellites increases under the

application of a 2.12 MV /cm electric field.

In the first time regime, the inten-
sity of the domain-related x-ray scatter-
ing decreased gradually as the overall
domain population declined. The exper-
imenters found, however, that the rate
of this decrease depended on the Miller
indices (a notation system in crystallog-
raphy for planes in crystal lattices) of
the planes associated with the satellite
reflections, indicating that additional
structural changes accompanied the
transformation (Fig. 2).

The researchers gained insight
into the structural changes occurring in
the domains by carrying out time-re-
solved x-ray microdiffraction experi-
ments at XSD beamline 7-1D-B,C,D of

20 tric field, or (2) the rela-
tive positions of the
atoms within the STO
layers changed in the
field. In both cases, the
electric field would
change the average po-
larization of the STO
and produce intensity
changes of the domain
satellites that were con-
sistent with the x-ray
measurement.

At later times, the domain pattern
disappeared and only structural super-
lattice x-ray reflections remained. The
annihilation of the domain walls re-
moved a mechanical constraint that
suppressed piezoelectric distortion
within the striped domains. With the
constraint lifted, the superlattices exhib-
ited an out-of-plane lattice expansion.

In addition, the intensity of the su-
perlattice structural reflections changed
in a way that depended on the distribu-
tion of piezoelectric distortions within
the repeating units of the superlattices.
By comparing the empirical results to
predictions from a range of structural
models, the researchers found that the

intensity variation in the superlattice
structural reflections showed that the
STO layers expanded more than the
PTO layers in applied electric fields.
The larger piezoelectric distortion in the
STO layers matched the expectation
that the electric field increases the ini-
tially small polarization of STO and pro-
duces a correspond- ingly larger
piezoelectric expansion.

Taken together, these two results
show that the relatively weak polariza-
tion of the STO layers in a PTO/STO
superlattice has important effects on the
evolution of the domain pattern and
atomic structure in applied electric
fields.

The layer-dependent evolution of
the nanometer-scale polarization con-
figuration and the associated structural
distortion were both consistent with the-
oretical predictions that applied fields
lead to large increases in the polariza-
tion of the STO component.

— Vic Comello
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THE ELECTRONIC ORIGIN OF PHOTOINDUCED STRAIN

ultiferroics are in a class of materials that exhibits more than one

ferroic order simultaneously. One of the prototypical multiferroics

is BiFeO,, an important material because it is one of a few that ex-
hibit both ferroelectricity and magnetism at room temperature. The interac-
tion of BiFeO, with light has attracted great attention because optical control
of either magnetism, ferroelectricity, or both has implications for future elec-
tronic devices. The origin of a large photoexcited structural change in BiFeO,
was not well understood because of the lack of direct experimental evidence,
preventing a rational design for future optomechanical and optoelectrical ap-
plications using ferroelectric and multiferroic materials. But research at the
APS has revealed the electronic origin of the interaction between optical light
using a nanometer-thick layer of BFO at the atomic level and ultrafast time
scales.

Fig. 1. The dynamics of the lattice structure of a BiFeOj thin film upon optical excitation was

measured with atomic accuracy by a time-resolved x-ray diffraction probe.

Under illumination with light, these
multiferroics respond by creating a
large electric current, termed a pho-
tocurrent, and can also change their
atomic structure, both of which are po-

was employed by the researchers, from
the University of Wisconsin-Madison,
Cornell University, Northwestern Uni-
versity, Sandia National Laboratories,
the Kavli Institute at Cornell for

tentially useful in applications.

One of the central problems is how
the physical processes associated with
the absorption of light in multiferroics
leads to these potentially useful proper-
ties.

Utilizing state-of-art tools readily
available at Argonne, a new approach

Nanoscale Science and Argonne, to
study what happens after BiFeO; is ex-
cited by an intense pulse of light. Struc-
tural studies were conducted using the
XSD 7-ID-B,C,D ultrafast x-ray diffrac-
tion beamline at the APS (Fig. 1).
These structural results were compared
with the electronic response measured

at the ultrafast spectroscopy lab at the
Center for Nanoscale Materials.

The large, optically induced strain
decays within several billionths of a
second, which turned out to be the
same rate as the excited electrons re-
turn to their initial state. This key insight
showed that the structural rearrange-
ments after optical excitation were
largely driven by electronic processes.

Faster data storage devices with
lower power consumption can result
from optical control of electronic and
structural properties. This understand-
ing of how that light can induce simulta-
neous structural and electronic effects
now enables optical control of ferroelec-
tric and multiferroic materials without re-
quiring electrical contacts.

The large, optically induced strain
opens a new route for ultrafast strain
engineering of multifunctional complex
oxides and new opportunities for manip-
ulation of magnetism for spintronic ap-
plications. — John Freeland
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SPEEDING UP SUPERIONIC SWITCHING

uperionic conductivity, in which the ions of certain solid materials be-

come mobile above a certain temperature, might sound exotic, but it is

nothing new: Michael Faraday first described it back in 1833. In the
nineteenth century it was merely an intriguing phenomenon, but it holds im-
portant promise for the twenty-first century. Superionic conductors could lead
to an array of faster and more efficient electronic devices — if we can under-
stand, and perhaps even control, the mechanisms of superionicity. A team of
scientists carrying out experiments at the APS and two other U.S. Depart-
ment of Energy Office of Science synchrotron x-ray facilities has captured the
phase transition associated with superionic conductivity in copper sulfide
(Cu,S) with unprecedented temporal resolution. They discovered that light
can be used to drive the transition on time scales that are orders of magnitude
faster than previously observed, while also unraveling the processes that de-
termine the switching time. Their work provides a never-before-seen look into
the dynamics of superionicity and opens possibilities for the development of
novel, superfast resistive switching devices, memory chips, and more-efficient
solid-state rechargeable batteries, among other applications that would have
awed even Michael Faraday.

Fig. 1. Main plot: The full
time-resolved x-ray dif-
fraction pattern of
nanocrystalline copper
(1) sulfide nanodisks as
revealed by time-re-
solved x-ray diffraction
studies at the APS. Inset:
lllustration of high-mobil-
ity Cu ions moving
through the fixed sublat-
tice of the sulfur atoms in
Cuy,S.

Superionic conductors are com-
pounds in which one atomic species is

tional Accelerator Laboratory examined
Cu,S nanodisks of ~10-nm diameter

present in a rigid crystalline lattice and
another type of atom fills the interstitial
spaces. At a specific critical tempera-
ture, the cage-like lattice expands and
changes shape, allowing ions of the
second atomic species to move freely.
In effect, the material then behaves
more like an electrolytic fluid than a
solid. In copper sulfide, this transition
temperature is normally around 103° C,
but recent experiments at the
nanoscale have demonstrated that the
temperature is reduced in very small
pieces of Cu,S.

The experimenters from Stanford
University, Argonne, and the SLAC Na-

using various techniques including ul-
trafast x-ray diffraction along with near-
edge x-ray absorption fine structure
(NEXAFS) at the XSD 7-1D-B,C,D
beamline of the APS and at the DOE-
SC’s Stanford Synchrotron Radiation
Lightsource; and femtosecond near-
edge spectroscopy at the DOE-SC’s
Advanced Light Source at Lawrence
Berkeley National Laboratory.

As demonstrated by Fig. 1, the
Cu,S structure consists of a sulfur lat-
tice with copper atoms at the interstitial
sites. The researchers found that the
phase transition from a low-tempera-
ture monoclinic structure with three un-

equal axes to a hexagonal, close-
packed, high-temperature structure with
superionicity occurred at about 70° C in
the nanodisks. The dynamic capabilities
of the techniques they used allowed the
resolution of the actual atomic motion
during the switching process so that the
ionic diffusion processes could be dis-
tinguished from crystallographic
changes in the lattice.

The transformation to the superi-
onic phase is indicated by a slight red
shift in the copper L, edge detected by
x-ray spectroscopy, or by the appear-
ance and disappearance of diffraction
peaks associated with the low- or high-
temperature structural phases.

Laser excitation induced the phase
transition to occur much faster than pre-
viously observed, down to time scales
of approximately 20 psec. The re-
searchers note that the time for the
transition to the superionic state is de-
termined by the speed with which the
copper ions diffuse as the crystal sys-
tem changes. This ionic hopping time is
the key quantity that underlies ionic
transport processes in batteries and
electrochemical devices.

— Mark Wolverton
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NEW PHYSICS IN A COPPER-IRIDIUM COMPOUND

n unexpected magnetic behavior within Sr,CulrO, a transition-metal compound (TMC) that com-
bines the transition metal copper with the transition metal iridium, has been revealed via theo-
retical calculations complimented by x-ray measurements carried out at the XSD 9-ID-B,C
beamline at the APS. These results, which characterize the source of the unusual magnetism, indicate that
mixing certain transition metal systems can yield TMCs with surprising physical properties unattainable with
these systems alone, and may eventually lead to new materials for applications such as electronic mem-

ory devices and quantum computation.

Scientists are drawn to the unusual
properties exhibited by TMCs (copper
oxide, for instance, is a key ingredient
in many high-temperature superconduc-
tors). These compounds typically con-
tain oxygen and a transition metal.
Transition metals reside in the middle
portion of the Periodic Table of Ele-
ments in groups 3 through 12. The in-
terest in TMCs has largely focused on
compounds containing transition metals
with lower atomic numbers, specifically
the elements scandium through zinc.
These elements all lie in the third period
of the table, and are collectively re-
ferred to as 3d transition metals (indi-
cating their highest electron energy
level).

Transition metals form the d-block
within the periodic table, characterized
by the unfilled electron d-sublevels of
these elements. Iron, for instance, is a
3d transition metal. Since a full d-sub-
level has 10 electrons, the 6 electrons
in iron's d-sublevel means it is only par-
tially filled. Elements in the d-block with
higher atomic numbers (like iridium)
possess additional electrons. For these
elements the 3d-sublevel electrons stay
much closer to the nucleus than those
in the 5d-sublevel where the transition
metal iridium is found.

This means the atom's 3d elec-
trons experience a strong repulsive
electrostatic interaction with the other
3d electrons, preventing them from hop-
ping to neighboring atoms in TMCs, so
the 3d electrons cannot freely move
through the compounds and are said to
be strongly correlated.

A primary process in TMCs featur-
ing 3d transition metals like copper is
the exchange of two electrons between

two 3d-sublevel atoms, which does not
change the number of 3d electrons on
any 3d atom, avoiding the large penalty
associated with the repulsive interac-
tion. This exchange process, in which
the physical quality that changes is not
charge but electron spin or orbital orien-
tation, explains the magnetic properties
in 3d TMCs.

The highly-correlated electrons
found in many compounds containing
only 3d transition metals are absent in
materials containing 4d and 5d transi-
tion metals. The spatially-extended or-
bitals of the 5d electrons weaken the
repulsive electron-electron interaction
and facilitate their hopping to neighbor-
ing atoms when incorporated into
TMCs. This “Coulomb screening effect”
prevents iridium and other 5d-based
TMCs from employing exchange to
achieve the type of strong electron cor-
relation seen in 3d-based TMCs.

But recent research has shown
that, in spite of Coulomb screening, a
phenomenon called “spin-orbit cou-
pling” (SOC) can impart significant elec-
tron correlation to 5d-based TMCs. For
instance, spin-orbit coupling causes the
5d compound Sr,IrO, to exhibit mag-
netic ordering similar to that of some 3d
copper oxides. The strength of SOC is
positively correlated with the size of the
atom, so SOC is relatively negligible in
3d TMCs but is strong in noble metals
and 5d TMC:s. Its effects on magnetism
in 5d TMCs are just beginning to be ex-
plored.

The key microscopic structure of
the mixed 3d-5d Sr;CulrOg compound
is depicted in Fig. 1 (a). This micro-
scopic structure was probed using reso-
nant inelastic x-ray scattering (RIXS),

performed at beamline 9-ID. In the
RIXS technique, highly-tuned x-rays
are utilized to excite closely-bound
electrons from the iridium cations onto
a 5d-sublevel; when another 5d-sub-
level electron transitions into the elec-
tron vacancy, a characteristic x-ray is
emitted that provides information about
the state of the material.

The x-ray data revealed excited
magnetic states (magnons) within the
Sr,CulrOg sample, characterized by a
large spectral gap — Fig. 1(b) — which
means that substantial energy is re-
quired to create a single magnon. This
was unexpected since the material was
modeled by a simple isotropic (uniform
in all directions) Heisenberg model, im-
plying a gapless magnon spectrum, so
the observed large gap indicates the
existence of strong anisotropy (direc-
tion-dependence). SOC is a natural
way to account for the anisotropy be-
cause SOC breaks the rotational sym-
metry of the spins by coupling them to
the d orbitals, which are directional. But
this effect is usually small.

This unexpected magnetic
anisotropy motivated the development
of a new theory in which the antiferro-
magnetic and ferromagnetic exchanges
mix, depending on which iridium-5d or-
bital is coupled with the copper-3d or-
bital. These different types of exchange
interactions usually compete.

But amazingly, in the 3d-5d
SryCulrOg compound they cooperate
because the strong SOC on the iridium
ion anti-parallelizes the orbital and spin
angular momenta — Fig. 1(c) — lead-
ing to an effective ferromagnetic ex-
change between the copper's electronic
spins and the iridium's total angular mo-
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Fig. 1. (a) Cu-Ir chain of Sr,CulrO,. Oxygen atoms surround both copper (Cu2+) and iridium (|r4+) cations

(ions positively charged due to the loss of electrons to the oxygen atoms, which become negatively-charged

anions). The copper cation forms a planar arrangement with the surrounding oxygen anions, while the irid-

ium cation resides at the center of an octahedral arrangement of oxygen anions. (b) Magnon dispersion ob-

tained from experiment (solid squares) and theory (lines). (c) Unusual antiferromagnetic (AF) and

ferromagnetic (FM) exchange mix between Cu and Ir. They cooperate because SOC anti-parallelizes the

5dxy and 5dxz/5dyz spins on the Ir ion. The latter is also effectively prohibited from flipping due to quan-

tum inference, leading to the easy-z-axis exchange anisotropy.

mentum, with the strong exchange
anisotropy being induced by the antifer-
romagnetic exchange.

The theory also predicts a higher
energy branch of the magnon disper-
sion (the red broken line in Fig. 1b),
which was not seen in the present RIXS
experiment at the Ir L, edge (~11.216
keV). But it was predicted to be seen
when the incoming x-ray is tuned to the
Cu L5 edge (~0.933 keV). The group of
researchers planned to verify this in the
near future (when the practical energy
resolution of RIXS at Cu L, edge is im-
proved from the current 130 meV to
about 50 meV).

The promising results derived from
this research are anticipated to open
the way for the further development of
mixed 3d-5d transition metal systems.

The direction of this exchange
anisotropy depends on how the iridium
and copper atoms are connected. By
arranging the 3d and 5d atoms, re-
searchers hope to develop advanced
materials with specific spin orientations
or spin frustration with the use of com-
peting anisotropies. — Philip Koth
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SUPERCONDUCTIVITY WITH STRIPES

he physics of low-temperature superconductivity is fairly well understood,

but the ultimate goal of achieving the phenomenon at much higher temper-

atures remains tantalizingly elusive. The most promising high-temperature
superconductor candidates are generally considered to be cuprates with perovskite
structures, but it is unclear what mechanisms allow these materials to become su-
perconducting — and how the superconducting temperatures (T,) can be increased.
By examining the stripe-ordering in La, 4,sBa, ,;CuO, (LBCO) under high pressure
at the APS, a team of researchers probed those questions, specifically the rela-
tionship between stripe ordering and superconductivity. Their work reveals the in-
terplay between stripes, lattice structure, and the superconductivity of LBCO in
unprecedented detail and is an important step in understanding high-T, supercon-
ductivity and eventually achieving practical room-temperature superconductors.

Stripe order Superconductivity

The interplay between stripe correlations, local structure, and superconductivity in La, 4,.Bay,,,CuO, was studied at
the APS using polarized high-brightness x-ray beams for x-ray absorption fine structure and x-ray diffraction meas-

urements at high pressure.



> Left to right: Paul Ehrenfest, Hendrik Lorentz, Niels
Bohr, and Heike Kamerlingh Onnes (1919) in the
Cryogenics Laboratory in Leiden, the Netherlands.
Onnes, the discoverer of superconductivity, “the gen-
tleman of absolute zero,” had as his motto, “Door
meten tot weten” (“Knowledge through measure-
ment”). Read more at the source:

APS Physics, http://www.aps.org/publications/ap-
snews/200704 /history.cfm.  Photo:  Wikipedia,
http://en.wikipedia.org/wiki/File:Ehrenfest_Lorentz
_Bohr_Kamerlingh_Onnes.jpg

Understanding the behavior of the
high-T,, superconductors is challenging
in part due to strong correlations be-
tween electronic charges and spins. In
addition to superconducting “pairing”
correlations, these charges and spins
can develop myriad order states and
phases, dependent upon chemical dop-
ing.

For the 0.125 barium concentration
(1/8 hole doping) of this particular com-
pound, static “stripe” order is observed
where hole charges segregate between
spin-order regions in a periodic pattern.
The static stripe order is reinforced by
the tilt pattern of CuOg octahedra in this
material’s low-temperature tetragonal
(LTT) structure. This static stripe order-
ing at ambient pressure appears to
strongly compete with three-dimen-
sional (3-D) superconductivity.

The researchers in this study from
Argonne, Washington University in St.
Louis, and Brookhaven National Labo-
ratory (BNL) investigated what happens
when the ground state of LBCO, 4 is
manipulated with applied pressure,
which is known to enhance three-di-
mensional superconductivity. Previous
work by the BNL co-authors had shown
that charge order was able to survive
the disappearance of long-range CuQg
octahedral LTT tilting with the shift to a
high-temperature tetragonal (HTT)
phase under pressure, and that this
charge order coexisted with a margin-
ally enhanced superconducting phase
at 2 GPa. Limitations in pressure range
prevented suppression of the charge-
order phase.

The current experiments extended
the pressure range farther into the HTT

phase, where diffraction measurements
utilizing high-energy x-ray beams at the
XSD 4-ID-D beamline of the APS re-
vealed that static charge order com-
pletely disappears at 3.6 GPa. With the
charge ordering no longer pinned to the
lattice structure, superconductivity
should again be unhindered. But the
experiment team found otherwise, with
superconductivity remaining sup-
pressed well below optimal values.

To address this conundrum, high-
pressure polarized XAFS (x-ray absorp-
tion fine structure) measurements were
carried out, also at beamline 4-ID-D, in
which the electric field of synchrotron x-
rays was oriented along selected crys-
talline axes. The technique, which
allows probing atomic correlations at
very short time and length scales, re-
vealed that short-range LTT tilting re-
mains present in the high-pressure HTT
phase.

Since LTT tilts pin stripes, and
since superconductivity remained sup-
pressed, the natural conclusion is that
the local LTT tilts are a manifestation of
the presence of dynamic stripe correla-
tions sufficiently strong to limit 3-D su-
perconductivity.

The extreme sensitivity and fine
resolution of the polarized XAFS tech-
nique made it possible to uncover these
persistent short-range LTT tilts, invisible
to longer-range diffraction probes. The
challenges of obtaining high-quality po-
larized XAFS from a single crystal in a
diamond anvil cell are daunting, but the
research team was able to demonstrate
this capability for the first time.

The next step involves examining
different dopings, pressure ranges, and

phases to firmly establish the correla-
tion of stripe order and high-tempera-
ture superconductivity. The interplay
between stripe order and superconduc-
tivity remains a matter of debate. The
present results provide indirect evi-
dence that at high pressure, the two
may be present simultaneously in a dy-
namic phase with intertwined order pa-
rameters.

This work is an important step in
the quest to understand the mechanism
of high-T, superconductivity and even-
tually achieving practical room-temper-
ature superconductors.

— Mark Wolverton
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THE SECRETS OF ELECTRON BEHAVIOR IN
HIGH-TEMPERATURE SUPERCONDUCTORS

ore than 25 years after they were discovered, high-temperature supercon-

ductors retain a good deal of mystery. Their superconductivity arises from

the formation of Cooper pairs of electrons, but the mechanism that stabilizes
the pairs is still unknown. By means of high-resolution x-ray scattering studies at the
APS, a team of scientists has probed with unprecedented detail the competition between
two kinds of electron ordering in a typical high-temperature superconductor. The results
shed light on the complex interplay between electron behavior, lattice structure, and su-
perconductivity.

Argonne physicists and XSD beamline scientists Ayman Said (left) and Bogdan Leu with the HERIX instrument in the 30-ID enclosure.



Previous research has shown that
high-temperature superconductors with
the composition YBa,Cu;0g,, (YBCO)
develop charge density waves (CDW)
at temperatures above the critical tem-
perature for the onset of superconduc-
tivity. These materials have planar
CuO, bilayers separated by layers that
include one-dimensional Cu-O chains.
In these structures, CDWs take the
form of periodic modulations of the
electron density that are in antiphase in
adjacent CuO, layers. As YBCO is
cooled to the point where it becomes
superconducting, the CDWs diminish.
Conversely, if a sample is placed in a
magnetic field that suppresses super-
conductivity, the CDWs strengthen. The
two kinds of electron ordering responsi-
ble for CDWs and superconductivity ev-
idently compete with each other,
although whether the susceptibility to
CDW formation is a prerequisite for su-
perconductivity is unclear.

To further investigate the competi-
tion between CDWs and superconduc-
tivity, a research team from the
University of Birmingham (UK), Ecole
Polytechnique Féderale de Lausanne
(Switzerland), Argonne, the University
of British Columbia (Canada), the
Canadian Institute for Advanced Re-
search, and the University of Bristol
(UK) studied a high-quality single crys-
tal of YBa,Cu;04 54, made by the Uni-
versity of British Columbia group. With
this specific composition, lattice loca-
tions for the Cu-O chains are alter-
nately occupied and empty.

The high-resolution inelastic x-ray
scattering (HERIX) instrument at XSD
beamline 30-ID-B,C makes it possible
to measure separately the momentum
and energy transfer of inelastically
scattered x rays with an energy resolu-
tion of 1.5 meV. Earlier experiments
that detected CDWs integrated the
scattering at each momentum transfer
over a broad range of energy transfer,
so that Bragg peaks and phonon scat-
tering would also have contributed to
the signals. Measurements using
HERIX allowed the team to tease apart
these different contributions.

CDWs reveal themselves through
the presence of satellite peaks on ei-
ther side of the normal lattice Bragg
peaks, with separation equal to the

CDW wavevector. The team
found that CDWs appeared at
about 155K, in line with previ-
ous experiments, and strength-
ened as the temperature of the
crystal was reduced to 55K,
when superconductivity sets in.
At lower temperatures, the
magnitude of the CDWs weak-
ened as electron ordering in the
superconducting regime took
over.

Because of electron-
phonon interactions, the pres-
ence of CDWs in a lattice
affects the phonon dispersion
spectrum. In a strictly one-di-
mensional model, it is possible
for the frequency of a phonon
coupled to a CDW to go to zero
at a certain temperature. In ef-
fect, the phonon “freezes” into
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Fig. 1. Intensity of x-ray scattering from a single crystal of
YB,Cu,O, s, plotted against energy transfer and
wavevector (in relative lattice units). At 148K (right), just
below the onset of charge density wave ordering, the
small ridge of scattering at zero energy is due to lattice
disorder. At 55K (left), near the onset of superconductivity,
there is a prominent Bragg peak due to the CDW. From E.
Blackburn et al., Phys. Rev B 88, 054506 (2013). ©2013

a stationary lattice distortion
that’s also coupled to the
charge density modulation. In higher di-
mensional systems, freezing is not pos-
sible, but a phonon may still “soften”
dramatically to a lower frequency. In a
number of non-superconducting materi-
als, this phenomenon has been ob-
served at the CDW onset temperature.

In YBa,Cu,Og 54, the researchers
found a phonon broadening expected
to lead to just such a softening. Simul-
taneously, the electron ordering embod-
ied in the CDW became static, to within
the measurement resolution of the ex-
periment (Fig. 1). The results indicate,
however, that the softening happens
close to 55K, the superconducting tran-
sition temperature, rather than at 155K,
the CDW onset temperature. Additional
measurements have now confirmed di-
rectly the occurrence of softening at the
lower temperature.

These results add to the evidence
that CDW behavior is strongly linked to
the mechanism for superconductivity in
YBCO. Comparison with evidence from
some other studies, and with theoretical
analyses, suggests a connection to ob-
served anomalies in the dielectric prop-
erties of the CuO2 layers. But putting
all the evidence together to create a
true theory of high temperature super-
conductivity remains a challenge.

— David Lindley
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IMAGING FERROELECTRIC DOMAINS

Amplitude

Fig. 1. The striped domains of thin-film lead titanate (PbTiO,) imaged using x-ray Bragg projection
ptychography. a) The amplitude of the reconstructed film, where the yellow dots represent the posi-
tions of the beam. b) The phase of the reconstructed film, clearly showing the striped pattern of po-
larization. ¢) An amplitude cross-section along the dotted line in a), colored with the phase of the

dotted line in b).
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hen thin films of ferroelectric materials are grown on single-crys-

tal substrates, they can develop regions of aligned polarization

— called “domains” — that often adopt complex patterns. Ma-
nipulation of ferroelectric domains can lead to advances in a number of tech-
nologies. However, in order to manipulate the domains, it is important to study
their natural development. Previous studies have shown that interfacial strain
and electrical boundary conditions play a large role. Accurate measurements
of the local polarization can help science learn more. By changing the prop-
erties of the substrate and the interfaces of the ferroelectric materials, one
can control the size and shape of the domains and thus influence the behav-
ior of the material. At the APS, researchers utilized Bragg projection pty-
chography (BPP) for ferroelectric domain imaging, potentially improving
critical technologies such as memory storage.

X-ray BPP had previously been uti-
lized to measure strain in semiconduc-
tor devices. Now, a team of scientists
from Argonne, the Korea Advanced In-
stitute of Science and Technology,
Northern lllinois University, and La
Trobe University (Australia) carrying out
studies at the APS and the Argonne
Center for Nanoscale Materials (CNM)
found another application for BPP: im-
aging local polarization in ferroelectric
thin films. In the future, this technique
can help scientists study how domains
develop in ferroelectric thin films, and
thus how to manipulate them, poten-
tially improving critical technologies
such as memory storage.

First, the researchers utilized
chemical vapor deposition to grow a
25-nm-thick film of the ferroelectric ma-
terial lead titanate, or PbTiO,;. When
PbTiO4 is grown on a certain perfect
single-crystal substrates, the domains
will normally be distributed in a serpen-
tine pattern. However, by controlling the
surface properties of the substrate,
these domain patterns can be influ-
enced and controlled.

In this case, the researchers uti-
lized substrates of strontium titanate, or
SrTiO,, which had surface miscut steps
spaced about 22-nm apart. Using a
growth chamber at the Argonne Materi-
als Science Division, they deposited
PbTiO5 on the substrates, creating thin
films with striped domain patterns.

That is where Bragg projection pty-
chography comes in. At the CNM/XSD
beamline 26-ID-C, the researchers pro-
duced a focused coherent x-ray beam
about 35-nm wide. When the beam hit

the PbTiO;4 film at a specific position
and angle, it produced a coherent
Bragg diffraction pattern — a sort of fin-
gerprint of the local domain structure.

This process was repeated at
about 650 points on the film, marked as
yellow dots in part (a) of Fig. 1. Be-
cause the x-ray beam was larger than
the change in position, the information
from all 650 points formed an over-
lapped data set.

Next, the team utilized a ptycho-
graphic algorithm, which simultane-
ously considered all the diffraction
patterns from each overlapped point.
With appropriate constraints, the algo-
rithm converged to the correct answer
in real space, converting the data from
reciprocal space. Based on the result-
ing nanoscale map, the researchers
created an image of the film's polariza-
tion, as shown in part (b) of Fig. 1. The
striped domain pattern they found was
consistent with the structure of the
PbTiO; film's underlying SrTiO5 sub-
strate.

To check the accuracy of the BPP
reconstruction, the researchers also
measured the local polarization of the
PbTiO,4 film with piezoresponse force
microscopy. This method runs a scan-
ning probe over the surface of the film
to extract local polarization information.

Both techniques returned similar
information about the domain pattern.
However, piezoresponse force mi-
croscopy has a disadvantage: it re-
quires direct access to the surface it is
measuring. If a ferroelectric film was
used as a memory device, it would be
surrounded by layers of other electronic

components, and this method of meas-
uring polarization would be impossible.
BPP, on the other hand, can be
performed from a distance, which
means it can measure thin films in cor-
rosive or enclosed environments where
imaging with other techniques would be
difficult or impossible. This makes BPP
a promising tool for measuring how ma-
terials change under high temperatures
and pressures. — Sophie Bushwick

See: S.0. Hruszkewycz'*, M.J. High-
land’, M.V. Holt!, Dongjin Kim'2, C.M.
Folkman', Carol Thompson?3, A. Tri-
pathi*, G.B. Stephenson!, Seungbum
Hong'?2, and P.H. Fuoss', “Imaging
Local Polarization in Ferroelectric Thin
Films by Coherent X-Ray Bragg Projec-
tion Ptychography,” Phys Rev. Lett.
110, 177601 (2013).
DOI:10.1103/PhysRevLett.110.177601
Author affiliations: 1Argonne National
Laboratory, 2Korea Advanced Institute
of Science and Technology, 3Northern
lllinois University, “La Trobe University
Correspondence: * shrus@anl.gov

This work, including use of the Center for
Nanoscale Materials and the Advanced Pho-
ton Source, was supported by the U.S. De-
partment of Energy Office of Science, Basic
Energy Sciences, under Contract No.
DEAC02-06CH11357. S.O.H., M.J.H., D.K,,
C.M.F,, S.H., and P.H.F. were supported by
U.S. Department of Energy, Basic Energy
Sciences, Materials Sciences and Engineer-
ing Division.

26-ID-C « CNM/XSD - Physics, materials sci-
ence « Nanofluorescence imaging, microdif-

fraction, nanotomography ¢ 8-12 keV * On-site
« Accepting general users *



A SEARCH FOR SPIN CURRENTS FINDS
A MAGNETIC ODDITY INSTEAD

hey were looking for clear-cut evidence of spin currents traveling through

magnetic heterostructures, the tiny sandwiches of metal on silicon that

make up the guts of a computer hard drive. Instead, researchers utilizing the
APS found a magnetic mystery. When applying a microwave magnetic field to a
heterostructure containing two different ferromagnets, the magnetic fields of the
two varied in phase for several nanoseconds. Puzzled at first, the researchers later
found the reason for the phase difference, and showed how to infer the phase of
light within a structured material in a synchrotron. Their findings show that as hard
drives get faster and their heterostructures get thinner, we can no longer treat the
magnetic fields in each layer as identical. These results should smooth the path to
hard drives and spintronic devices with gigahertz data speeds.
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Fig. 1. The phase and amplitude of the magnetization precession, two ways.
This page: (a) The experimental magnetization phase and amplitude for the
substrate /permalloy /copper/CoFeB heterostructure driven at 2.694 GHz. (b)
For the same heterostructure in reversed order of substrate/CoFeB/copper/
permalloy, driven at 2.961GHz, and the phase offset (delta theta). Red indi-
cates the nickel (permalloy) resonance, blue the cobalt (CoFeB) resonance. (c,
facing page) The calculated magnetic fields driving the precession; the solid
arrows trace the magnetic moments' motion over a full cycle. The green line in-
dicates the phase offset. From W.E. Bailey et al., Nat. Commun. 4, 2025 (26
July 2013). © 2013 Nature Publishing Group, a division of Macmillan Publish-
ers Limited.
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The heterostructure used was
made of thin layers of cobalt iron boron
(CogoFeyoByg) and permalloy (Nig,Fe,q),
separated by a layer of copper. Both
cobalt iron boron and permalloy are fer-
romagnets. When placed in a magnetic
field, their magnetic moments will pre-
cess — that is, spin and wobble like a
top — for a few nanoseconds before
spinning into alignment with the applied
field. When one ferromagnet is set into
motion, the precession of its magnetic
field should pump a spin current
through the copper and into the other
ferromagnet, setting its magnetic field
into precession as well.

That was what the researchers
from Columbia University, Uppsala Uni-
versity (Sweden), Spintec (France),
and the Argonne and Brookhaven na-
tional laboratories hoped to see. In fact,

C)

they hoped to pump it, matching the
frequency of the exterior magnetic field
to the frequency of the precession to
get a stronger spin current. Spin cur-
rents transport electrons with spin up in
one direction and spin down in the
other. They can act over longer dis-
tances and at higher speeds than a
conventional charge current. The
emerging technology of spintronic de-
vices has received a lot of attention
from the electronics industry.

To get a good look at the precess-
ing magnetic moments, the researchers
used the XSD 4-ID-C circularly polariz-
ing undulator beamline at the APS to
make time-resolved x-ray magnetic cir-
cular dichroism (TR-XMCD) measure-
ments on the heterostructures. The

beamline flashed x-rays every 12 nsec,
with each pulse lasting just 40 psec.
The APS is one of very few places in
the world with this kind of stroboscopic
x-ray capability.

Precise tuning of the x-rays al-
lowed the researchers to individually
detect the cobalt and nickel magnetic
moments, revealing the magnetic field
precession of each ferromagnet sepa-
rately. When they plotted the preces-
sions over time, they noticed something
odd. Instead of being nearly synchro-
nous, the precessions of the two ferro-
magnets were out of phase by about
40°. And the phase difference de-
pended only on position in the stack;
when the permalloy was closest to the
substrate, its precession was 40° ahead
of the cobalt iron boron. When the
cobalt iron boron was closest to the

substrate, its phase was 40° ahead of
the permalloy.

This was unexpected, because
each ferromagnet was supposedly ex-
posed to the same exterior magnetic
field. The wavelength of the microwave
magnetic field was around a centimeter,
and each layer of the heterostructure
was a mere 15-nm thick, not nearly
thick enough to induce metal skin ef-
fects. But the phase variation between
the two ferromagnets showed that the
microwaves that reached them were
very different in phase and amplitude.

The explanation turned out to in-
volve the conductivity of the silicon sub-
strate. Although much thicker than the
other layers, the silicon that supports
the trilayer heterostructure is typically

disregarded in calculations.

The researchers found that when
magnetic fields are applied at data
rates of a few gigahertz, the precess-
ing ferromagnets never come into
alignment while the fields are applied.
The conductivity of the silicon sub-
strate must be taken into account in
order to calculate the magnetic fields
which drive the ferromagnets’ preces-
sion (Fig. 1).

Precise understanding of the sub-
strate effect is one of the keys to de-
signing hard drives, and possibly
spintronic devices, with gigahertz rates.

— Kim Krieger
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CONDUCTING ELECTRONS BURIED UNDER
TOPOLOGICAL INSULATOR THIN FILMS

n recent years, the workings of topological insulators (Tls) have been the subject of in-

tense research in condensed matter physics. Much of the fascination comes from the

apparently paradoxical nature of Tls: How can a material effortlessly conduct electrons
only at its surface while otherwise remaining an insulator? Trying to answer that question
has led to a great deal of research on topological surface states (TSSs), i.e., the massless
conducting electrons at the vacuum-exposed surface, because it is at the surface where
most of the action seems to be in Tls. But the catch in exploiting these resistance-free elec-
trons is that they degrade in air, affecting their utilization in practical applications. A team
of researchers has taken an alternative approach, exploring deeply-buried TSSs at the in-
terface between a Tl thin film and silicon, the most ubiquitous semiconductor substrate ma-
terial. Utilizing strongly-penetrating hard x-rays from the APS, the team garnered important
information on these buried electrons that is generally inaccessible with conventional meth-
ods. Their work has implications for the evolution of semiconductor electronic devices and
other Tl device applications.
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Working at the XSD 33-ID-D,E
beamline at the APS, the researchers
from Argonne, the University of lllinois
at Urbana-Champaign, and the Chi-
nese Academy of Sciences measured
x-ray scattering intensities from Bi,Te,
thin films grown in vacuum using mo-
lecular beam epitaxy (MBE, Fig. 1). Un-
like most previous ex situ structural
studies, this in situ method allows real-
time measurements without any sur-
face contamination.

Observing the epitaxial growth
process, the researchers discovered a
rather nontrivial interface featuring the
formation of a buffer layer composed
mostly of Te, roughly 2.7 A above the
topmost layer of the Si(111) substrate.
Quintuple layers (QLs) grow atop the
buffer, with the bottom QL both slightly
relaxed and partially strained, and the
other QLs more bulk-like in structure.

The existence of a buffer layer indi-
cates that the bonding between the in-
terfacial layers is fairly weak and
dominated mostly by van der Walls
forces, relatively weak electric forces
that attract neutral molecules to one
another in gases, in liquefied and solidi-
fied gases, and in almost all organic lig-
uids and solids. This explains the
relaxed yet slightly strained bottom QL,
and also indicates that the Tl film is
largely decoupled electronically from
the Si substrate. Detailed first-princi-
ples calculation confirms that conduct-
ing electrons at this deep interface

< Fig. 1. In situ x-ray scattering of Bi,Te, thin
films grown on Si(111) with molecular beam
epitaxy. Bi,Te, is a fopological insulator with
predicted conducting electrons at the interface,
but the detailed property of the interface is
beyond the detection of conventional experi-
mental probes. Using synchrotron hard x-ray
scattering, the interface structure and proper-
ties have been determined. The results reveal
that the interface hosts massless spin-polarized
conducting electrons identical to those on the

vacuum-exposed surface.

exhibit similar properties as those at the
vacuum exposed surface, experiencing
little disturbance from the substrate
electrons.

A direct consequence of this kin-
ship between surface and interface
TSSs is the emergence of the quantum
tunneling effect (quantum-mechanical-
allowed transitioning through a classi-
cally-forbidden energy state), which
happens when the Tl films are very
thin, allowing crosstalk between these
two surfaces. Such quantum coherence
could disrupt the TSSs at both sur-
faces, causing the entire system to re-
vert to an insulating state. This
thickness-dependent phase transition
(from metallic to insulating) at the sur-
face has been observed by comple-
mentary photoemission measurement.
In Bi,Te,, past experiments have
demonstrated that at least four QLs are
needed between the surface and inter-
facial layers to avoid these tunneling
gaps and retain the topological con-
ducting electrons. This insight estab-
lishes a thickness limit for device
architecture based on TI thin films.

The in situ study of the Tl film inter-
facial layers presented in this work
helps to highlight the importance of this
often-neglected component of topologi-
cal insulators. As the investigators point
out, the interfacial topological states
can sometimes be more important than
those at the Tl surface, because the in-
terface is isolated from, and thus unaf-
fected by changes in the ambient
environment that readily influence the
surface.

Yet interfacial layers are also easy
to adjust through the controlled applica-
tion of voltage or charge, an obvious
advantage when considering the practi-
cal use of Tl films in semiconductor
electronic devices. But such control
would require the precise knowledge of
the interfacial layer structure demon-
strated in this work. The successful
growth of high quality epitaxial Tl films

by MBE techniques also paves the way
towards Tl device applications.

While Bi,Te, is one of the most sig-
nificant T materials known, many oth-
ers exist, or are yet to be discovered,
each with different structural and elec-
tronic characteristics. The research
team is looking toward studying other Tl
systems, such as those with stronger
coupling between the interface layers,
with an eye toward achieving a more
comprehensive understanding of the
workings of this fascinating phase of
matter and its potential uses.

— Mark Wolverton
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MAKING APERIODIC STRUCTURE CRYSTAL CLEAR

recious gems owe much of their beauty to their periodic crystalline structure, the regular, re-

peating molecular pattern that orders their atoms and creates the faceted shape exposed by

a gem cutter’s chisel. Many mundane objects also have periodic crystalline structures, from
the salt on your table to the silicon in your cell phone. Such internal structures can affect a material’s
properties; whether it is ferromagnetic or electrically conductive depends on the atomic arrangement.
Teasing apart the effects of crystal symmetry on material properties is difficult, though. To gain insight,
some researchers have turned to quasicrystals, compounds whose atomic-scale structures are just
as well ordered as crystals, but aperiodic, allowing new rotational symmetries forbidden to periodic
crystals. Some quasicrystals have sister compounds with periodic structures that make experimen-
tal comparisons possible. A group of researchers used the high-brightness x-rays from the APS to
image such a quasicrystal, utilizing diffraction techniques to probe its structure (and, at the Ames
Laboratory, its magnetic properties). They found that even though the quasicrystal and its periodic sis-
ter shared similar structural motifs, the quasicrystal does not order antiferromagnetically as does the
sister compound. Their results could lead to a better understanding of the relationship between crys-
tal structure and material properties, particularly in the field of complex metallic alloys.
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Fig. 1. High-energy x-ray diffraction patterns from a single grain of i-Gd—Cd taken
with the x-ray beam parallel to the five-fold (a) and two-fold (b) axes. From A.l.
Goldman et al., Nat. Mater. 12, 714 (August 201 3).



'Model magnetic qliasicrystals

-

"

The cover of Nature Materials showing a high-energy x-ray diffraction pattern

from a single grain of icosahedral rare-earth-cadmium quasicrystal, taken with

x-ray beam from the APS superconducting undulator at beamline 6-ID-D.
© 2014 Nature Publishing Group, a division of Macmillan Publishers Limited.

Materials scientists call the peri-
odic sister compounds of quasicrystal
“approximants.” When the researchers
in this study, from the Ames Laboratory
and lowa State University set out to ex-
plore how quasiperiodicity affects mag-
netism, they wanted a very simple
approximant, one that contained just
two elements. They chose RCdg (R =
Rare earth), a body-centered cubic
compound with icosahedral clusters of
atoms at the corners and body center
of the cube. This structural motif is also
found in the respective binary qua-
sicrystals discovered at the Ames Lab-
oratory.

They created a series of alloy
melts with rare earths and cadmium.
The compositions were very similar to
RCdg, but differing slightly in the con-
centration of cadmium, following an al-
gorithm that previously led to success
in the Zn-Sc system.

Ther researchers employed a
newly developed x-ray precession tech-
nique at the XSD 6-ID-D x-ray beamline
at the APS to confirm that the resulting
R-Cd compounds were indeed qua-
sicrystalline with five-fold symmetry
(Fig. 1), and to characterize their struc-
tural properties. The 6-ID-D beamline
was chosen because of its high-energy
capabilities, which allow one to study
the bulk of the crystal rather than just
the near-surface region.

The researchers found differences
in the magnetic behavior as well when
they probed the magnetic properties of
the rare earth-cadmium quasicrystals.
Many of the RCdg approximants order
antiferromagnetically, but their qua-
sicrystalline analogs do not. Instead,
the quasicrystals appear to be spin
glasses with their magnetic moments
frozen in a disordered state.

Typically, this means that there are

many different possible magnetic
ground states all with the same energy,
so that when they are cooled down the
magnetic moments do not favor a spe-
cific ordered arrangement.

The researchers in the study were
disappointed —They had hoped to find
an antiferromagnetic quasicrystal. The-
oretical calculations suggested it was
possible.

But the spin-glass result is signifi-
cant in its own right. It gives insight into
complex systems and potentially into
the properties of complex metallic al-
loys. Their complex structures on the
molecular scale often lead to unusual
physics and chemical properties, and
researchers are exploring complex
metallic alloys for their potential as
structural engineering materials and
thermoelectric components.

Now that they know it can be done,
the researchers intend to continue to
search the phase diagram around bi-
nary approximants for additional qua-
sicrystals, and probe their magnetic
properties for more insight into just
what quasiperiodicity brings to the
table. — Kim Krieger
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ELECTRON COOPERATION LEADS TO
ANTIFERROMAGNETISM

n a ferromagnet, electron spins associated with different atoms line up in

the same direction to produce a macroscopic magnetic moment. In an

antiferromagnetic material, whose atoms also have net individual mag-
netic moments, the electron spins align in an alternating fashion so that they
cancel each other out. The forces that determine whether spins correlate or
anti-correlate can be complex and subtle, depending on details of how elec-
trons interact in a given crystal lattice. Using a combination of macroscopic
and microscopic techniques, including x-ray diffraction studies at the APS, a
team of scientists has shown that antiferromagnetism in gadolinium mono-
silicide (GdSi) arises through a cooperative interplay of two distinct electron
spin interactions. This insight has implications for the origin of electron corre-
lations in a variety of related materials.

Fig. 1. (a) Lattice structure of GdSi. (b) Band structure calculation reveals a major Fermi

surface that is approximately flat, making possible the nesting effect required to form
incommensurate SDW order.



Like other rare-earth elements,
gadolinium has electrons in its local-
ized 4 f-orbitals that give the atom a
magnetic moment. Uniquely, gadolin-
ium’s 4f electrons possess no overall
orbital angular momentum, making it a
clean subject for studying phenomena
arising purely from electron spins. The
compound GdSi is known to transition
from a paramagnet to an antiferromag-
net at temperatures below about 55K,
but both the spin structure and the
mechanism responsible for producing
the necessary correlation among spins
have been unclear.

The microscopic nature of antifer-
romagnetism is elucidated by resolving
the spin structure. By means of x-ray
magnetic diffraction observations de-
rived from studies at the XSD beam-
line 4-ID-D and high-resolution x-ray
powder diffraction experiments per-
formed at XSD beamline 11-BM-B,
both at the APS, the researchers from
Argonne, The University of Chicago,
Los Alamos National Laboratory, the
University of Tennessee, and Oak
Ridge National Laboratory searched
for and found the emergence of incom-
mensurate spin structures when GdSi
makes the transition to antiferromag-
netic behavior (Fig. 1), meaning the
periodicity of the correlated spins
bears no simple relationship to any pe-
riodicity in the GdSi lattice.

At the antiferromagnetic transition
temperature, the team also observed
drastic changes in the resistivity of
GdSi, and in both the signs and mag-
nitudes of its Hall coefficients. These
changes indicate a significant restruc-
turing of the material’'s Fermi surface,
and that the antiferromagnetic transi-
tion is accompanied by the appear-
ance of an energy gap. Electrons at
the Fermi surface thus have settled
into a new, lower-energy ground state
associated with the magnetic ordering.
The change in electron density of
states at the Fermi surface was inde-
pendently verified by band-structure

calculations in association with ultravi-
olet photon emission spectroscopy.

All these observations and infer-
ences still do not pin down the cause
of the incommensurate spin structure
in GdSi. In metals, correlations among
localized spins, such as the 4 f-elec-
trons in GdSi, are typically mediated
by itinerant or conduction electrons via
the Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction. On the other hand,
changes at the Fermi surface are often
indicative of a formation of a spin den-
sity wave (SDW) — a periodic modula-
tion of the itinerant spins. The
relationship between these two organ-
izing principles has not been ad-
dressed in the scientific literature, and
it has been hard to determine whether
interaction or competition between
them can stabilize spin structure.

Sifting through all their evidence,
the researchers conclude that antifer-
romagnetism arises in GdSi through
cooperation between SDW and RKKY
mechanisms.

The key insights include observa-
tions of asymmetrically shaped mag-
netic x ray diffraction lines that are
indicative of the spin susceptibility and
can be traced to Fermi surfaces with a
quasi-one-dimensional form. This is a
strong evidence of nested Fermi sur-
faces that are needed for SDWs to
occur.

An equally important realization is
that the interaction between nested
itinerant electron spins could be medi-
ated by RKKY-organized local spins
rather than by lattice vibrations, or
phonons. Here, the SDW formation de-
termines the magnetic order wave vec-
tor and organizes local spins through
RKKY interaction to generate a com-
plementary ordered structure. This co-
operative mechanism is analogous to
what happens in the formation of a
charge density wave, in which an in-
commensurate charge distribution of
itinerant electrons is stabilized by an
ordered displacement of lattice ions.

Although the absence of interfer-
ence from orbital spins in GdSi makes
the cooperation between SDW and
RKKY easier to discern, the team sug-
gests that the mechanism is rather
generic and could be common in other
rare earth compounds with similar
structures. — David Lindley
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AN EMERGENT SPIN FILTER IN OXIDE ELECTRONICS

he field of spintronics is the study of how the spin of a material’s elec-

trons, and thus its magnetic moment, contributes to its electronic be-

havior. One device used in this research is a magnetic tunnel junction,
in which an insulating material is sandwiched between two layers of a ferro-
magnetic one. Electrons can tunnel through the insulating layer, traveling from
one ferromagnetic layer to the other. Scientists from Argonne, the Universidad
Complutense de Madrid (Spain), and Los Alamos National Laboratory utiliz-
ing experimental tools including an APS x-ray beamline characterized a mag-
netic tunnel junction structure made from all-oxide materials. By tuning the
magnetic properties of oxides, spintronics researchers may be able to pro-
duce next-generation electronic devices that are faster and use less energy.
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Fig. 1. XMCD spectra taken at the L-edges of manganese and copper,

showing an induced copper magnetization that is antiparallel to the man-

ganese magnetization.

The devices contained a layer of
insulating cuprate (PrBa,Cu;0,) be-
tween two layers of ferromagnetic man-
ganite (Laj ;Ca, sMnO,), which has a
high spin polarization. At low tempera-
tures, the spin of nearly all of the man-
ganite's electrons that contribute to the
charge transport point in the same di-
rection. At the interface between
cuprate and manganite, the cuprate,
which normally has zero net magnetic
moment, acquires an induced magnetic
moment. Past research has measured
this type of interfacial induced magneti-
zation, but not how it affected electron
transport.

The electrons' ability to tunnel
through the insulating cuprate layer,
known as the device's tunnel magne-
toresistance, was measured at Spain’s
Complutense University of Madrid. As
the Spanish members of the team de-
creased the temperature of the device,

the spin polarization of the manganite
increased. This was expected to en-
hance the tunnel magnetoresistance,
and it did: As temperature decreased,
magnetoresistance increased. How-
ever, at low temperatures--between
60K and 90K — the magnetoresistance
stopped increasing, peaked, and began
decreasing instead. This anomalous
decrease had never before been re-
ported in all-oxide magnetic tunnel
junctions.

To understand the unexpected
change, the researchers examined the
magnetization of the manganite layers
at Los Alamos National Laboratory.
Using polarized neutron reflectometry, a
technique that can probe magnetization
in thin films and quantitatively deter-
mine its value at different depths, they
found the magnetization to be equal to
that in bulk materials, even at the low-
est temperature. They observed no re-

duction close to the interfaces, as oc-
curs in several other thin films struc-
tures, and concluded the decrease in
magnetoresistance was not caused by
deterioration of the manganite layers'
magnetization.

Next, the researchers examined
the magnetic tunnel junctions utilizing
the XSD beamline 4-ID-C at the APS,
employing circularly polarized x-rays to
measure the sample's x-ray magnetic
circular dichroism, or XMCD (Fig. 1).
This spectrum, which contains informa-
tion about a material's magnetic mo-
ment, let researchers distinguish
between the magnetic moment of the
manganese ions in the manganite and
that of the copper ions in the cuprate.
They saw that magnetization in the
cuprate is induced by and linked to the
magnetization of the manganite in the
interfacial region. This induced net

“Emergent” cont’d. on page 38



X-RAY PEAKS POINT THE WAY
TO UNDERSTANDING HELICAL BEHAVIOR

itanium diselenide (1T-TiSe,) consists of hexagonal layers of titanium (Ti) lying

between similar layers of selenium (Se), thus forming Se-Ti-Se sandwiches

separated by relatively large gaps. Despite this simple lattice structure, 1T-
TiSe, exhibits complex behavior at low temperatures due to the emergence of charge-
ordered states resulting from electron shifts that give rise to a chiral (helical) charge
density distribution. To learn more about the transition from the normal state to the chi-
ral charge-ordered state, researchers subjected single crystals of TiSe, to 80-keV x-
rays at the XSD 6-ID-D beamline of the APS and followed up with analyses of the
temperature dependences of the specific heat, resistivity, and resistance anisotropy of
the crystals. The research indicated that the normal state gives way to a nonchiral
charge density wave state at about 190K, before transforming to a chiral charge-or-

dered state at about 183K.

TiSe, has long intrigued scientists
because it exhibits so-called charge
density waves (CDWs) at low tempera-
tures, whose origin is still being de-
bated. In the CDW phase, a three-
component variation in the charge den-
sity occurs, with each component being
related to a charge transfer process be-
tween one particular Ti-3d orbital and
two Se-4p orbitals (Fig. 1). This charge
ordering is accompanied by lattice dis-
tortions. If the three components of the
variation superimpose without any rela-
tive phase differences between them, a
nonchiral CDW state is produced.
When there are phase shifts, the three
components superimpose to form chiral
lattice distortions.

Detailed order parameter meas-
urements of the transition from the nor-

mal state to the charge-ordered phase
showed that a nonchiral CDW phase
transition occurs at Tepy = 190K. The
researchers then discovered previously
unobserved x ray diffraction peaks hav-
ing intensities about fifty times weaker
than the primary CDW peaks, while
searching for evidence of the emer-
gence of helical ordering below Txpy.
Measurements of one of the weak
peaks indicated that it evolved differ-
ently with decreasing temperature than
the primary CDW peaks, suggesting
the onset of a different type of order at
Teniral = 183K.

The temperature dependence of
the specific heat of TiSe, crystals cut
from the same samples used in the x-
ray diffraction experiments showed an
anomaly around 190K related to the

Fig. 1. One of the three components contribut-
ing to the proposed chiral CDW state in TiSe,.
The specific orbitals involved in the charge
transfer process for this component are indi-
cated (in blue for Ti and red and green for
Se). The combination of orbital order and
CDW formation allows the formation of the

chiral charge and orbital ordered state.

nonchiral CDW transition. Below this
temperature, the specific heat changed
linearly with temperature until about
182K, when a change in slope was
seen, indicating a change in the ther-
modynamic state of the sample.

The two principal components of
the resistivity were also measured as a
function of temperature. The derivatives
of both curves displayed sharp minima
at Tepy. Moreover, the resistivity
anisotropy showed a sharp peak at
183K.

The researchers in this study, from
the University of Bristol (UK), Drexel
University, Cornell University, and Ar-
gonne concluded that the low-tempera-
ture chiral charge-ordered state in
1T-TiSe, arises in a sequence of two

“Peaks” cont’d. on page 38
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Fig. 2. The effect of induced magnetization on electron tunneling. (Top) The populations of spin-up

and spin-down electrons are reduced as electrons tunnel from the ferromagnetic manganite layer on

the left into the insulating cuprate layer on the right. (Bottom) The ratio between spin-up and spin-

down is strongly affected by the induced magnetization at the cuprate’s interface and can even be

reversed, as shown here.
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magnetization is antiparallel to the mag-
netization of the manganite.

The cuprate's antiparallel magneti-
zation makes it harder for the mangan-
ite’s majority-spin electrons to tunnel
through, so more minority-spin elec-
trons reach the other side (Fig. 2). By
acting as a negative spin filter, the inter-
facial region of the cuprate comes into
competition with the manganite's high
positive spin polarization. This competi-
tion gives the magnetoresistance of the
magnetic tunnel junction a more com-
plex temperature dependence than had
previously been suspected, causing an
overall decrease at low temperatures.

Knowing how the induced magneti-
zation affects the transport of electrons
may have valuable spintronic applica-
tions. By tuning the interface's magneti-
zation, researchers can construct oxide
structures with desirable electronic
properties. — Sophie Bushwick
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closely separated phase transitions.
The first transition, at Tp, = 190K, in-
volves the onset of a nonchiral charge-
ordered state. The second transition,
which the researchers identified to
occur at Ty, = 183K, is characterized
by the emergence of previously unob-
served diffraction peaks, a sudden
change in slope of the specific heat,
and a sharp peak in the resistivity
anisotropy.

This sequence of two transitions
leading first from the normal state to the
nonchiral CDW state and only then to
the chiral charge-ordered state agrees
with theoretical predictions put forward
previously by one of the authors. In that
theoretical model, the possibility of
forming the novel chiral CDW state in
TiSe, is explained by the simultaneous
formation of orbital order. A direct pre-
diction of the theory of coupled charge
and orbital order is that the chiral state
cannot emerge directly from the disor-
dered state, but rather has to go
through a sequence of two closely sep-
arated phase transitions, as observed in
the current experiments.

— Vic Comello

See: John-Paul Castellan, Stephan
Rosenkranz', Ray Osborn!, Qing’an Li',
K.E. Gray', X. Luo', U. Welp', Goran
Karapetrov'2, J.P.C. Ruff'3, and Jasper
van Wezel'#* Chiral Phase Transition
in Charge Ordered 17-TiSe,,” Phys.
Rev. Lett. 110, 196404 (2013).
DOI: 10.1103/PhysRevLett.110.196404
Affiliations: 1Argonne National Labora-
tory, 2Drexel University, 3Cornell Univer-
sity, “University of Bristol
Correspondence:

* Jasper.vanWezel@bristol.ac.uk

Work at the Advanced Photon Source and
Materials Science Division of Argonne Na-
tional Laboratory was supported by the U.S.
Department of Energy Office of Science,
Basic Energy Sciences under Contract No.
NE-AC02-06CH11357.

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 ¢



APPLICATIONS

ENGINEERING MATERIALS &




THE SUPERPOWER BEHIND
IRON OXYFLUORIDE BATTERY ELECTRODES

team of scientists utilized the high-energy x-rays available at the APS to investigate

the fundamental basis for the performance advantage offered by mixed-anion iron

oxyfluoride (FeOF) conversion electrodes over electrodes made of simple oxide or
fluoride phases. This research represents the first-of-a-kind application of operando pair
distribution function (PDF) methods that probe the structure of battery electrodes in situ
while they are being cycled, in order to study electrochemical reactions in batteries. The
PDF measurements provided exceptionally precise insight into the atom-atom bond dis-
tances, the proportion of each type of atom-atom bond, and how these evolve over dozens
of points during the electrochemical reaction. This represents significant milestones in both
understanding electrochemical reactions in battery electrodes and in the experimental tools

available to investigate such reactions.

FeOF conversion reaction

G(r)
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Fig. 1. Structural changes probed using operando PDF analysis indicates a partitioning of a FeOF-based

electrode into fluorine- and oxygen-rich phases, with different reactivity for each component.

Innovative materials chemistries
continue to drive advances in lithium-
ion batteries — the state-of-the-art in
rechargeable energy storage. While
many different battery components con-
tribute to their performance, the largest
gains may be achieved through the de-
velopment of new electrode materials
that can power portable electronics
longer and propel electronic vehicles
farther. Electrodes based on so-called
“conversion chemistry” have the poten-
tial to double energy storage capacities
compared to electrodes in existing
rechargeable batteries. This higher en-

ergy storage capacity is achieved be-
cause each metal atom can react with
several electrons in conversion sys-
tems, compared to the single electron
limit of conventional electrodes. Al-
though these new materials initially de-
liver higher capacities, their capacities
often diminish with repeated charging
and discharging. Nevertheless, unusu-
ally good long-term performances, with
consistently high capacities, have been
found with mixed-anion systems such
as oxyfluorides. Although they combine
the favorable performance characteris-
tics of simple oxides and fluorides, the

Potential

electrochemical reactions giving rise to
the improved performance of these
more complex materials remain a mys-
tery.

Scientists from Argonne, the Uni-
versity of Cambridge, Stony Brook Uni-
versity, Rutgers University, and CIC
Energigune (Spain) carried out their
studies at XSD beamline 11-ID-B at the
APS. A notable result was that the evo-
lution of oxygen (O) and fluorine (F)
species could be separated despite
their nearly identical contributions to the
X-ray measurements. These element-
specific insights were recovered based



on the distinct chemical bonding char-
acteristics of these anions, with the
bond lengths and coordination numbers
within the electrodes being specified
with high precision by the PDF data.

The PDF study (in combination
with solid-state nuclear magnetic reso-
nance spectroscopy) enabled the eluci-
dation of a complex nanoscale
transformation mechanism and pro-
vided new insights into the functionality
of FeOF. Several critical insights
emerged from the work that will impact
the design of new battery materials:

* There is a preferential reaction of
the fluoride component during both
discharge and charge.

The active electrode does not con-
sist of the single-phase oxyfluoride
of the pristine uncycled electrode,
but rather contains multiple electro-
chemically active phases—an O-
rich rock salt phase and a F-rich
rutile phase (Fig. 1).

Competition between electrochemi-
cal reactions involving the rock salt
and rutile components in the active
electrode and frustration in O/F or-
dering within these phases may
favor the nanosized composite
electrode structure that contributes
to enhanced cyclability.

These results have important impli-
cations for producing other mixed-anion
systems, suggesting a possible cost-
and time-saving shortcut to achieving
exemplary electrochemical perform-
ance. There may be no need to go to
the trouble of preparing a single-phase
oxyfluoride, because simply mixing an
oxide with a fluoride could yield similar
performance improvements, which is an
entirely unexplored route for the devel-
opment of new battery materials. This is
particularly important in systems where
oxyfluoride phases are not known (such
as nickel).

The operando x-ray PDF studies
were made possible by a newly devel-
oped electrochemical cell that is com-
patible with PDF measurements and a
broad range of other x-ray scattering
and spectroscopic methods. Argonne’s
Multi-Purpose In-situ X-ray (AMPIX)
electrochemical cell [1] provides reliable
electrochemical cycling without compro-
mising the x-ray measurement. The
suitability of the AMPIX cell for a broad

Researchers and journal article co-authors in the 11-ID-B research station. Left to right: XSD postdoc

Olaf Borkiewicz, XSD chemists Karena Chapman and Peter Chupas, and XSD postdoc Kamila

Wiaderek. Borkiewicz and Wiaderek worked with Chapman and Chupas in the XSD Structural Sci-

ence Group. Next to Chapman’s hand is a multicell holder with six AMPIX electrochemical cells.

range of synchrotron-based x-ray scat-
tering and spectroscopic measurements
has been demonstrated with studies at
eight APS beamlines to date. Compati-
ble techniques include PDF analysis,
high-resolution powder diffraction,
small-angle scattering, and x-ray ab-
sorption spectroscopy. These tech-
niques probe a broad range of
electronic, structural, and morphological
features relevant to battery materials.
The AMPIX cell enables experi-
ments providing greater insight into the
complex processes that occur in operat-
ing batteries by allowing the electro-
chemical reactions to be probed at fine
reaction intervals with greater consis-
tency (within the charge-discharge
cycle and between different methodolo-
gies) with the potential for new time-de-
pendent kinetic studies or studies of
transient species. — Vic Comello
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COMPOSITE BATTERY BOOST

ew composite materials based on selenium (Se) sulfides that act

as the positive electrode in a rechargeable lithium-ion (Li-ion) bat-

tery could boost the range of electric vehicles by up to five times,
according to groundbreaking research carried out at the XSD 9-BM-B,C, 11-
ID-C, and 20-BM-B beamlines at the APS. The studies of the materials
demonstrated that they have the potential to pack five times the energy den-
sity of conventional batteries.
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Fig. 1. Normalized XANES spectra of Li/Se cell during cycling. The black line is the

battery voltage profile.



Lithium-ion batteries are ubiquitous
in rechargeable gadgets such as cell
phones, tablet PCs, and GPS devices,
as well as early electric vehicles. As
any user of these technologies will tes-
tify, the amount of energy that Li-ion
batteries can hold between recharges
can stand improvement, and all-electric
vehicles in particular will benefit from a
longer-lasting battery. The problem is
that existing electrode materials, while
relatively effective, cannot pack much
electrical energy into a small volume
and so range is limited.

Now, researchers from Argonne
and King Abdulaziz University (Saudi
Arabia) hope to remedy that problem.
They have focused on carbon-selenium
sulfide composites as an alternative
material to the conventional lithium
transition metal oxide positive electrode
material in standard batteries. These
composites are anticipated to have an
energy density five times higher than
conventional batteries. This could mean
up to five times greater range between
charging stations.

The researchers point out that in a
typical lithium battery, electrical capac-
ity is between 120- and 160-mAh per
gram of material. The use of the novel
composite materials can boost that ca-
pacity to around 678-mAh per gram.
While such a boost is theoretically very
attractive, understanding the nature of
the electrochemical changes taking
place when these materials are used
(instead of conventional lithium-metal
oxide electrodes) is vital to ensure they
will be viable in future batteries.

Using the 11-ID-C beamline at the
APS, the team carried out in situ syn-
chrotron high-energy x-ray diffraction
(HEXRD) studies and complementary,
selenium K-edge x-ray absorption near-
edge structure (XANES) analysis to ob-
serve the chemical changes that take
place in these novel electrode materials
as they charge and discharge a battery
(Fig. 1).

These measurements, which were
undertaken at more than 12-keV en-
ergy, were also done in transmission

mode on the bending-magnet beam-
lines 9-BM-B,C and 20-BM-B at the
APS. This technique allowed the team
to hone in on the changing chemistry of
the selenium atoms in the electrode
and how they shift between crystalline
and non-crystalline phases as current
and lithium ions flow through the exper-
imental battery's ether-based elec-
trolyte. Raman microscopy at Argonne's
Center for Nanoscale Materials pro-
vided additional information about the
Li,Se that was observed on the Li
anode of the charged cells.

The power of HEXRD and XANES
available on these x-ray beamlines al-
lowed instantaneous monitoring of the
phase changes in the electrode materi-
als under charge and discharge states.
The team could observe exactly what
intermediate stages the materials went
through as well as detecting their
chemical oxidation states. Such details
are critical to the development of a new
stable electrode material that might be
charged and discharged many hun-
dreds, if not thousands, of repetitions in
its lifetime.

The team discovered that it is the
chemical composition of the electrolyte
— the fluid that bathes the electrodes
and through which the charge-carrying
positive lithium ions flow — that seems
to have the most impact on the
changes that take place. The re-
searchers suggest it might be possible
to tune the efficiency of a battery based
on these new composites by optimizing
the electrolyte and so improve battery
performance still further.

The x-ray studies and analysis of
the electrochemistry of the electrode as
it operates have also allowed the team
to discover a plausible chemical mech-
anism for the processes involved in dis-
charging the battery. They explain that
the composite electrode is reduced to
form lithium polyselenide with more
than four selenium atoms per lithium
atom; additional discharging to lower
voltage leads to chemical species con-
taining two lithium ions per selenium
atom. Charging involves the reverse

process. This mechanism is first pro-
posed and experimentally proven by
the team, and it is similar to that seen in
experimental lithium-sulfur electrodes.
— David Bradley
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X-RAY DIFFRACTION IMAGING OF

SILICON MICROPOSTS FOR LITHIUM-ION BATTERIES

ue to its impressive performance characteristics, such as high

charge density and long-term cycling capability, lithium-ion (Li-

ion) battery technology is increasingly being incorporated in di-
verse energy storage applications, including the automotive and
aeronautical arenas. One key to improving Li-ion battery performance lies
in enhancing the efficiency of its electrodes. Silicon is a very promising
anode material in this regard. Unfortunately, crystalline silicon typically de-
grades quickly when used as a Li-ion battery terminal. This is due to sili-
con's decrystallization from the repeated uptake (lithiation) and expulsion
of lithium ions over multiple charge/discharge cycles. This degradation can
be reduced by utilizing silicon microstructures, like patterned thin films and
arrays of micro-sized “posts” (microposts). This study examined microp-
osts before and after electrical charging/discharging. To quantify the de-
gree of lithiation and decrystallization in the microposts, researchers
conducted x-ray reflection interfacial microscopy (XRIM) experiments at
the APS. Besides their important experimental findings, the research team
expects these experimental techniques will be used to examine a variety
of processes at solid/liquid interfaces, ranging from battery materials to
the behavior of complex oxides and geochemical processes.

slits

FZP
Inset:

close-up of sample
and beam footprint

FZP

sample

Fig. 1. The XRIM experimental setup. The micropost-array sample is shown at lower center; the crys-

tallographic directions shown next to the sample indicate the lattice planes of the low-index silicon.

Also shown are collimating slits and the charge-coupled device (CCD) detector (upper right), and the
focusing optics: the Fresnel zone plates (FZPs) and order sorting aperture (OSA) [the OSA is basically

a pinhole that reduces higher diffraction orders]. The circular inset depicts the x-ray beam footprint

on the micropost array.

Silicon's advantage as a battery termi-
nal material lies in its robust charge capac-
ity, since a single silicon atom can
covalently bind four lithium atoms. The abil-
ity to bind multiple lithium atoms, however,
results in crystalline silicon swelling fourfold
during its very first charging cycle. Microp-
osts fabricated from (111)-oriented silicon
wafers were previously found to preferen-
tially lithiate laterally, expanding from the
(110)-faceted sidewalls. The degree of lithia-
tion can be controlled by adjusting the size
and spacing of the posts, preventing their
delamination from the underlying metal elec-
trode.

In previous studies, electron mi-
croscopy was used to examine silicon mi-
croposts following their removal from a
simulated battery environment that had
been subjected to repeated charge/dis-
charge cycles. The microscopy measure-
ments revealed that some of the silicon
remained lithiated, accompanied by partial
decrystallization. Electron microscopy also
confirmed that lithiation was preferentially
initiated along the silicon's (110) facet.
These measurements, however, could not
directly reveal the amount of decrystalliza-
tion within the silicon microposts, nor could
electron microscopy be performed on micro-
posts while immersed in a Li-ion electrolyte.

Exploiting the penetrating power of syn-
chrotron x-rays at the APS, the research
team from Argonne and the University of llli-
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Fig. 2. (a) A raw (uncorrected) CCD image of partially lithiated
microposts. The dashed lines around each micropost indicate
areas excluded from the interpolated background. (b) In the
background-subtracted (or “residual”) images, zero intensity cor-
responds to the average reflectivity of the wafer (or basal

plane) upon which the microposts rest. The intensity was then

(110)

Fig. 3. XRIM images of a single micropost shown before (a) and
after (b) partial lithiation. (The dashed lines delineate the areas

used to analyze the crystallinity decrease from pre- to post-lithia-

tion. Distance scale bars, and the orientation of the silicon's crystal

scaled such that zero corresponds to the minimum reflectivity,

while the basal plane reflectivity is 1. Note the faint outline of

the edges of the slits (see Fig. 1) used to collimate the reflected

x-ray beam.

nois at Urbana-Champaign was able to
quantify the extent of decrystallization
and lithiation of silicon microposts. The
XRIM measurements were performed
utilizing XSD beamline 33-ID-D,E at the
APS on the evenly-spaced microposts
shown in Fig. 3(c). Situated atop a sili-
con wafer (or basal plane), each micro-
post was fabricated with sides of 6 um
x 6 ym and a height of 10 um. Within
the basal plane, the posts were spaced
10 um apart in one direction, and 17
um apart in the other. The high-resolu-
tion x-ray measurements (170 nm —
well below the microposts' dimensions)
were performed before and after lithia-
tion of the crystalline-silicon microposts,
following exposure to a sustained elec-
trical current.

The experimental setup is shown
in Fig. 1. The x-ray data was back-
ground-subtracted to correct for the in-
homogeneous illumination of the
focused x-ray beam. Figure 2 depicts x-
ray data before and after mathematical
refinement, obtained using x-rays re-
flected from a row of microposts. X-ray
reflections from the tops of the microp-
osts clearly stand out in the corrected

image [Fig. 2(b)].

Figure 3 depicts x-ray reflections
off the top of a single micropost, both
before [3(a)] and after [3(b)] lithiation.
The reduced lateral extent of the micro-
post's effective size in Fig. 3b indicates
a reduction in silicon crystallinity in the
partly-lithiated micropost, which further
analysis determined to constitute a 5%
reduction in crystallinity in the vertical
(the up-and-down direction in the
image), and 13% horizontally (side-to-
side). Since the image is taken from
above, this shows a reduction in crys-
tallinity in the lateral directions; in con-
trast, the x-ray data indicates that the
top of the micropost experienced al-
most no decrystallization. The lateral
lithiation of the microposts is clearly
seen in the electron micrograph of Fig.
3(d).

The researchers anticipate that
with additional improvements in XRIM
instrumentation, dramatic new informa-
tion about the morphology of diverse
types of silicon microstructures will be
uncovered. Improvements in resolution
from 170 nm to 60 nm, as well as faster
imaging rates due to extensive changes

planes, appear near the bottom of each panel.) Panels (c) and (d)
are scanning electron micrographs of micropost arrays taken after
the XRIM measurement. Panel (c) is a cross-sectional view. Panel (d) is
taken from above (plan view), which matches the perspective used
for the single micropost of panels (a) and (b). Lithiation is clearly

seen in both (c) and (d) as a lateral bulging of the microposts.

in the XRIM setup, will provide more de-
tailed measurements of microposts and
other materials.

— Philip Koth and William A. Atkins
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STRAIN EFFECTS IN VO9 MICROCRYSTALS

etal-insulator transitions (MITs) were first observed in metal oxides more

than 50 years ago. These temperature-dependent transitions often change

a material's crystalline phase and result in a shift between the electrically-
conducting metallic and non-conducting insulator states. This transition can dramati-
cally alter the material's optical characteristics, magnetic properties, etc. Such MIT
phenomena have been exploited in many sensor and switching applications. Re-
searchers from Oak Ridge National Laboratory, Southern lllinois University at Carbon-
dale, Argonne, and North Carolina State University utilized x-ray microdiffraction — with
micron-sized x-ray beams — to probe inside individual micro-sized crystals (micro-
crystals) of the important MIT material vanadium dioxide (VO,). In most technical ap-
plications, the VO, consists of a thin film deposited on a substrate (i.e., as an epitaxial
thin film). The microcrystals were imaged using both monochromatic (single-wave-
length) and polychromatic (multi-wavelength) microdiffraction, producing highly-detailed
information of sample microstructure. Using different strain and temperature regimes
enabled the researchers to observe the evolution of various crystalline phases in the mi-
crocrystals. When combined with other methods (e.g., electron diffraction), these mi-
crodiffraction techniques provide new insights into controlling phase formation in VO,,
which in turn should lead to improvements in devices such as field-effect transistors

and ultrafast optoelectronic switches.

Fig. 1. Three types of VO, samples studied using x-ray microdiffraction. (a) Microcrystals grown di-
rectly on a SiN membrane and on a rigid silicon support. (b) Microcrystals suspended across gold

electrical contacts and attached with liquid metal.

Figures 1(a) and 1(b) illustrate the
range of sizes of the VO, microcrystals
(note the scale bar) and the three differ-
ent surface types used to hold them.
Each surface mounting technique in-
duced a different level of stress within
the microcrystals, which in turn influ-
enced their crystal phase formation and
distribution. The highest induced stress
resulted from situating the microcrys-
tals on a rigid silicon substrate; signifi-
cantly less stress resulted from
mounting them on a flexible silicon ni-
tride (SiN) membrane or by suspension
between liquid-metal electrical con-
tacts. For each of the three setups, the
temperature was varied to determine
the phase stability of the microcrystals
near the metal-insulator transition tem-
perature.

Both the monochromatic and poly-
chromatic (white) x-ray experiments
were performed at XSD beamline 34-
ID-E of the APS. X-ray optics focused
the synchrotron x-rays down to a width
of ~400 nm. White x-ray measurements
produced Laue diffraction patterns that
yielded the crystal structure and orien-
tation. Monochromatic x-ray measure-
ments provided the additional
information needed to reconstruct the



local strain distribution to high resolu-
tion (less than half-micron spatial reso-
lution).

Three crystal phases were ob-
served in the VO, microcrystals: the
monoclinic M1 and monoclinic M2

phases, which behave as insulators,
and the conducting rutile (R) phase (ru-
tile derives from rutilus, Latin for red;
this crystal phase most commonly oc-
curs as a reddish mineral of titanium
dioxide, TiO,). As the temperatures of
the microcrystal samples were
changed, the phases of the microcrys-
tals transitioned from one type to an-
other. However, these transitions varied
markedly according to sample stress.
For instance, in the stress-free sus-
pended samples, transitions between
the M1 and R phases occurred abruptly
following temperature changes as little
as 0.003° C. The strain-free samples
exhibited another interesting feature:
when subjected to a higher threshold
electric current, the M2 and R phases
co-existed as alternating, triangular do-
mains (regions) within the microcrystals
[Fig. 2(b)]. At a lower current, however,
these alternating domains disappeared
and only an abrupt M1-to-R transition
was observed.

In the highly-strained environment

of the rigid silicon substrate, coexisting
R and M2 phases appeared with a pro-
nounced strain-field (a high-gradient
strain pattern) very close to their inter-
face. The highly-strained microcrystals
also exhibited submicron-sized M2
twins. Twinning occurs when two do-
mains of the same type of crystalline
lattice (in this case the M2 phase) meet
and mismatch — i.e., the crystallo-
graphic directions of the same crystal
phase are misaligned in a symmetric
way. For microcrystals on the flexible
membrane, transitions between the M1
and R phases occurred abruptly
throughout their entire volume.

The researchers demonstrated that
a wide variety of crystal domains and
phases can be formed in VO, micro-
crystals simply by varying their strain
environment. This has significant impli-
cations for VO, thin films, which consti-
tute the most commonly used form of
VO, in electronic and sensor devices.
The presence of local strain inhomo-
geneities undoubtedly produces an as-
sortment of crystal phases and
domains, which in turn contribute to the
broadened and shifted phase transi-
tions observed in these thin films. Con-
trolling the strain profile of VO, thin
films should lead to better control of

Fig. 2. Different phase behaviors when bias
voltage is changed. Top: Single-crystal phase
and abrupt phase transition at low-bias volt-
age. Bottom: Phase separation into triangular
monoclinic M2 and tetragonal rutile (Tet Rutile)
domains at higher bias voltage. The microcrys-

tal is about 18-Um wide.

their characteristics, with the potential
for application to similar metal-oxide-
based MIT materials.

— Philip Koth and William A. Atkins
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GAUGING REACTION VELOCITIES IN MULTILAYER FOILS
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oils made of nanoscale layers alternating between transition elements such as

nickel, niobium, zirconium, or titanium; and light elements such as aluminum, sil-

icon, boron, or carbon can react in a rapid, exothermic wave that burns through
the foil at a steady speed (Fig. 1). Such reactive multilayer foils typically consist of hun-
dreds of layers of metal, each layer just a few nanometers thick. A single foil can contain
over 500 pairs of layers, known as bilayers. For example, a commercially available re-
active multilayer called NanoFoil® contains alternating layers of nickel and aluminum
multilayers and is used commercially as a local heat source for soldering. In general, the
speed of the foil’s reaction front slows as the thickness of a single bilayer increases. But
in at least one pair of metals, the speed-thickness dependence breaks down. Re-
searchers used the intensely bright x-rays at the APS to image the reaction front of such
an anomalous system, made from layers of aluminum (Al) and zirconium (Zr). Though
they still do not know why the speed-thickness dependence breaks down in the Al/Zr foil,
the researchers did obtain a detailed view of the crystalline phase transformations that
occur during the rapid reaction. Their results could eventually help fine-tune such metal
bilayer systems, which are used for precision welding, chemical time delays, and heat

sources for bioagent destruction.

The Al/Zr multilayer foils tested in
this study have a 3:1 atomic ratio of
aluminum to zirconium, and they show
an anomalous behavior: The reaction
velocity stays a constant 7.7 m/sec
even as the bilayer thickness increases
from 20 nm to 30 nm. It is a puzzling
discrepancy that Johns Hopkins materi-
als scientists have been investigating. A
colleague at Lawrence Livermore Na-
tional Laboratory suggested that the
zirconium might undergo a phase
change due to the heat given off by the
reaction, and this phase change might
alter the speed of the reaction front. At
room temperature the zirconium has a
hexagonal close-packed crystalline
phase, but at high temperatures it can
shift to a body-centered cubic structure.

To test this idea, the Johns Hop-
kins researchers with colleagues from
Argonne performed in situ x-ray mi-
crodiffraction at XSD beamline 7-1D-B
at the APS. The very bright yet tightly
focused x-ray beam allowed them to
zoom in on the tiny area in which the
reaction was occurring and watch to
see if the zirconium crystalline phase
changed (Fig. 1). The APS produces a

< Fig. 1. A macroscopic view of the reaction
front. The exothermic mixing of aluminum and
zirconium heats the foil to white-hot on the left;
the unreacted foil is still gray. The reaction
front where the two regions meet, at the 4-in.
mark on the ruler, is obvious. Photo: Todd Huf-

nagel, Johns Hopkins University.

billion times more photons per second
than the typical laboratory x-ray source,
giving a higher probability that enough
photons would interact with the reaction
front to accurately picture the crystalline
structure of the metal as it passed
through the x-ray beam. The experi-
ment worked; it clearly showed that the
zirconium did not undergo a phase
change at the reaction front prior to
mixing with the aluminum.

While the researchers ruled out
this possible explanation, they saw
something else. A separate experiment,
using the undulator x-ray source at
XSD beamline 32-ID-B, revealed that
the nature of the reaction front itself
shifted in foils with different composi-
tions. Multilayers with the same bilayer
thickness but Al:Zr ratios of 1:1 had un-
even reaction fronts that propagated
through the foil in a step-wise motion. If
the 3:1 Al/Zr foils had the same un-
steady propagation, this could explain
the unexpected speed-bilayer relation-
ship. However, the multilayers with a
3:1 ratio of aluminum to zirconium had
steady, planar reaction fronts, foiling
this explanation as well.

The researchers are now exploring
numerical simulations of reaction prop-
agation with the hopes that they can
replicate the speed anomaly. A more
precise understanding of reaction prop-
agation in the Zr/Al system will give in-
sight into the thermodynamics of these
reactive nanosystems and ultimately

could enhance our use of reactive multi-
layer foils in nanoenergetics-on-a-chip,
precision welding of microscopic com-
ponents and other advanced applica-
tions. — Kim Krieger
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BUILDING BETTER CATHODES FOR
RECHARGEABLE, EARTH-FRIENDLY BATTERIES

new nanostructured material has qualities necessary for good cathodes in next-gen-

eration rechargeable batteries. Researchers at Argonne, The University of Chicago,

and the lllinois Institute of Technology mixed iron oxide nanoparticles and carbon
nanotubes to create a cathode that allows fast charge transfers and cyclability in a sodium ion
battery. Using x-rays from two beamlines at the APS, they monitored the material as ions
moved into and out of the cathode’s crystal lattice. Because iron oxide, carbon, and sodium are
all abundant materials, this is a promising route to developing efficient, cost-effective, recharge-
able batteries. These results were the cover subject of Chemistry of Materials 25(7), 2013.
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Fig. 1. Transmission electron micrograph of the hollow iron oxide nanoparticles (left) and depiction of the elec-
trode structures (right). The electrodes were used to test the intercalation and deintercalation of Na* ions in hol-

low iron oxide nanoparticles that were found to have a high concentration of iron vacancies.



Portable electronics and hybrid
cars are powered by lithium ion (Li-ion)
batteries. The technology provides de-
sirable charge capacity and cyclability
at a commercially viable price and
weight. But Li is a limited resource,
whereas the demand for batteries con-
tinues to grow. Sodium (Na)-ion batter-
ies utilize materials that are more
abundant than Li, but are not as well
developed. Many cathodes (which at-
tract positively-charged ions from the
electrolyte solution in the battery) de-
signed for Li-ion batteries perform
poorly in batteries that use the larger
Na ions.

A test battery built using Argonne's
Center for Nanoscale Materials (CNM)
from a cathode made of hollow iron
oxide nanoparticles and carbon nan-
otubes was subjected to multiple
charge and discharge cycles. The re-
searchers then took electron micro-
scope images, again at the CNM, of the
materials before and after charging.
Using synchrotron x-rays they could
also monitor changes in the cathode
while the battery cycled.

To understand what happens when
the Na ions move into the iron oxide
nanoparticles, the researchers used
two x-ray absorption spectroscopy
methods that allowed them to study the
local structure around certain elements
in the cathodes: x-ray absorption near
edge structure (XANES) and extended
x-ray absorption fine structure
(EXAFS). They used XANES to figure
out the oxidation state of the iron and
thus determine the concentration of va-
cancies (areas into which Na ions could
move) in different positions in the crys-
tal lattice. The XANES and EXAFS
measurements were conducted at the
MR-CAT 10-ID-B beamline at the APS.

The researchers also used x-ray
diffraction to study changes in both the
crystalline lattices and vacancies.
These measurements were performed
at the GSECARS beamline 13-ID-C,D
at the APS.

Electrodes usually fail because of
damage to the material. As ions move
into and out of the cathode, delivering
charge, the cathode swells or shrinks,

which can literally pulverize the oxide
electrode. As damage accumulates, the
pathways that guide charge out of the
battery are also damaged, so over a
number of cycles the efficiency of the
battery declines. To combat this dam-
age, the researchers used CNM's syn-
thesis facilities to create hollow
nanoparticles — which tolerate volume
changes well — sandwiched between
carbon nanotubes, providing good elec-
trical connectivity even if the charge-ac-
cepting material is damaged. Using
XANES measurements, they discov-
ered many cation vacancies in the iron-
oxide structure, about four times higher
than in most cathode materials.

Nanoparticles made up 45% of the
electrode by weight. The researchers
found that the Na ions enter the vacan-
cies faster than iron oxidizes. Thus,
charge transfers from the electrolyte to
cathode faster than the chemical reac-
tion that would change the cathode ma-
terial from an inverse spinel to a rock
salt structure. They tested the speed of
charging and the electrode’s capacity
(in other words, how much electric
charge can be provided by a certain
weight of material). The electrode had a
large and reversible capacity of 189
mAh/g. But many good cathodes for
Na-ion batteries fade quickly, so how
does this one stack up to repeated
charging? Strikingly, after 500 cycles of
quickly draining a lot of charge (99
mAh/g) from the test cell, the re-
searchers found that the cathode re-
tained its capacity.

They discovered that the Na ions
move inside the hollow nanoparticles
and do not damage the crystal structure
of the cathode. In fact, the crystal struc-
ture improved with use. Also, when
subjected to many cycles at high cur-
rent rates, the capacity increased! They
believe that the vacancies become or-
ganized into channels that make it eas-
ier for Na ions to move through the
structure.

This is the first Na cathode mate-
rial that shows high-rate performance
while maintaining capacity, to the best
of the researchers’ knowledge. There-
fore, the hollow nanoparticles sand-

wiched by carbon nanotubes offer an
Earth-friendly and efficient cathode ma-
terial for Na-ion batteries. The re-
searchers continue to investigate the
cathode by changing the concentration
of vacancies via doping the ferrous
oxide with multivalent cations.

— Yvonne Carts-Powell
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TURNING UP THE POWER IN ORGANIC SOLAR CELLS

olar cells are an important component of renewable energy, and poly-
mer solar cells are particularly attractive for some uses. They're light-
weight and flexible, so they’re easily integrated with architecture, and
they can be manufactured on plastic surfaces using inexpensive roll-to-roll
printing. Polymer solar cells, however, lag behind their silicon counterparts in
their efficiency at converting sunlight to electricity. Now, based on experiments
carried out at the APS, researchers have reported a new approach to boost-
ing that efficiency, potentially making them more practical and cost effective.

Fig. 1. A schematic of a solar cell (top right) shows a glass substrate coated with indium tin oxide, a

layer of polymer sandwiched between zinc oxide and molybdenum oxide, and a silver contact on
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top. X-ray scattering revealed the organization of the polymer molecules (left) with the blue ribbons

of PCBM arranged in stacks that, together with -1 stacking, allows charge to move more easily.

Three factors contribute to the
power conversion efficiency of all types
of solar cells, including polymer solar
cells: the short-circuit current, the open-
circuit voltage, and the fill factor. Fill
factor is the ratio of the maximum
power available from the solar cell to
the product of the short-circuit-current
and open-circuit voltage.

Although increasing conversion ef-
ficiency can be achieved by adjusting
the polymer properties to improve ei-
ther the short-circuit current or the
open-circuit voltage, the two properties
may compromise each other. Ulti-
mately, raising the fill factor is a key to
boost cell power conversion efficiency,
but the best result researchers had
been able to achieve in the past was

72%, with most polymers falling far
short of that.

The team of researchers from Ar-
gonne, Northwestern University, South
University of Science and Technology
of China, the University of Malaga
(Spain), and the Polyera Corp. devel-
oped polymers that enable the produc-
tion of solar cells with fill factors of 76 to
80%, the highest ever achieved. That
leads to a power conversion efficiency
of 8.7%, but the researchers say further
adjustments should bring that to above
10%. The eventual goal, they say,
would be to create polymer solar cells
with 15% power conversion efficiency.

The polymers the researchers cre-
ated were poly[5-(2-hexyldodecyl)-1,3-
thieno[3,4-c]pyrrole-4,6-dione-alt-5,5-(2

,5-bis(3-dodecylthiophen-2-yl)-thio-
phene)] (PTPD3T) and poly[N-(2-hexyl-
dodecyl)-2,2'-bithiophene-3,3"-dicarboxi
mide-alt-5,5-(2,5-bis(3-decylthiophen-2-
yl)-thiophene)] (PBTI3T). They com-
bined these electron donating polymers
with fullerene (“bucky ball”) electron ac-
ceptors in films to create bulk hetero-
junction solar cells. In such solar cells,
light striking the material creates exci-
tons in the polymers, which can be split
into positive and negative charges at
the intersection between the polymer,
acting as an electron donor, and
fullerene molecules, acting as an elec-
tron acceptor. The positive charges in
the polymers and the electrons in the
fullerene clusters in the films then flow
to the solar cell's respective electrodes



L. to r.: Lin X. Chen (CSE and Northwestern University), Joseph W. Strzalka (XSD), and Sylvia J. Lou

(Northwestern University) in the 8-ID-E research station.

to provide power. Enhancing the ease
with which excitons split and charge
carriers transport through the material
and reducing the probabilities for the
positive and negative carriers to recom-
bine will improve the fill factor, and
hence the solar cell efficiency.

Using XSD beamline 8-ID-E at the
APS, the team made grazing incident x-
ray scattering measurements that al-
lowed them to study the orientation and
arrangement of the molecules in the
thin bulk heterojunction films on an
electrode substrate. Though the mole-
cules of a polymer are not as ordered
as those in a silicon crystal, they were
found to be arranged in an orderly
enough fashion in one dimension to
have polymer aligned at the interface.
The polymers, the researchers found,
were arranged in ribbons, stacked flat
on top of the electrode in an arrange-
ment known as T1-17 stacking. The
arrangement creates a periodic struc-
ture that allows positive charge carriers
to move from ribbon to ribbon easily,
thus improving the carriers’ mobility and
maximizing the contacts with the elec-
trode to enhance the charge collection
efficiency.

The fullerenes, however, tend to
form big clusters and interrupt the poly-
mer stacking, so the team looked at
what happened when they added 1,8-
diiodooctane (DIO) to the mix. The DIO
caused the fullerenes to be dispersed

more evenly among the polymer rib-
bons. Because the intersection be-
tween fullerenes and polymer is where
the charge carriers are most likely to
separate into positive and negative, dis-
persing the fullerene more regularly to
create an optimal number of these junc-
tions to allow more excitons to split into
charge carriers effectively.

Many parameters of the materials
that go into polymer solar cells can be
adjusted to improve performance, and
not all the mechanisms that work
against high efficiency are fully under-
stood, but the researchers say their
demonstration that they can enhance
the fill factor to record levels means that
the devices, which have doubled their
efficiency in the last five years, will con-
tinue to improve.

— Neil Savage
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NEW MATERIALS FOR CAPTURING CARBON DIOXIDE
FROM COMBUSTION (GASES

arbon dioxide is both a culprit in global warming and also responsi-

ble for keeping the Earth warm enough to support life as we know it.

It is odorless and colorless, often represented by a smokestack
plume trailing into the sky, signifying pollution and greenhouse gases. That
plume is actually water vapor, which together with carbon dioxide and nitro-
gen makes up the majority of the gas exhausted from power plants burning
fossil fuels. But water vapor turns out to be an obstacle to removing carbon
dioxide from power plant emissions. Studies carried out at the APS support
the effort to quantify the ability of new materials to capture carbon dioxide,
even while in the presence of water.

SIFSIX-2-Cu SIFSIX-2-Cu-i SIFSIX-3-Zn

CO, selectivity :

Fig. 1. The SIFSIX materials in order of increasing carbon dioxide selectivity, from left to right. The

bright blue spheres in SIFSIX-2-Cu-i represent the interpenetrating network. The nitrogen ring mole-
cules link together the SIFSIX materials; SIFSIX-2-Cu and SIFSIX-2-Cu-i use 4,4'-dipyridylacetylene as
a linker while SIFSIX-3-Zn uses pyrazine.



From an engineering perspective,
the metal-organic material for a post-
combustion chamber must capture car-
bon dioxide efficiently, it must be
reusable, and it must require less en-
ergy than existing solutions, which can
require as much as 30% of the energy
produced by the plant. In materials sci-
ence terms, this means a high selectiv-
ity for carbon dioxide, just enough
affinity for carbon dioxide that the gas
adsorbs onto the material, but not so
much the gas cannot be extracted then
sequestered, and a large uptake of car-
bon dioxide per volume of the material.

Scientists with the University of
South Florida and King Abdullah Uni-
versity of Science and Technology
(Saudi Arabia) are exploring new mate-
rials based on a pre-existing combina-
tion of copper, bipyridine (CsH4N), and
the hexafluorosilicate anion SiF62‘. Pre-
vious research by this team showed
that the SiF62', which they refer to as
SIFSIX, has strong, favorable interac-
tions with carbon dioxide. From this
base, they created three materials: SIF-
SIX-2-Cu, SIFSIX-2-Cu-i, and SIFSIX-
3-Zn, described in Fig. 1.

The team's measurements of car-
bon dioxide uptake for each material al-
lowed them to reject SIFSIX-2-Cu due
to its low value. Using the Ideal Ad-
sorbed Solution Theory (IAST) (in solu-
tion thermodynamics, a predictive
model that does not require any mixture
data and is independent of the actual
model of physical adsorption) they con-
firmed that the SIFSIX-2-Cu carbon
dioxide selectivity was also low, proba-
bly because the SIFSIX anions that line
its cell walls are not sufficiently close to-
gether to boost each other's potential
for attracting carbon dioxide. SIFSIX-2-
Cu-i and SIFSIX-3-Zn have uptake val-
ues similar to those of benchmark
materials.

Single-crystal x-ray diffraction stud-

ies at the 15-ID-B,C,D beamline and
calculations of the enthalpy of adsorp-
tion, which relates to the materials'
affinity for carbon dioxide, showed that
SIFSIX-2-Cu-i and SIFSIX-3-Zn adsorb
carbon dioxide uniformly over a range
of carbon dioxide loading. The adsorp-
tion is efficient and reversible, meaning
that the CO, is easily captured but also
easily removed from the SIFSIX mate-
rial, so it can be sequestered. This
makes the material reusable.

However, carbon dioxide selectivity
is the most important characteristic for
a metal-organic material to be used in
post-combustion chambers. The high
values for SIFSIX-2-Cu-i calculated
using IAST — higher than any bench-
mark material, not just metal-organic
materials — surprised the team. They
confirmed these results using break-
through tests. The selectivity of SIFSIX-
3-Zn was even higher than
SIFSIX-2-Cu-i; the team confirmed
those results using both breakthrough
tests and by measuring single-gas ad-
sorption isotherms.

Because water is present in the
post-combustion gases of fossil fuels,
the researchers needed to show that
the selectivity of the materials does not
decrease in the presence of water.
They found that the ability of SIFSIX-3-
Zn to preferentially select carbon diox-
ide was unaffected by water, because
the SiF62- anion attracts polarizable
molecules — carbon dioxide is more
strongly polarized than other post-com-
bustion gases — making the SIFSIX-3-
Zn hydrophobic.

Both SIFSIX-2-Cu-i and SIFSIX-3-
Zn have the characteristics necessary
to capture carbon selectively and effi-
ciently in a power plant's post-combus-
tion chamber. Both materials keep a
firm but not unbreakable hold on the
carbon dioxide allowing it to be re-
leased through pressure or temperature

changes, then sequestered into geolog-
ical formations or empty oil wells. These
materials are an ideal start for engineer-
ing a carbon capture solution in post-
combustion chambers.

— Mary Alexandra Agner
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‘umans: have deyised many amazmg and versatlle materials
. (such as ‘plastic and steel) that do not exist in nature. On the ~ -
: : : : , .1 other hand, nature’ has created structures and substances that -
foat -y » L s e R R N ; materrals smentlsts and engmeers can only envy: One example is ‘the .
4 : & W i) : ' » adhesive. structures or byssus used 10} mussels, oysters, and barna- ,
' e X ‘ . clesto fasten themselves to surfaces. The bivalve Anomia simplex; aka
- & P i ] .- the common jmgle shell (Ieft) Has a’ byssus that is partly organic and
R e R s e Lo DALY composed of polymorphlc crystalllne materlal -This :complex
. i : Fi g byssus material is incredibly adheswe and strong even in condltlons
; ‘that degrade synthet_rc substances. Studying-such pelymorphic materi-
als to'determine the oonnections between.the material’s design-and its
functiIOn'has been challe‘nging becaﬁse their components'share highly.
5|m|Iar absorptlon and refractlve qua,lltles that make them difficult to dis-
tlngmsh through conventlonal non destructlve x-ray techniques'such as
micro- co_mputed tomography. Now research at:the APS has mapped the

S 3 i ke : : -2 ar_ago‘n'ite,_an'd calcité polymorphs in the byssus of A. simplex. This work
- 7 - j; f ' provides important clues to the underwater adhésion properties of the .
.':'1.. I i - Anomia simplex byssus and demonstrates the value of diffraction to- -

The experimenters from Aarhus
University (Denmark), Northwestern
University, and Argonne examined A.
simplex specimens at the XSD 1-ID-
B,C.E beamline of the APS. They uti-
lized non-destructive x-ray diffraction
tomographic methods to reconstruct
the distribution of various crystalline
phases in the material and determine
the degree of local magnesium substi-
tution through analysis of reconstructed
powder diffractograms. The specimens
were examined whole, without being
cut or sectioned in any way.

The A. simplex byssus is a highly
calcified and complex structure, con-
sisting of a lamellar section that inter-
acts with the musculature and a more
porous section that faces the hard sur-
face. The lamellar section is composed
of highly crystallized organic material
sheets that extend both into the mus-
cles and through the porous part of the
byssus all the way to the attachment
surface. The byssus begins in a young
A. simplex as a small lamellar organic

'mography in the_detailed study of complex materials.

plate that slowly mineralizes and in-
creases in size as the animal grows,
adding calcified support below.

The researchers collected both ab-
sorption and diffraction data simultane-
ously, obtaining maps with 50-ym
resolution. They found that they were
able to obtain much more valuable in-
formation from the diffraction tomogra-
phy. The x-ray absorption studies
showed macroscopic-scale features
with little detail, while the diffraction
studies allowed data-rich reconstruc-
tions using two different approaches,
one examining specific regions of inter-
est in particular diffraction angles con-
sistent with different polymorphs, and
the other generating full reconstructed
powder diffractograms. The first ap-
proach demonstrated that the calcite
and aragonite polymorphs were present
in quite distinct areas of the byssus:
aragonite solely in the lamella, calcite
solely in the porous region.

The reconstructed powder diffrac-
tion data from the second approach

showed the degree of magnesium sub-
stitution in the porous calcite areas,
where magnesium can substitute into
the calcite structure leading to shifts in
its diffraction peaks. The investigators
found bands of high magnesium con-
tent in the porous areas of the byssus,
especially near the interface with the
lamellar volumes.

They explain that two separate
mechanisms could account for the
presence of magnesium in the byssus.
The first is structural adaptation due to
increased mechanical stress (the pres-
ence of magnesium strengthens and
stiffens the calcite structure of the
byssus).

A second possibility is that seawa-
ter infiltrates the byssus and magne-
sium is thus incorporated into it as a
byproduct of normal growth. This is
supported by the discovery of a gener-
ally higher amount of magnesium near
the interface between the lamellar and
porous regions of the byssus, as mag-
nesium cannot incorporate into the
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Fig. 1. The byssus of the bivalve Anomia simplex provides the anchor between mussel

and substrate. Panel (a) shows a schematic cross-section of the animal (left) and (right)

a three-dimensional micro-computed-tomography rendering of the mineralized byssus.

The red lines mark three layers that were investigated by diffraction tomography. Pan-

els (b) and (c) map the results of diffraction tomography. Panel (b) is the distribution of

the two CaCO, polymorphs, calcite (turquoise) and aragonite (magenta), proving that

aragonite is confined to the lamellar part of the byssus. Panel (c) shows the percentage

of magnesium that has substituted into the calcite lattice in the place of calcium.

aragonite

aragonite structure but will be pushed in
front of the growth zone, giving an in-
creased magnesium concentration at
the interface. The investigators note
that the question is still unresolved and
bears further investigation.

The ability to map the relative dis-
tribution of polymorphs and local varia-
tions in the crystalline phases (here
giving magnesium substitution in the A.
simplex byssus) demonstrated in this
work provides an impressive example
of the value of diffraction tomography in
the detailed study of complex materials.
Because these techniques are com-
pletely non-destructive both mechani-
cally and from a radiation exposure
standpoint, the same specimen can
later be studied using different meth-
ods. Particularly in cases where such

calcite

concerns are most important, as when
dealing with biological specimens, this
makes diffraction tomography an invalu-
able tool. — Mark Wolverton
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A HIDDEN STRUCTURE IN
AMORPHOUS BIOMINERAL DEPOSITS

morphous solids lack the long-range, periodic structure of a crystal, but

order is still present on short and medium length scales. Materials sci-

entists are interested in amorphous materials because they can be eas-
ier to mold into complex shapes than can their crystalline counterparts. This is
also the reason that certain organisms use non-crystalline solids, such as amor-
phous calcium carbonate (ACC). A new study of ACC from a marine lobster finds
that it is surprisingly similar in structure to less stable varieties of ACC made in
the lab. The results come from x-ray scattering measurements carried out with
high-brightness x-rays from the APS. The researchers conclude that observed
differences between biogenic and synthetic ACC may come from the state of
water molecules intermingled with the calcium carbonate.

Fig. 1. This structure for amorphous calcium carbonate is based on modeling of the total x-ray scatter-

ing data collected at APS. The different atoms are depicted with different colors: calcium = blue; oxy-
gen = red; carbon = black; and hydrogen = white. The black triangles indicate the orientation of the

different carbonate groups (CO,). Image courtesy of R. Reeder (Stony Brook University).

Crystals typically form by nucleat-
ing out of solution. However, it is possi-
ble to build a crystal by passing through
an amorphous phase that acts as an in-
termediate step. A beautiful example of
this comes from the sea urchin, whose
long brittle spines are single crystals of
calcium carbonate (CaCOj). It would
be very hard to grow this shape directly,
so the sea urchin instead fashions the
spines out of ACC and then lets them
transform naturally into a more stable
crystalline form.

Scientists would like to mimic or-
ganisms like the sea urchin by using
ACC or another amorphous solid to
create thin films and other complicated
structures. However, synthetic varieties
don't often perform as well as biogenic
ones. To provide some new insight into
biogenic ACC, a team of researchers
from Stony Brook University and the
Lobster Conservancy has performed a
series of experiments on ACC samples
taken from the American lobster
(Homarus americanus). Like closely re-
lated fresh-water crustaceans, the
American lobster uses ACC to store
calcium during its molting process.
When molting begins, calcium is drawn
out of the lobster's shell and stored as
ACC in centimeter-wide disks, called
gastroliths, located near the stomach.
The high solubility of ACC makes this a
practical storage medium because the
calcium is relatively easy to retrieve
later when the lobster reforms its shell.



Figure: Homarus americanus, the American lobster, from Report of the United
States Commissioner of Fisheries, 1897 ; courtesy of the Freshwater and Marine
Image Bank. Why do lobsters turn red when cooked? A relatively simple ex-
planation for the color change emerged in a study published in 2002 [M. Cianci
et al., PNAS 99(15), 9795 (2002)]: Heat changes the shape of a protein called
beta-crustacyanin in the shell, relaxing its bonds with the pigment astaxanthin.
The freed pigment reflects wavelengths of light in the red spectrum. But it turned
out that the heat-related shape change accounted for only about a third of the
color difference, according to a 2005 study by Dutch researchers [A.A.C. van
Wiik et al., JACS 127(5), 1438 (2005)]. The new research pointed to a com-
plex quantum-physics interaction that would account for a much larger shift —
and for the living lobster’s original color. When the red pigment is fully hidden
in the enclosing protein, it absorbs all wavelengths of light, red as well as blue
and green, so the lobster appears black. The previous research had found that
the red pigment molecules were grouped in pairs within the crustacyanin, cross-
ing each other in a tight X formation. The Dutch researchers calculated that they
interfered with one another, causing shifts in their quantum energy states, thus
altering the wavelengths of light that are absorbed. C. Claiborne Ray, The New
York Times, September 16, 2013. ©2013 The New York Times Company.

The research team measured the
high-energy x-ray total scattering from
collected lobster gastroliths. Total scat-
tering is the method of choice for study-
ing non-crystalline materials, which
scatter x-rays diffusely (this in contrast
to crystals that mostly scatter at dis-
crete angles defined by Bragg's law).
Total scattering measurements, which
capture diffuse scattering over a wide
range of scattering angles, require
high-energy synchrotron light, such as
that provided by the XSD 11-1D-B
beamline at the APS.

The researchers analyzed their
total scattering data to derive the pair
distribution function (PDF), which char-
acterizes the distribution of interatomic
distances throughout the sample.
Peaks in the PDF correspond to struc-
tural components in ACC. For example,
a peak at a distance of 2.4 A is readily
interpreted as due to calcium-oxygen
bonds. The team confirmed this with
data collected through the use of the
extended x-ray absorption fine structure
(EXAFS) technique at the XSD 20-BM-
B beamline at APS. These measure-
ments of the calcium K-edge absorption
spectrum produced the same distance
between calcium and oxygen atoms as
did the PDF analysis.

Broad peaks in the PDF at 4 and 6
A correspond to medium-range correla-
tions between second and third neigh-
bors, which were not clearly identified

in the EXAFS findings. The team ob-
served similar peaks in synthetic ACC
data, implying that the calcium carbon-
ate in both types of ACC has roughly
the same structure (Fig. 1).

This begs the question: What dis-
tinguishes the different ACC forms?

It turns out that ACC typically con-
tains a large amount of water mole-
cules that are either bound to calcium
atoms or in a more mobile (but not lig-
uid) state. The hydrogen atoms in the
water do not scatter x-rays significantly,
so the team performed nuclear mag-
netic resonance measurements, which
showed that mobile H,O is largely ab-
sent in biogenic ACC.

The team speculates that the rela-
tively slow formation of biogenic ACC
gives these mobile molecules an oppor-
tunity to re-arrange themselves or es-
cape. The lack of mobile water may
possibly explain the greater stability of
biogenic over synthetic ACC.

The authors plan to go back to 11-
ID-B to perform real-time studies of
both biogenic and synthetic ACC sam-
ples to see if they transform differently
to crystalline calcium carbonate.

— Michael Schirber
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IMPROVED LOW-TEMPERATURE PERFORMANCE

OF CATALYTIC CONVERTERS

oxic vehicle emissions, such as carbon monoxide and unburned hydrocarbons,
are chemically converted to benign compounds like carbon dioxide (CO,) and
water by catalytic converters. Although catalytic converters are valuable tech-
nology, they are also expensive to produce. To reduce costs, experiments are being
done to lessen the amount of platinum (Pt) and substitute palladium (Pd) in converters.
The APS played a role in research that indicates a Pd/lanthanum (La)-alumina catalyst
may result in a less-expensive catalytic converter with improved low-temperature car-

bon monoxide (CO) oxidation reactivity.

Co,
o
,y@

Fig. 1. A catalytic converter uses the basic redox reactions in chemistry to
help reduce the pollutants a car makes by converting ~98% of the harmful
fumes produced by a car engine into less harmful gases. It is composed of a
metal housing that has a ceramic honeycomb-type interior with insulating
layers. The honeycomb interior has thin wall channels that are coated with a
washcoat of aluminum oxide, which is very porous and increases the surface
areaq, allowing for more reactions to take place. This is where the precious
metals are located, including platinum, rhodium, and palladium. These pre-
cious metals promote the transfer of electrons and in turn the conversion of
toxic fumes. Source: http://chemwiki.ucdavis.edu/Physical_Chemistry /Kinet-
ics/Case_Studies/Catalytic_Converters

Catalytic converters, installed on
vehicles with internal combustion and
diesel engines, convert the toxic
byproducts of combustion to less toxic
compounds (Fig. 1). In two-way (lean
burn) converters, used primarily on
diesel engines, CO and partially burned
hydrocarbons are oxidized over a Pt or
Pd catalyst to form CO, and water.
Three-way (stoichiometric) converters,
used on internal combustion engines,
also reduce nitrogen oxides back to ni-
trogen. This is tremendously beneficial
since nitrous oxide is 300 times more
potent as a greenhouse gas than is
CO,. Since diesel exhaust is cooler
than gasoline exhaust, the two-way cat-
alyst must perform at low temperatures
and also survive severe exothermic re-
actions when the particulate filter in the
catalyst regenerates.

The oxidizing and reducing cata-
lysts in catalytic converters contain pre-
cious metals, especially the costly
platinum group metals Pt and Pd; a Pt-
Pd alloy is more effective than either
metal alone. To keep costs down, man-
ufacturers try to minimize the amount of
catalyst required, or use less expensive
catalysts. The high cost of Pt has led to
research to determine the hydrothermal
stability of Pd, without the addition of
Pt, particularly with La-alumina support.

Researchers from the University of
New Mexico and Argonne simulated
diesel oxidation catalysts with 2.5% Pd
and tested it in two different prepara-
tions, one with alumina only and one
with La-stabilized alumina. Each cata-
lyst was roasted to 500° C to oxidize
the Pd to PdO and then cooled to room
temperature. When the temperature
was raised to 140° C in the presence of
CO, the PdO reduced to Pd metal. Re-



Fig. 2. (a) Coordination numbers and (b) bond
distances of Pd-O and Pd-Pd paths for 2.5%
catalysts as determined by ab initio fitting to
the x-ray absorption fine structure spectra ob-
tained at the APS.
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Fig. 3. Atomically dispersed species seen on Pd/La-alumina. Images obtained on the Titan G2 STEM at the Pacific North-

west National Laboratory Environmental Molecular Sciences Laboratory (EMSL).

sults of the experiments were analyzed
by x-ray absorption spectroscopy (XAS)
and diffuse reflectance Fourier trans-
form infrared spectroscopy (DRIFTS) at
the XSD 9-BM-B,C beamline at the
APS (Fig. 2).

With the Pd-alumina catalyst, the
absorption of CO was found to be irre-
versible because the catalyst had little
reaction with oxygen. With the La-stabi-
lized alumina, the Pd catalyst was more
reactive toward oxygen and had higher
CO conversion; CO oxidation began at
a lower temperature, around 100° C. Pd
became oxidized when the gas phase
was switched from pure CO to the stoi-
chiometric reaction mixture, and there
was a reduction in the surface cover-
age of CO.

The addition of La to the catalyst
had two effects. First, Pd formed small
particles and clusters, which increased
Pd dispersion from 17% to 26%, since
the alumina now contained atomically
dispersed La*3 (Fig. 3). The increase in

dispersion is partially responsible for
the improved CO conversion.

Second, the redox reaction was
more likely at low temperature, so Pd
was less susceptible to CO poisoning.
The turnover frequency at 140° C im-
proved 5-fold, due in part to the redox
behavior of the Pd/La-alumina catalyst.

In catalytic converters, a Pt-Pd
alloy is more stable, more reactive, and
less susceptible to aging than Pt metal
alone. Adding Pd in the alloy reduces
the cost, hence the hydrothermal stabil-
ity of Pd is important. The use of simul-
taneous XAS and DRIFTS in this
research leads to a greater understand-
ing of the effects of adding La to Pd-
based catalysts in catalytic converters
to improve the efficiency and decrease
the costs of two-way catalytic convert-
ers used for diesel engines.

— Dana Desonie
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COOKING UP NEW NANORIBBONS
TO MAKE BETTER WHITE LEDS

s the world moves away from incandescent light bulbs, light-emitting

diodes (LEDs) are growing in popularity. They use significantly less en-

ergy and have far longer lifetimes than do the traditional incandescent
bulbs, and they do not contain mercury, as do compact fluorescents. LEDs do
have a drawback, however. The phosphors that convert the single color produced
by an LED into white light tend to produce a cool, bluish glow instead of the
warmer, yellower color most people prefer. Researchers from Argonne, Oak
Ridge National Laboratory, and the University of Georgia are using high-bright-
ness x-rays from the APS to help in the development of new compounds to cre-
ate nanoribbons that luminesce in different colors, which they can mix together
to make a phosphor that provides a more desirable white light that can be tailored
for different uses.
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The materials combine the rare-
earth element europium with aluminum
oxide to form europium aluminate
nanoribbons (Fig. 1). Powders of eu-
ropium oxide (Eu,05) and aluminum
oxide (Al,O5) were mixed together with
graphite powder and heated in a vac-
uum chamber to temperatures above
1000° C. Powders heated to between
1200° and 1400° C formed nanorib-
bons that luminesced orange. Those
heated to 1000° to 1200° glowed
green. When more aluminum oxide
powder was added and the pressure in
the vacuum chamber was raised, from
5T to between 10 and 15 T, the result-
ing nanoribbons shone blue.

It is rare, the researchers say, for a
single material to be able to cover the
spectrum of visible colors, but it could
simplify the creation of phosphors that
produce desirable colors when excited
by a blue or ultraviolet LED. Scientists
would simply have to select the right
mix of nanoribbons to get the white
light they sought. In a separate experi-
ment, the researchers also produced
yellow and red luminescent nanorib-
bons by adding barium to the europium
aluminate.

The researchers first used conven-
tional x-ray powder diffraction to deter-
mine the crystal structures of the three
types of nanoribbon. They compared
the patterns they found to several dif-
fraction databases of known materials
and discovered the green nanoribbon
was a match for strontium aluminate,
so they knew it had a similar crystalline
shape.

There was no match for the other
two types, though, so they turned to
XSD beamline 11-BM-B at the APS to
perform high-resolution synchrotron
powder diffraction using a single x-ray

< Fig. 1. The researchers fabricated three
types of nanoribbons: (I-r) EuAI,O,, emitting
blue light, and two forms of EuAl,O, emitting
green and orange light. The top row shows mi-
croscopic images of the materials. In the mid-
dle row, x-rays excite emissions that travel
along the ribbons and emerge from end points
and defects. On the bottom are x-ray diffrac-
tion patterns, which reveal the crystal lattice

structures.

energy, which provides initial measure-
ments of the spacings between the
atomic planes of the crystal. Using a
different scattering technique with a
wide range of x-ray energies, XSD
beamline 34-1D-E, also at the APS,
gave them more detailed information,
such as the exact angles between dif-
ferent atomic planes and the presence
of crystal defects.

Using XSD beamline 20-BM-B at
the APS, they performed x-ray absorp-
tion near-edge structure measure-
ments, which focused on europium
fluorescence and confirmed that the
nanoribbons are indeed europium alu-
minates, and provided their chemical
formulas — EuAlgO,, for the blue and
EuAI,O, for the green and orange. The
blue nanoribbons, therefore, are a
newly discovered compound. While
green photoluminescence at room tem-
perature had been seen before from
SrAl,O,, the orange color was new as
well.

Specifically pinning down the com-
plete atomic structure of the crystal and
tying it to the observed behavior of the
material is a complex undertaking. The
team now has an average picture of the
local spatial arrangement of the ele-
ments and the oxygen vacancies —
areas where a missing oxygen atom af-
fects the electrical behavior of the ma-
terial. They are now trying to refine that
picture using the ChemMatCARS 15-
ID-B advanced crystallography beam-
line at the APS to give theorists enough
information to explain cause and effect
and suggest possible ways to tweak the
materials’ luminescence properties.

The researchers also found a re-
sult they had not been looking for. They
discovered that when they hit an indi-
vidual nanoribbon with a microfocused
x-ray beam, it not only produced the x-
ray diffraction patterns they were using
for their measurements, but also gener-
ated strong visible light emission. That
light appeared not only at the spot
where the beam struck, but also at the
ends of the ribbons, showing the rib-
bons were acting as waveguides. That
ability to route light of different colors
means the nanoribbons may help in the

creation of circuits inside optical de-
vices, which use light beams to perform
their functions. — Neil Savage
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ELECTRODES WITH A LITTLE EXTRA

n a world ever more dependent on efficient battery technology, finding

new ways to squeeze out a little more juice is always important. Some-

times that can be a matter of designing electronic circuits and devices to
use less power or to use it more efficiently. But scientists and engineers are
also approaching the issue from the other direction by improving battery tech-
nology. One way to do so is through a better understanding of new electrode
materials and how they operate inside a battery. But the fact that much of the
action happens on the nanoscale within buried interfaces in the battery ma-
terials makes characterization a challenge. A team from the University of Cam-
bridge, Brookhaven National Laboratory, Stony Brook University, and Argonne
investigated the prototypical conversion material RuO,, which, like some other
metal fluoride/oxides, has displayed the intriguing phenomenon of additional
capacity beyond its theoretical conversion qualities. The experimenters also
managed to disprove one popular explanation for that extra capacity by defin-

ing the actual mechanism at work.
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Fig. 1. Origin of additional capacities in RuO, lithium-ion battery electrodes.

To characterize and study the
mechanism of charge storage in the
RuO,/lithium (Li) system, and particu-
larly to identify the source of the addi-
tional capacity, the research team
employed various techniques, includ-
ing x-ray diffraction at the XSD 11-ID-
B beamline at the APS, while cycling
a RuO,/Li battery over the course of
30 h.

The suite of x-ray spectroscopic
and scattering techniques available at
the APS and the National Synchrotron
Light Source (Brookhaven) provided
deep insight into the electrochemistry
of the ruthenium-based processes.
Using x-ray absorption near-edge
structure and extended x-ray absorp-
tion fine-structure as well as pair distri-
bution function methods, the

researchers observed three distinct
stages involving ruthenium, with lithium
insertion into tetragonal ruthenium/oxy-
gen (RuO,) to form LiRuO, via an inter-
mediate phase Li,RuO,, then the
conversion reaction of LiRuO, to form
Li,O and metallic Ru nanoparticles, and
finally an additional-capacity region at
low voltage.

Nuclear magnetic resonance
(NMR) spectroscopy revealed further
details, particularly the Ru-free parts of
the cycling process. SEI (solid elec-
trolyte interphase) formation was also
seen during the battery discharge
process. Previous research work theo-
rized that the major source of the extra
capacity in this system arose from the
formation of a “space charge” layer at
the interface between metal and lithium

salts. However, the NMR studies and
other theoretical calculations show that
the additional capacity is mostly gener-
ated by the formation of LiOH and its
subsequent conversion to Li,O and LiH.
Another possible source is reversible
electrode-electrolyte interphase SEI for-
mation. The present study also demon-
strated a particularly effective protocol
for NMR studies of SEI formation, the
SEI being ubiquitous to all batteries.

Aside from settling a long-standing
and much-discussed research question,
the team's work has also demonstrated
some valuable experimental strategies
that can be applied to characterize and
understand other promising battery sys-
tems. As we continue to demand ever
greater versatility, dependability, and
capability from our electronic devices,
not to mention making them ever
smaller and lighter, having a wider
range of different types of batteries to
choose from will only become more im-
portant. — Mark Wolverton
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SHAKING AND BAKING IN BISMUTH

nderstanding the dynamics of phonon behavior could yield impor-

tant new information that would help researchers achieve better de-

signs and tailored materials for various commercial applications.
Bismuth, commonly used in materials ranging from pharmaceuticals to su-
perconductors, is a semi-metal that provides an ideal system for studying the
charge-behavior coupling phenomena at the heart of many important photo-
voltaic and thermoelectric processes in materials science. While previous
work has focused on long-wavelength optical phonons in bismuth, short-wave-
length dynamics have been difficult to capture. A team of researchers work-
ing at the APS used the newly-developed technique of time-resolved x-ray
scattering to study phonon transport in bismuth as it is excited through and
above its melting threshold by a laser. The study and understanding of all
these processes is valuable not just for its theoretical interest but because of
its practical application for the many uses of bismuth, both on its own and in
the many ingenious compounds that have been developed in recent years as
topological insulators and high-temperature superconductors. The ability to
precisely design and refine the characteristics of such materials is the key to
making them useful in real-world devices.
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Fig. 1. Experimental setup for time-resolved x-ray diffuse scattering at BioCARS.

Working at the BioCARS 14-ID-B
beamline at the APS, the experi-
menters from the SLAC National Accel-
erator Laboratory; Stanford University;
the University of California, Davis; Uni-
versity College Cork (Ireland); Los
Alamos National Laboratory; the Uni-
versity of Michigan; and The University
of Chicago subjected a sample of sin-
gle-crystal bismuth film on sapphire to
picosecond laser pulses at 640-nm
wavelength and observed x-ray scatter-
ing with a charge-coupled device de-
tector. Some of the scattering was due
to normal background from static disor-

der along with Compton and air scatter-
ing, but it also contained thermal diffuse
scattering from phonons, which can be
compared with laser-excited states.

Following the laser pulses, scatter-
ing increased for several hundred pi-
coseconds, then decreased after
several nanoseconds, and finally re-
turned to an equilibrium state, much
like what would be expected with clas-
sical thermal transport. The x-ray scat-
tering observations indicate that while
thermal transport is dominated by ther-
mal diffusion at first, Kapitza conduc-
tance between bismuth and the

sapphire layer is more important on the
nanosecond time scale.

When the laser exposure was in-
creased above the bismuth melting
point, liquid rings began to appear in
the samples and persisted for approxi-
mately 10 nsec, about the same time in-
terval as the Kapitza conductance seen
earlier. Following this, the liquid ring dis-
appeared and long-range order began
to return. The researchers attribute this
to a temporary laser-induced liquid
phase followed by epitaxial regrowth of
the crystal lattice back to a single-crys-
tal state.

While the very earliest stages of
the phonon generation process could
not be observed because of the time-
resolution limitations of these particular
experiments, the team hopes to con-
duct further experiments with even
shorter time resolution (possible with an
x-ray free-electron laser) that will cap-
ture all of the events that follow pho-
toexcitation. Time-resolved x-ray diffuse
scattering techniques could also cap-
ture phenomena such as the decay of
high-energy into lower-energy phonons,
coupling between different phonon
modes, and photo-induced inverse
Peierls distortion in bismuth.

— Mark Wolverton
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REVERSING FIELD ON AIR-POWERED BATTERIES

eople who care about battery-powered transportation are getting very excited about

rechargeable lithium-oxygen (Li-O,) batteries. These batteries work much like the

ubiquitous lithium-ion batteries in cell phones, laptops, and today’s battery-powered
cars: both exploit lithium oxidation reactions to create useable electrons. But instead of pack-
ing the oxidizing agent into a self-contained but unwieldy package, Li-O, batteries use an ox-
idizer that is light-weight, low-cost, stable, and abundant — the oxygen in air. Promoters note
that the energy density of Li-O, (also called Li-air) batteries could be ten times greater than
their predecessors — almost on par with gasoline — and these devices could extend the
range of battery-powered vehicles from the current 100 miles to around 400 miles between
charges. But these calculations assume that anodic lithium does not degrade during multi-
ple charge and discharge cycles. In experiments at the APS, researchers peered inside an
operating Li-air battery to see if this perfect reversibility is a reality. They found that a degra-
dation layer forms on the anode, but the battery continues to operate through tiny tunnels to
the metallic lithium within. Such information is essential to guide future research of Li-air bat-
teries that meet theoretical promise.

The study began with a straightfor-
ward experiment. The researchers in
this study, from Argonne, built a Li-air
battery and charged and discharged
the cell until it stopped functioning —
about 50 cycles. Then they dissected
the battery to figure out what went
wrong. Inside, the researchers found
plenty of electrolytes, but the previously
shiny metal anode was covered with a
dark substance. While suspicious, this
layer didn’t prove that the anode was
the culprit, so the researchers built a
new battery that incorporated the crusty
anode. The rebuilt cell started right up.

The researchers repeated the
process, and the dark layer grew
thicker. Finally, the metallic shine of the
anode disappeared completely and it
could no longer support a charge.
Clearly the anode was undergoing
some kind of irreversible change, but
strangely, this change did not interrupt
the anode function until the lithium was
completely converted. Why?

The property that makes lithium so Fig. 1. Shown here is the experimental setup for the lithium-oxygen battery examination. A simple
appealing for energy generation also battery is charged and discharged through several cycles. As the battery operates, a high-energy
makes it difficult to study. Because the synchrotron x radiation beam scans from the anode to the cathode in tiny increments and records
lithium anode is so reactive, any acci- chemical and structural information. This information is used to track chemical changes through space
dental air exposure will change its and time with micro x-ray diffraction (U-XRD, right), and to create a high-resolution three-dimensional
chemical state. The researchers structure with a micro-CT scan (U-CT, left). These scans identified the formation and morphology of
needed to look inside the Li-air battery the LiOH layer on the anode during cell degradation.

as it operated with a technique that
“Reversing” cont’d. on page 68



CHARACTERIZATION OF THE LATTICE ROTATIONS AND
DISTORTIONS DUE TO AN INDIVIDUAL DISLOCATION

islocations are crystallographic defects that allow the minimization of strain energy

through the localization of crystal lattice distortion. Understanding and controlling

the behavior of dislocations is crucial for a wide range of applications, from na-
noelectronics and solar cells to structural engineering alloys. Transmission electron mi-
croscopy (TEM) revolutionized materials science by allowing the visualization of individual
dislocations in thin, electron-transparent samples. However, the “thin sample” requirements
of TEM may lead to size effects that modify dislocation behavior. The greater penetration
depth of x-rays potentially allows the study of dislocations in samples more representative
of the material bulk. But to date, quantitative x-ray measurements of the strain fields sur-
rounding individual dislocations have remained elusive. Researchers utilizing APS x-ray
beams achieved the first measurement of the lattice rotations and strain fields due to a sin-
gle misfit dislocation in a 130-nm-thick, freestanding GaAs/In,,Ga, ;As/GaAs membrane
structure. This structure has intrinsic scientific importance, as graded GaAs multilayers are
a key ingredient in integrated circuits, light-emitting diodes, and solar cells.

The researchers, from the Univer-
sity of Oxford (UK), LaTrobe University
(Australia), and Argonne, overcame the
previous experimental limitations by
employing the x-ray Laue diffraction mi-
croscope at the XSD 34-ID-E beamline
of the APS. A key advantage of the
membrane geometry is that x-ray
measurements could be directly com-
pared to TEM micrographs, which were
obtained using Argonne’s Center for
Nanoscale Materials. Figure 1(a)
shows excellent agreement between
the Laue and TEM maps. The same
dislocations can be unambiguously

Laue diffraction measurements
allow the determination of all three lat-
tice rotation components and the full
deviatoric strain tensor at each data
point with a single exposure. Figure
1(b) shows measured profiles of lattice
rotation and of elastic strain as a func-
tion of distance from the dislocation
line. These measurements were com-
pared to an anisotropically elastic
model of the membrane structure. Fig-
ure 1(c) shows one of the calculated
deviatoric elastic strain field compo-
nents due to the misfit dislocation. The
anticipated line profiles, determined by
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Fig. 1: (a) Transmission electron micrograph and Laue lattice rotation map (in degrees) of the sample

showing two misfit dislocations. (b) Lattice rotation (in degrees) and deviatoric elastic strain (x 10'6) as
a function of distance from the dislocation line. Measured points and calculated line profiles are

shown. (c) Deviatoric elastic strain field (x 10'6) in the sample calculated using an anisotropically elas-

tic model of the structure. x and y axes show sample coordinates in nanometers.

performing a virtual diffraction experi-
ment on the computational model, are
superimposed on Fig. 1(b) as red lines.
Clearly, measurement and calculation
“Lattice” cont’d. on page 68
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wouldn’t affect the results. High-inten-
sity, microfocused x-ray diffraction
(XRD) studies carried out at XSD
beamline 1-ID provided an ideal solu-
tion (Fig. 1). The researchers created a
similar battery to that used in earlier ex-
periments, but with a smaller diameter.
As it charged and discharged, the re-
searchers used microfocused XRD to
scan its chemical signature, layer by
layer, from the anode to the cathode.
Initially, the information showed that the
anode was pure Li, but as the battery
cycled, LiOH (lithium hydroxide) peaks
near the separator interface and in the
anode indicated that the metal was un-
dergoing irreversible change. As cycling

time continued, the strength of LiOH
signatures from the anode grew, while
metallic lithium grew weaker. The re-
sults suggested that lithium was gradu-
ally converted to LIOH — a finding that
contradicts the assumption of perfect
reversibility.

But if the anode grows a layer of
LiOH, why did it still work in the rebuilt
battery? To answer this question the re-
searchers turned to the non-destructive
x-ray technique micro-tomography, also
at beamline 1-ID-B,C,E. The technique
constructed a very fine 3-D structural
image, like a micro-CT scan, for the
battery. Micro-tomography results un-
covered interconnected holes and
cracks in the LiOH layer leading to
metallic lithium within. The researchers
posit that the anode’s lithium reacts with
water produced by decomposing elec-
trolyte. Water is a known decomposition
by-product of the electrolyte used in this
battery.

The study findings contradict the
assumption that anodes in today’s Li-air
batteries are perfectly reversible, and
should motivate researchers to develop
more stable electrolytes for these de-
vices. Only with this kind of information
can the Li-air batteries be better de-
signed for real applications.

— Jenny Morber
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agree well, providing one of few experi-
mental validations of the anisotropic
elastic dislocation solutions.

To assess the feasibility of such
measurements in thicker bulk samples,
a computational model of a misfit dislo-
cation embedded within an infinite
medium was established. The strain
fields that would be measured using dif-
ferent x-ray beam sizes were computed
and compared to the expected experi-
mental uncertainty. These calculations
indicate that the strain fields around in-
dividual dislocations in the bulk should
indeed be measurable, provided poly-
chromatic x-ray beams with sub-200-
nm size are available. The findings
provide a strong motivation for the de-
velopment of sub-100-nm polychro-
matic focusing capabilities for Laue
diffraction microscopy. The ability to
measure single dislocation strain fields
in the bulk with three-dimensional reso-
lution would open revolutionary possibil-
ities for the in situ study of dislocation
behavior, structure formation, and self-
organization. — Karen Fox
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MOLTEN METAL SOLIDIFIES INTO A NEW KIND OF (GLASS

hen a molten material cools quickly, parts of it may have enough

time to grow into orderly crystals. But if the cooling rate is too

fast for the entire melt to crystallize, the remaining material ends
up in a non-crystalline state known as a glass, with atoms caught in place es-
sentially as a frozen liquid. Recently, a group of researchers at the National
Institute of Standards and Technology (NIST) and Argonne came across an
unexpected reversal of this usual sequence of events. Investigation of the
new phase at the XSD beamlines 1-ID-B,C,E and 11-ID-B at the APS sug-
gests that it may be an example of a novel structure, theoretically possible
but not seen until now, that is isotropic with infinite rotational symmetry, but
lacking any discrete translational symmetry.

After cooling a molten alloy of alu-
minum, iron, and silicon the re-
searchers found that glassy nodules of
a non-crystalline solid phase formed
first, growing slowly enough to organize
and select some chemical species, re-
jecting other species into the surround-
ing melt that, on further cooling,
coalesced into crystals.

Direct visual evidence (Fig. 1, fac-
ing page) indicates that the nodules
formed first, followed by metallic crys-
tals radiating around them. Closer in-
spection revealed that the radiating
white bands are crystalline aluminum
with small amounts of iron and silicon.
The nodule composition is approxi-
mately Al;;Fe;Siy.

The researchers concluded that
the nodules formed by nucleation and
displaced excess aluminum as they
grew; eventually, the aluminum concen-
tration in the surrounding material was
high enough that the remaining melt
crystallized, pushing residual iron and
silicon into the gaps.

Electron microscopy showed that
the material in the nodules is isotropic,
leading the researchers to call it “g-
glass,” despite the fact that it does not
form as glasses normally do.

To investigate its structure further,
the team utilized beamline 1-ID-B,C.E
to obtain high-energy x-ray scattering
data with which to compare samples of
the g-glass to two other known phases
of Al-Fe-Si with composition similar to
that of the g-glass: the crystalline cubic
a-phase and the quasicrystalline icosa-
hedral phase.

Diffraction of 80-keV x-rays yielded
data that the team analyzed using pair

distribution function (PDF) methods,
which showed a series of peaks corre-
sponding to distances between pairs of
atoms.

The PDFs for all three samples
were roughly similar up to pair dis-
tances of about 12 A, with the pattern
for the g-glass closer to that of the a-
phase than to the icosahedral phase.
Beyond 12 A, the two crystal phases
continued to show peaks corresponding
to long-range correlations in atomic po-
sition over distances greater than the
size of the a-phase unit cell. But the
PDF for the g-glass mostly fizzled out,
showing a lack of longer-range order
and therefore an absence of true crys-
tal structure.

That result left open the possibility
of the g-glass being nanocrystalline,
consisting of many tiny and randomly
oriented a-phase crystals. To explore
that possibility, the researchers went to
beamline 11-ID-B, again using high-en-
ergy x-ray scattering to study how the
x-ray diffraction pattern of the g-glass
changed as the sample was heated. If
the g-glass were nanocrystalline, pro-
longed heating should cause the crys-
tals to coarsen, so that the structure as
a whole would come to more closely re-
semble a polycrystalline a-phase.

That’s not what happened. When
the g-glass was held at 330° C, its dif-
fraction pattern stayed the same for
about 40 minutes, at which point it
changed rapidly into a pattern charac-
teristic of a new phase, B-Al, sFeSi.

The lesson is that the g-glass
structure is a true phase that will trans-
form into a different phase at the appro-
priate temperature.

If the g-glass is not crystalline,
quasicrystalline, or polycrystalline, what
is it?

The researchers point to two gen-
eral possibilities. One is frustrated
growth from an initial seed that results
in a structure with clusters that pack
stably together, but in a disordered way
that breaks up long-range order. More
exotically, there are mathematically per-
missible arrangements of points in
three dimensions that are isotropic with
neither periodicity nor quasiperiodicity.

The team has sent their data to an
expert who maintains a “zoo” of theo-
retically feasible structures. They want
to see if any “animals” exist that fit what
they observed. — David Lindley
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Fig. 1. Microstructure of an Al Fe,Si, alloy after electron beam surface melting with a scan velocity

of 50 cm/s. The nodules at the center of radiating patterns of crystallization are g-glass. This mor-
phology indicates that the g-glass was first to solidify from the melt. From G.G. Long et al., Phys. Rev.
Lett. 111, 015502 (2013). © 2013 American Physical Society



GLASS FORMATION FROM METAL MELTS

eople have known how to make glass for thousands of years, but how and why

glass forms is, remarkably, still only poorly understood. The crucial question is

how the atoms in a liquid melt arrange themselves, upon cooling, into the amor-
phous but somewhat ordered state that constitutes a glass. By combining x-ray scat-
tering measurements at XSD beamline 6-ID-D at the APS and neutron scattering
studies carried out at the Institut Laue-Langevin, Instrument D20 (France), scientists
have tracked the evolution of atomic order in PdZr, liquid as it cools toward the glass
transition temperature. Their findings hint that this and similar liquids form glasses be-
cause the complexity of their short-range atomic ordering hinders crystallization.

Fig. 1. Left: The experimental setup in the 6-ID-D research station at the APS. Right: Close-up of the levitation

stage (visible behind the window in the main photo) and a levitated sphere (solid, not liquid - i.e., before melt-
ing). The colors come from the different-color high-intensity light emitting diodes used to record sample position
on position-sensitive detectors in order to obtain the feedback signals for adjusting the electrodes used for sam-

ple levitation. Photos courtesy of K.F. Kelton (Washington University in St. Louis).



Intermetallic solid phases have
fixed stoichiometries and a regular
crystal structure, in which atoms of
each species in the compound occupy
specific lattice positions. Some inter-
metallic liquids, however, can also form
glassy structures. Previous experi-
ments using both x-ray scattering and
neutron scattering have shown that on
cooling, the atoms in some metallic
melts form into small clusters with an
icosahedral structure. This short-range
order is at odds with the translational
symmetry of a crystal lattice, leading to
a large activation energy for crystal nu-
cleation and, it has been suggested, a
preference for solidification into a
glassy state.

In the particular case of zirconium
(Zr)-based glass-forming liquids, how-
ever, experiments have given conflict-
ing results on the presence and
evolution of short-range icosahedral
order in samples undercooled below
their liquidus temperature. Some meas-
urements on alloy melts of Zr with
nickel or copper point to a nearest-
neighbor coordination number of 14,
rather than the 12 characteristic of
icosahedra. Hoping to resolve these
discrepancies, scientists from the
Deutsches Zentrum fir Luft-und Raum-
fahrt e.V. (DLR, Germany) and Wash-
ington University in St. Louis undertook
a study of liquid PdZr,.

The team prepared approximately
spherical samples of PdZr, about 2-mm
in diameter for x-ray scattering and
about 4.5 mm in diameter for neutron
scattering studies. To conduct the ex-
periments, they used the electrostatic
levitation facilities of Washington Uni-
versity in St. Louis (x-ray scattering)
(Fig. 1) and DLR (neutron scattering) to
freely suspend the samples in a vac-
uum while they were heated by high-in-
tensity lasers. The scientists recorded
scattering data by holding the samples
at temperatures from 1703K down to
1105K, passing through the liquidus
temperature of 1358K. X-ray measure-
ments took only about 20 sec, while the
neutron measurements required up to
an hour.

Because x-rays scatter off an
atom’s electrons and neutrons scatter
off the nucleus, the differences be-
tween the two scattering patterns can

be used to distinguish the topological
order of the liquid (the ordering of its
atoms, regardless of identity) from its
chemical structure (the relative position-
ing of the two atomic species). Inter-
preting the scattering results is not
straightforward, however.

Nevertheless, some clear results
emerged. Below the liquidus tempera-
ture, the team found small but consis-
tent differences in the structure factors
deduced from the x-ray and neutron re-
sults, indicating that Zr and palladium
atoms are not intermixed at random
(Fig. 2). The coordination number was
roughly 13.8, inconsistent with a domi-
nant icosahedral structure but consis-
tent with results on some other
Zr-based alloy liquids. In a detailed
analysis of results from a sample under-
cooled by 250K below the liquidus tem-
perature, the team showed that no
single form of short-range ordering,
icosahedral or otherwise, could simulta-
neously fit the measured x-ray and neu-
tron scattering patterns.

It therefore appears that under-
cooled melts of PdZr, have a variety of
small-scale atomic clusters or aggre-
gates with different geometries, coordi-
nation, and packing. This finding is
consistent with ab initio molecular dy-
namics calculations of the structure of
glass-forming Zr-Cu and Zr-Ni liquids,
and with a reverse Monte Carlo analy-
sis of x-ray scattering results from
Zrss 5Pd,, 5, constrained by molecular
dynamics.

The team suggests that the differ-
ent aggregates compete with each
other during crystallization, leading to a
“frustrated” system that cannot find a
unique crystallization pathway. It is the
presence of this variety of local clusters,
they argue, rather than a pure icosahe-
dral order that blocks crystal nucleation
in Zr-based melts and favors glass for-
mation. This mechanism is analogous
to what happens with spin glasses. In
these magnetically disordered systems,
ferromagnetic and antiferromagnetic or-
dering compete with each other and
create a magnetically frustrated system.
— David Lindley
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Fig. 2. Comparison of structure factors for PdZr,

derived from x-ray (red) and neutron (blue) scat-
tering, for samples held at temperatures above
and below the liquidus temperature of 1358K. In
the liquid state (top), the two structure factors
are identical, indicating that Zr and Pd atoms
are arranged in the same way. At the lower tem-
peratures, small differences arise, indicating the
emergence of short-range ordering, in which Pd

and Zr are arranged differently.

melts of PdZr, intermetallic compound
studied by X-ray and neutron scattering
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ANIMATEDLY SUSPENDED X-RAY OBSERVATIONS
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Fig. 1. The static structure factor of the microsphere suspension (left panel) and the effective inverse
diffusion constant of microspheres (right panel) show similar dependency on scattering vector, which

suggests that the lowest free-energy configuration in the static case also has a long lifetime.



colloidal suspension is a mixture in which microscopic particles of one substance

are dispersed in another and because of its properties, does not “settle” in the way

that one might expect a stirred mixture of sand in water to do; nor do the particles
dissolve in the fluid as one might expect grains of salt to dissolve in water. More informa-
tion about colloids could lead to a deeper understanding of complex soft matter, with impli-
cations for new or improved materials and polymer science, but we have only an incomplete
picture of the structure and dynamics of colloidal suspensions. Utilizing the APS, researchers
probed the behavior of colloidal systems in which microscopic particles stay suspended in
a fluid indefinitely. Their findings could have applications in new synthetic materials such as
paints, coatings and adhesives, foodstuffs, pharmaceutical formulations, and cosmetics.

Colloidal suspensions and the re-
lated gels (solid colloidal systems) are
of interest because many of them have
fundamentally useful properties. Natural
systems such as milk, the interior of
cells, even atmospheric fog are colloidal
systems. Colloidal suspensions never
“settle” because the unceasing colli-
sions among the molecules — Brown-
ian motion — that form the suspending
fluid and the colloidal particles counter-
act the effect of gravity on their greater
density; they never sink.

If one swirls grains of sand in a
beaker of water, the thermal motions of
the water molecules will not be suffi-
cient to prevent gravity from causing the
sand to eventually form sediment at the
bottom of the beaker once it is left to
stand for long enough. However, micro-
scopic particles of sand in the mix might
remain suspended indefinitely.

The researchers in this study, at
the National Institute of Standards and
Technology, Northern lllinois University,
and Argonne suggest that concentrated
colloidal suspensions of microspheres
in a liquid are apparently not simple
systems. The research team utilized
the new synchrotron x-ray technique
called ultra-small-angle x-ray scattering
(USAXS)—x-ray photon correlation
spectroscopy (XPCS) to help them see
through colloidal systems in order to re-
veal inner secrets. This new technique,
implemented on the dedicated USAXS
beamline (initially the XSD 32-ID beam-
line, and later the ChemMatCARS 15-
ID-B,C,D beamline) at the APS,
overcomes the problem of attempting to
use light to study such opaque systems

because the wavelengths of x-rays are
so much shorter than that of visible light
and so can resolve details of the parti-
cles involved and their behavior on con-
comitantly shorter length scales.

The team points out that this new
approach also overcomes several of
the technical limitations of conventional
XPCS, allowing larger distances to be
observed and so provides data on rap-
idly moving microspheres. Fundamen-
tally, they can observe particles tenths
of a micrometer to several micrometers
in diameter.

The team worked with microscopic
spheres of the common polymer, poly-
styrene, and suspended these particles
in the colorless and viscous fluid glyc-
erol, which is technically a sugar alco-
hol compound and is used widely in
cosmetics and pharmaceutical formula-
tions. They suspended a range of vol-
umes of polystyrene spheres — from
10% to 20% — in the fluid and used
USAXS-XPCS to monitor the motions
of the spheres in the fluid.

Their key finding is that the micro-
scopic polystyrene spheres move differ-
ently than had been suspected, based
on the simple notion of the glycerol
molecule buffeting them and preventing
them from settling (Fig. 1).

Rather than the apparently simple
Brownian motion taking place in this
colloidal suspension, it seems that the
microspheres move collectively
whereby buffeted particles pull along
their neighbors. Such behavior implies
that, compared with expectations, the
suspended particles spend much
longer times in close proximity without

touching. Potentially, this behavior
could be exploited in cases where sus-
pended particles serve as centers for
chemical reactions.

Future experimental work is aimed
at improving the time resolution of the
measurement so that the more industri-
ally and environmentally important
aqueous systems can be studied.

— David Bradley
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CERIUM CHANGES PHASES AS A LIQUID

tially technologically important materials.

The scientists from George Mason
University, the Carnegie Institution of
Washington, Oak Ridge National Labo-
ratory, and Tohoku University (Japan)
studied the melting process and liquid
behavior of Ce using in situ high-inten-
sity x-ray diffraction (XRD) at the High
Pressure Collaborative Access Team'’s
(HP-CAT’s) 16-ID-B x-ray beamline at
the APS. High pressures were applied
using the diamond anvil cell technique,
while high temperatures were achieved
with a special double-sided laser heat-
ing system.

Melting was signaled by the ap-
pearance of diffusive halo-like diffrac-
tion patterns and the disappearance of
sample diffraction lines. The XRD pat-
terns were recorded at various temper-
atures for pressures of 1.9, 13, and 22
GPa (Fig. 1). The liquid Ce remained in
the low-density phase at 1.9 GPa for
the temperatures studied, while at 13
GPa, a high-density phase gave way to
a low-density phase when the tempera-
ture was increased to 1900K. At 22
GPa, the high-density liquid shifted
gradually to the low-density phase with
increasing temperature.

To investigate why Ce behaves in
this manner, the scientists developed
theoretical models based on ab initio
calculations. As part of this study, struc-
ture factors corresponding to pure triva-
lent and tetravalent valence states of
Ce were compared with the experimen-
tal results.

58 ” rium (Ce) has long fascinated scientists due to its proclivity for
changing phases in unusual ways. Solid Ce, for example, will

C e spontaneously respond to sufficient pressure by changing from a
low-density, face-centered-cubic (fcc) crystalline phase to a high-

Cerium density fcc phase, leading to a volume collapse of up to 17%. This
behavior suggests the possibility that Ce may behave similarly

when it is a liquid as well. Scientists utilizing the APS achieved the first experimental
observation of such a liquid-liquid phase transition. They found that at 13 GPa, lig-
uid Ce does indeed change from a high-density phase to a low-density phase as its
temperature is increased from 1550K to 1900K, bringing about a density decrease

of 14%. This work revealed new information about the liquid state of metals and
opens avenues for research into the physics of the formation of novel and poten-
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Cerium was discovered by Swedish chemists Jons Jacob Berzelius
and Wilhelm von Hisinger (who named the new element cerium after
the asteroid Ceres, which had been discovered two years earlier by
Giuseppe Piazzi) and independently by Martin Heinrich Klaproth,
a German chemist, in 1803. Cerium is the most abundant of the
rare-earth elements and makes up about 0.0046% of the Earth's
crust. Pure cerium will ignite if it is scratched with a sharp object, but
can be safely used if combined with other materials. Cerium is one
of the rare-earth elements used to make carbon arc lights, as a cat-
alyst to refine petroleum, and as an alloying agent to make special
metals. The diagram at right is a schematic representation of the
atomic shell structure of cerium. Sources: www.chemicool.com/ele-

ments/cerium.html, education.jlab.org/itselemental/ele058.html,

and www.webelements.com/cerium/atoms.html.

At 1.9 GPa, the structure of the
melt was found to be close to that of
the pure trivalent Ce liquid over the
temperature range studied.

At 13 GPa, the experimentally ob-
served high-density and low-density
phases were seen to be similar to the
pure tetravalent and trivalent reference
structures, respectively.

At 22 GPa, the experimental struc-
ture of the Ce liquid was similar to that
of the pure tetravalent Ce reference lig-
uid before shifting toward that of the
pure trivalent Ce liquid with increasing
temperature.

This suggests that under the condi-
tions of the experiment, liquid Ce isin a
mixed valence state that can be mod-
eled as a trivalent Ce—tetravalent Ce
pseudo-alloy. The researchers made
this assumption in their modeling to an-
alyze the thermodynamic conditions for
the liquid-liquid phase transition for Ce

< Fig. 1. X-ray diffraction patterns in (a), (c),
and (e) show cerium behavior at a range of
pressures and temperatures. The dotted black
lines are raw experimental data from which
the liquid curves (colored lines) are extracted;
the crystal peaks present are due to the pres-
sure medium and noninteracting oxides. The
diffraction intensities are scaled to better illus-
trate the phase evolution of liquid Ce. The
structure factors from molecular dynamics simu-
lations of the two reference liquids (trivalent
CefO, tetravalent Cef1) are shown in (b), (d),
and (f).

by assessing the Gibbs free energy of
the pseudo-alloy. Such calculations
corroborated the experimental observa-
tion of a stable low-density phase at 1.9
GPa and a high-density phase at 22
GPa.

At 13 GPa, a calculated first-order
liquid-liquid phase transition was ob-
served. The calculations also showed
that below 6 GPa the equilibrium low-
density and high-density phases are
predominantly trivalent and tetravalent
Ce, respectively.

The high-density and low-density
branches of the free energy were seen
to converge as the pressure increases,
leading to the occurrence of a critical
point at a pressure of 21.3 GPa and a
temperature of 2100K.

Above the critical pressure, the
free-energy curves always exhibited
one minimum, indicating that the first
order transition between the low-den-
sity and high-density liquid phases no
longer exists. The results also implied
that the phase transition could be den-
sity driven by modulating the pressure
under isothermal conditions. That was
confirmed by an experiment at about
1100 K when a low-density Ce liquid at
1.9 GPa transformed isothermally to a
high-density Ce liquid at 4.0 GPa.

— Vic Comello
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BUILDING BETTER CATALYSTS FOR SPLITTING WATER

he dream of a hydrogen economy — a world run on H, gas, free from the pollution and poli-

tics of fossil fuels — may depend on developing an energy-efficient strategy for splitting water

into oxygen and hydrogen. The problem is that water bonds are very stable, requiring hefty
energy inputs to break. Scientists are eagerly developing catalysts to lower the energy demands, and
thus the cost, of H, production. Yet, science still struggles with the basics, such as what structural
properties make a good water-splitting catalyst. Using measurements from two APS beamlines, re-
searchers analyzed the stability and composition of three small clusters of palladium — Pd,, Pd,, and
Pd,; — which are under investigation as potential water-splitting catalysts. They then generated struc-
tural models of the catalysts. By combining information about the identity and structure of each clus-
ter with its catalytic activity, the researchers identified a particular Pd-Pd bond that appears to be
essential for catalytic function, thus allowing scientists to design better water-splitting catalysts.

Pd

electrolyte immersed electrode area

as synthesized
clusters

Fig. 1. A schematic of the x-ray experiment used to determine cluster stability and composition (i.e., oxidation state).

Electrochemical water splitting oc-
curs in two distinct reactions: the hydro-
gen evolution reaction (HER), and the
oxygen evolution reaction (OER). In
this study, the researchers, from Ar-
gonne National Laboratory, the Univer-
sity of Birmingham (United Kingdom),
and Yale University focused on the
OER, which is currently the least effi-
cient part of the water-splitting process.
Past studies showed that platinum
metal can catalyze OER, but those ma-
terials require a high load of the expen-
sive metal, usually present as large
nanoparticles.

In search of more cost-efficient,
more energy-efficient, and more active
options, the current study focuses on

palladium catalysts with sizes of less
than a nanometer.

Typically, metallic catalysts are
spread somewhat haphazardly onto
support surfaces, resulting in unknown
distributions of single atoms, clusters,
and larger particles. For this study, the
researchers isolated size-specific clus-
ters by sending a molecular beam of
palladium ions through a mass spec-
trometer, filtering out all sizes of parti-
cles except the clusters of interest: Pd,,
Pdg, and Pd,;. The clusters were then
immediately deposited, separately, on
an electrode consisting of a silicon
wafer coated with a thin nanodiamond
film (Fig. 1).

To test the catalytic prowess of the

small palladium clusters, the cathodes
were dipped, halfway, into a basic solu-
tion, which is the standard medium
used in OER. Then, the researchers
performed voltammetry, using current
as a measure of the turnover rate of the
OER reaction. The current generated
by the cathode containing Pd, clusters
was no better, and perhaps a little
worse, than the electrode alone. How-
ever, the Pdg and Pd,; clusters showed
significant activity, with turnover rates
that beat those from previous work on
Pd metal surfaces and are comparable
to those for iridium, the most active
metal catalyst for OER.

The next step was to characterize
the cluster samples. The researchers



Fig. 2. Possible structures of Pd,O, (left) and Pd,O, (right) generated by density functional calculations.

brought the same cluster-coated elec-
trodes used in the voltammetry studies
to the APS for characterization by graz-
ing incidence x-ray absorption spec-
troscopy (GIXAS) at MR-CAT beamline
10-1D-B and grazing incidence small
angle x-ray scattering (GISAXS) at XSD
beamline 12-ID-C,D.

One important observation was
that immersed clusters look practically
identical to those which were not sub-
ject to the water oxidation reaction, sug-
gesting that neither catalysis nor the
harsh basic environment changed the
structure of the clusters. That stability is
key to developing durable catalysts.
The measured oxidation states of the
Pd, and Pdg clusters was used in den-
sity functional calculations which de-
termined, for each cluster, the structural
configurations (Fig. 2) as well as the
free energy for each step of the OER.

Theoretical calculations performed
using the high-performance computing
cluster at Argonne's Center for
Nanoscale Materials suggest that bridg-
ing Pd-Pd sites are active for the oxy-
gen evolution reaction (OER) in Pd¢Og.
Overall, a key descriptor for an efficient
OER Pd catalyst is a balancing of bind-
ing energy differences with respect to
liquid water for each of the important re-
action intermediates (O, OH, and
OOH). For these Pd clusters, OOH is
more strongly bound than the other

species, resulting in the observed over-
potential. DFT packages Quantum
Espresso and VASP were exploited to
gain this insight, along with cluster
global optimization using the Birming-
ham Cluster Genetic Algorithm.

The researchers concluded that the
pertinent difference between the clus-
ters was the presence of particular Pd-
Pd bonds in the two larger clusters, but
not in the smaller cluster. They suspect
that this bond may be necessary for
OER catalysis, suggesting that catalytic
surfaces may be hindered by inactive
species. The hope is that, with the
knowledge of what constitutes an active
species, researchers can focus on mak-
ing water-splitting catalysts using only
the best clusters.

— Erika Gebel Berg
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THE WATER-LIKE PROPERTIES OF
SOFT NANOPARTICLE SUSPENSIONS

he unusual properties of water, including its anomalous thermal ex-

pansion and density anomaly, have intrigued researchers for decades.

These properties are notoriously hard to investigate experimentally
owing to the inherently small length scales and complex interactions that ap-
pear to govern the physics of these materials. Studies of small particles (col-
loids) dispersed in solvents, known as colloidal suspensions, used as models
for atomic and molecular liquids have shown that some of these anomalies
can be engineered in colloidal suspensions of soft particles. Research car-
ried out at the APS elucidates the arrangements and mobility of soft nanopar-
ticles in dense suspensions that mirror the anomalies observed in complex
liquids like water. This discovery, which is the first instance of experimental ob-
servation of such behavior in a colloidal suspension, allows for an extension
of the toolbox of the experimental physicist interested in employing suspen-
sions to mimic molecular liquids, with the added advantage of readily acces-
sible length and time scales.

Tethered
Nanoparticles

Oligomers

Increasing particle loading

Fig. 1. A schematic of soft nanocolloidal suspensions composed of soft polyethylene glycol (PEG) teth-
ered silica nanoparticles suspended in PEG oligomers. The pictures show the variation in physical char-
acteristics with increasing particle loading. The electron micrograph shows the well-dispersed particles

in these suspensions.

The research team, with members
from Cornell University and Argonne,
synthesized soft nanoparticles by
densely tethering small polymers onto
the surface of silica nanoparticles.
Small-angle x-ray scattering (SAXS)
and x-ray photon correlation spec-
troscopy (XPCS) measurements were
carried out at XSD beamlines 8-ID-I
and 12-ID-B at the APS to reveal the

equilibrium structure and the character-
istics of particle motion, respectively.

The particle arrangements become
more disordered and move faster when
more particles are added into the sus-
pension beyond a critical particle vol-
ume fraction, coinciding with a sharp
increase in the resistance by the sys-
tem of grafted nanoparticles to physical
deformations (Fig. 1).

This is in contrast to the usual situ-
ation where increasing the concentra-
tion of particles in a dilute suspension
decreases the space available for plac-
ing new particles, thus increasing parti-
cle ordering and slowing them down. It
becomes easier for any particle in these
suspensions to diffuse when they are
more surrounded by their neighbors.

The anomalous behavior of parti-
cles suspended in water and other com-
plex liquids has been long argued to
exist for systems with soft repulsion,
which is characterized by a potential
energy that exhibits a finite width over
which particle interaction occurs. These
empirical findings lend support to an
emerging consensus from simulations
and provide for a model system for
studying systems with soft repulsive in-
teractions. — Suresh Narayanan
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MAKING UNCOMMON SALT

alt is common in our kitchens and common in chemistry, too. Made of

a sodium atom combined with a chlorine atom, salt molecules have

been well studied, so scientists understand how they behave at day-
to-day temperatures and pressures. Classical chemistry states that the only
way sodium and chlorine can combine is in a one-to-one ratio, but new re-
search carried out at Stony Brook University shows there is a wealth of un-
expected new configurations for this common molecule. These predictions
were verified at the APS and at the Deutsches Elektronen-Synchrotron (DESY,
Germany). Moreover, the scientists in this study have demonstrated the fea-
sibility of predicting an unexpected compound and creating it, which opens
the door for revolutionary materials science.
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The researchers, from the China
Agricultural University, Stony Brook
University, the Carnegie Institution of
Washington, The University of Chicago,
and the Deutsches Elektronen-Syn-
chrotron combined theoretical and ex-
perimental techniques to create this
new sodium chloride combination.

The process began with an algo-
rithm called USPEX (Universal Struc-
ture Predictor: Evolutionary
Xtallography) created by Artem R.
Oganov at Stony Brook University. The
algorithm can be used to design stable
materials on the computer and, it turns
out, is able to devise predictions that
are forbidden by traditional chemistry.

According to classical chemistry,
which details just how electrons can
help bind different atoms, the only way
that sodium and chlorine atoms can fit
together is with an equal amount of
each type of atom. At higher pressures,
the arrangement of the atoms changes,
but the basic ratio remains the same.

However, members of the research
team worked with the USPEX algorithm
and discovered something unexpected.
USPEX predicted that certain com-
pounds thought to be forbidden might,
in fact, be stable at high pressures —
compounds that had three sodium and
one chlorine, for example, or one
sodium and seven chlorines. These re-
sults, if correct, would lead to major re-
thinking of chemical rules and models.

The team decided to tackle creat-
ing two of the new compounds that
were accessible at relatively lower
pressures: the one with three sodium
atoms for every chlorine atoms, and
material with one sodium atom for
every three chlorine atoms.

The researchers took room-tem-
perature rock salt, added extra sodium
or chlorine as appropriate, then com-
pressed the material in a diamond anvil
cell and heated it with lasers. The laser
heating was performed using the GSE-

< Fig. 1. The structure of a novel sodium chlo-
ride compound with one sodium atom for
every three chlorine atoms. The purple spheres
are sodium, the green spheres are chlorine
and the blue surface shows distribution of the

electron localization function.

CARS x-ray diffraction beamline 13-ID-
C,D at the APS, and at the Extreme
Conditions Beamline P02.2 at the
Deutsches Elektronen-Synchrotron.
The resulting materials were stable,
never-before seen new sodium chloride
compounds. X-ray diffraction data were
also collected on the quenched sam-
ples using the bending magnet beam-
lines at GSECARS and HP-CAT at the
APS.

Not only were the researchers able
to create these counterintuitive com-
pounds, but they discovered interesting
properties. The sodium chloride with
three sodiums and one chlorine, for ex-
ample, had a layered structure made of
alternating layers of pure sodium and
common sodium chloride (Fig. 1). The
sodium chloride does not conduct elec-
tricity, but the sodium by itself does,
making this what is known as a “two-di-
mensional metal”: It can conduct elec-
tricity horizontally, but not vertically. In
the high-tech world of semi-conductors,
any material with unique properties like
this could turn out to be useful.

Exotic chemistry means exotic
properties, and the potential for unusual
applications. The team’s methods show
that one can design new materials with
desired properties on a computer,
which dramatically decreases the time
and cost.

This research suggests that other
counterintuitive compounds may exist
as well, in almost any chemical system,
such as in certain compounds thought
to help form planets. Planetary science,
therefore, could also benefit from learn-
ing that the classical rules of chemistry
are not necessarily complete. The inte-
riors of planets, with their intense heat
and pressures, may not be made of the
materials traditionally believed.

— Karen Fox
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METAL MODEL MIMICS METALLOENZYMES

etal ions play critical roles throughout biochemistry, often facilitating the

cleavage of the bond between the two atoms in an oxygen molecule in

metalloenzymes. They are the key to oxidizing organic molecules and, in
the case of photosynthesis, water. An international team of scientists carrying out re-
search at the XSD 20-BM beamline at the APS has homed in on the role of metal ions
in a wide range of biological processes, from metabolism to photosynthesis. The work
presents the first example of a non-heme (manganese) Mn(lV)-oxo (oxygen atom)
complex binding redox-inactive metal ions, and is a demonstration of the diverse ef-
fects of a redox-inactive metal ion on the reactivities of high-valent metal-oxo (an oxy-
gen atom bound only to one or more metal centers) species in oxidation reactions.
These results were the cover article for J. Am. Chem. Soc. 135 (2013).
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me-tal-lo‘enzyme n. An enzyme having a metal, usually an ion, linked to its

protein component. The American Heritage® Medical Dictionary Copyright
© 2007, 2004 by Houghton Mifflin Company.

The metal ions in question are not
themselves redox active, meaning
they can grab a single oxygen atom
without suffering interfering side reac-
tions. Commonly, these species are
hooked up to a heme-type porphyrin
molecule, the central unit in the blood
protein hemoglobin and the light-sen-
sitive unit in chlorophyll at the heart of
photosynthesis.

The researchers from Ewha Wom-
ans University (Korea), Purdue Univer-
sity, Osaka University (Japan), and the
Japan Science and Technology Agency
built a simplified model of the natural
metal-oxo compound (an oxygen atom
bound only to one or more metal cen-
ters) using manganese in the IV oxida-
tion state to which is attached a
chemical group, or ligand, containing
five nitrogen atoms — N,N-bis(2-
pyridylmethyl)-N-bis(2-pyridyl)methy-
lamine — which allow it to bond to the
manganese(lV) through five points,
with the final bonding point available for
the oxo. Linking scandium ions to this
unit completes the structure.

The team used various analytic
methods, including electrospray ioniza-
tion mass spectrometry (ESI-MS), elec-
tron paramagnetic resonance
spectroscopy, and x-ray crystallography
at beamline 20-BM-B to investigate the
structure of their model in detail (Fig.
1). They also experimented with its
chemical reactivity.

The binding of the scandium ions
accelerates oxidation reactions by as
much as 2200 times in the oxidation re-
action of thioanisole, an oxygen atom

< Fig. 1. Fourier transforms of the Mn K-edge
extended x-ray absorption fine structure show
peaks corresponding to Mn-O-Sc interactions,
which modifies chemical properties of this re-

active Mn(IV)=0O center.

transfer akin to those seen in many en-
zyme reactions in which the bond be-
tween two oxygen atoms is cleaved.
The same metal model slows the rate
of hydrogen atom transfer in activation
of the organic compound 1,4-cyclo-
hexadiene; this also emulates the be-
havior of the metal-oxo units in the
metalloenzymes that the team hopes to
understand.

The researchers explain that the
precise behavior of their metal-oxo
model is tuned by the presence or oth-
erwise of the scandium ions. This simu-
lates the tuning behavior of
metalloenzymes by calcium ions in biol-
ogy, for instance. The presence of cal-
cium ions is essential in the
photosynthetic oxidation of water, but
their exact role is not entirely clear. The
team's demonstration of this tuning
process by scandium ions hints at one
possible explanation.

A mechanism for why the oxygen
atom transfer reaction is accelerated so
substantially hints at the involvement of
a fast-moving electron transfer path-
way, the team explains. Conversely, the
slower rate of the hydrogen atom trans-
fer they interpret as being due to the
bulk of the scandium(lll) ions hindering
movement of the hydrogen atoms,
which are themselves much, much
slower moving than electrons.

The work demonstrates that
Mn(1V)-O reactivity in oxidation reac-
tions can be altered by binding Sc(lll)
ions. This provides insight into the role
of redox inactive metal ions in modulat-
ing the activity of Mn-oxo species,
which may inform the ongoing discus-
sion about the role of the Ca(ll) ion in
the Mn,CaO; oxygen evolving center in
photosystem Il (PSII).

— David Bradley
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A BIMETALLIC CATALYST THAT HELPS TURN
PLANTS INTO PLASTIC

etroleum does more than fuel our vehicles. Many of the chemicals
that supply industrial processes are also derived from petroleum, a
limited resource that will likely become more expensive over time. In

preparation for that cost increase, scientists are developing new sources for
the chemicals typically provided by petroleum. One option is to extract valu-
able chemicals from biomass, such as plants or microbes, and convert these
precursors into useful end-products. Biomass chemicals, however, have sig-
nificantly more oxygen than petroleum-derived chemicals and require exten-
sive, and expensive, processing. To ease the complex conversions of biomass
precursors, catalysts are being developed that include an oxophilic (“oxygen
loving”) metal alongside a hydrogenation metal (a metal that has been treated
with hydrogen). These bimetallic catalysts are promising, but little is known
about how they work. In this study, researchers used APS x-rays to unravel
the catalytic mechanism. Their discoveries may help make biomass a viable

chemical source

The researchers, from the Univer-
sity of Wisconsin—Madison, Purdue
University, and Argonne, were initially
interested in the reaction that converts
2-hydroxymethyl-tetrahydropyran into
1,6 hexanediol, a 6-carbon chain with
two hydroxyl groups at opposite ends.
This highly-sought after compound is
used in the production of polymers and
is typically sourced from petroleum.
While it can be produced from biomass,
the problem is conversion reactions
often result in the improper placement
of hydroxyl groups.

In a previous study, a catalyst
made from a carbon support, rhenium,
an oxophilic promoter, and rhodium, a
reducible metal, selectively produced
1,6 hexanediol from 2-hydroxymethyl-
tetrahydropyran (Fig. 1). They hypothe-
sized that this specificity stems from
the two metals working in concert. The
rhenium helps open the ring of 2-hy-
droxymethyl-tetrohydroparyn at the C-
O bond, then, the rhodium does its
work, avoiding the production of un-
wanted side products while hydro-
genating the opened ring. Questions
remained, however, as to the bimetallic
catalyst’'s mechanism, but these could
be answered at the APS.

The MR-CAT 10-BM-A,B and 10-
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Fig. 1. Researchers studied the catalytic mechanism of two model reactions at the APS: the hy-

drogenolysis of 2-hydroxymethyl-tetrahydropyran to 1,6-hexanediol and the dehydration of fructose

to 5-hydroxymethylfurfural. The reactants can be derived from plant biomass sources and the prod-

ucts, usually obtained from petroleum, have commercial value.

ID-B beamlines at the APS, where
these studies were carried out, include
custom equipment that allowed the re-
search team the unique opportunity to
study the catalyst operando, that is,
during the reaction. The researchers
performed x-ray absorption spec-
troscopy (XAS), which detects bonds
between atoms in the catalyst. They ob-
served that rhenium had fewer bonds

on average, suggesting that the metal
mostly occupied the nanoparticle sur-
face. They interpreted this and other
data as evidence that rhenium likely in-
teracts strongly with oxygen in the sur-
rounding water molecules, such that
the hydrogen part of the water molecule
acts like an acid. The researchers
therefore suspected that the bimetallic
catalyst may catalyze reactions by be-



Fig. 2. An increase in reduction temperature results in a decrease in activity of a

81’- s

RhRe/C catalyst for C-O hydrogenolysis and fructose dehydration. XAS measure-

ments and other data indicate that an increase in pretreatment temperature results

in a decrease in surface Re on particles with an Rh core. Re atoms on the surface of

Rh particles likely activate water, thereby promoting an acid catalysis mechanism.

having like a solid acid. This mecha-
nism was supported by experiments
showing that the reaction failed to work
without water.

To further test the acid catalysis hy-
pothesis, the researchers studied a sec-
ond reaction: the conversion of fructose
— another chemical that is derived
from plant biomass — to 5-hydrox-
ymethyl furfural, which is a chemical
way station for several important end
products (Fig. 1). This reaction can only
be catalyzed by an acid-catalyzed
mechanism. They found that 30% of the
fructose was converted by the bimetallic
catalyst to the desired product, with
50% selectivity, similar to what is
achieved with other solid acid catalysts
at those conditions.

In additional experiments, the re-
searchers began to study factors that
affect catalytic activity, such as pretreat-
ment temperature. Tests on a series of
catalysts revealed that higher pretreat-
ment temperatures resulted in lower
catalytic activity. Based on XAS data,
the researchers found that higher pre-
treatment temperatures caused rhe-

nium atoms to migrate into the core of
nanoparticles (Fig. 2). This may explain
the lower activity, as the acid-based cat-
alytic mechanism requires that the rhe-
nium be on the nanoparticle surface,
exposed to water.

In future studies, the researchers
will continue to test various factors in an
attempt produce better catalysts, bring-
ing the dream of biomass-derived poly-
mers and other materials closer to
reality. — Erika Gebel Berg

See: Mei Chia', Brandon J. O'Neill', Ri-
cardo Alamillo', Paul J. Dietrich?, Fabio
H. Ribeiro?, Jeffrey T. Miller3, James A.
Dumesic'*, “Bimetallic RhRe/C cata-
lysts for the production of biomass-de-
rived chemicals,” J. Catal. 308 (2013)
226. DOI:10.1016/j.jcat.2013.08.008
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CATALYSTS CAUGHT IN THE ACT
UNDERGO RADICAL REARRANGEMENTS DURING REACTIONS
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Fig. 1. Left: Oxidized vanadium vt supported on a single titanium oxide crystal (top) catalyzes the
dehydration reaction of cyclohexane (C6H12) to become reduced vanadium VAt (bottom). The addi-
tion of oxygen returns vanadium to its oxidized form. Right: An atomic-scale model of reduced vana-

dium4+ based on data from XSW experiments.



hemists who develop catalysts are always trying to improve catalytic

efficiency or create novel reaction pathways, but they’re doing so

largely in the dark. The atomic-scale structure and chemical proper-
ties of catalysts remain surprisingly mysterious, despite the critical roles that
catalysts play in a variety of industrial and environmental applications. Het-
erogeneous catalysts — which differ in phase from their substrates — are
used, for example, to convert toxic nitric oxide from automotive emissions to
less harmful gases. Hoping to shed some light on how catalysts behave, and
connect these behaviors to catalysts’ activity and selectivity, researchers
working at the APS teased out structural and chemical information about a
single layer of vanadium oxide, a catalyst, supported on the surface of a tita-
nium oxide crystal. The data revealed that vanadium oxide undergoes a dra-
matic and reversible change in chemical states and structure during a redox
reaction cycle, providing unprecedented insight into how vanadium oxide cat-
alyzes reactions. This research will make it possible for scientists to improve
catalysts by strategically altering their structures.

Supported vanadium oxide is cur-
rently under investigation as a catalyst
for the oxidative dehydration of ethanol,
propane, and cyclohexane. For exam-
ple, low-density arrangements of sup-
ported vanadium oxide have shown
greater catalytic efficiency than sup-
ported vanadium oxide at higher densi-
ties or bulk vanadium oxide. In this
study, researchers from Northwestern
University, the Massachusetts Institute
of Technology, and Argonne examined
the oxidative dehydration of cyclo-
hexane by monolayer vanadium oxide
on a titanium oxide scaffold as a model
system.

To make the sample, the re-
searchers atomically engineered a
layer of vanadium oxide on the surface
of a single rutile (10 mm x 10 mm x 1
mm) titanium oxide crystal. The re-
searchers created vanadium atomic
density maps relative to the rutile sub-
strate lattice using x-ray standing wave
(XSW) in situ analysis at the DND-CAT
5-ID-B,C,D beamline at the APS.

The key to XSW is that it uses the
x-rays generated by the APS beamline
in two ways: single-crystal x-ray diffrac-
tion and x-ray fluorescence. The x-ray
diffraction provides the basic structural
outline, while the fluorescence distin-
guishes between vanadium and tita-
nium.

To run the in situ XSW experi-
ments, the researchers placed the
sample in the path of the x-ray beam

inside a beryllium dome. The dome,
which is “transparent” to x-rays, is used
to create the environment for vanadium
to catalyze chemical reactions, supply-
ing the proper temperature, pressure
and reaction gases. To generate a
three-dimensional image, the re-
searchers rotated the crystal with a 5-
circle diffractometer. They gathered
structural data on the catalyst in three
states: oxidized by oxygen, reduced by
cyclohexane, and reoxidized by oxy-
gen. This strategy can effectively track
the behaviors of catalysts during a
chemical reaction.

In addition to structural information,
the researchers wanted to assess the
chemical oxidation state of the catalyst
under the same conditions as studied
by XSW. For this, the researchers used
a low-energy x-ray source provided by
the Keck-Il facility at Northwestern Uni-
versity.

X-ray photoelectron spectroscopy
(XPS) detected the oxidation state of
vanadium and any bound oxygen
atoms under oxidized and reduced con-
ditions. By combining the XPS and
XSW data, the researchers developed
an atomic-scale model for the reduced
catalyst in a 4+ oxidation state (Fig. 1,
right). Its structure strongly resembles
that of the titanium oxide support, which
was expected, the researchers say, be-
cause titanium also has a 4+ oxidation
state.

Things got more interesting when it

came to the analysis of the oxidized
state. This structure was uncorrelated
to that of the underlying titanium oxide,
indicating that the catalyst significantly
changes upon oxidation. The dishar-
mony between the oxidized vanadium
oxide and titanium oxide support made
it impossible for the researchers to de-
velop a structural model for the oxi-
dized state.

However, using the information
from XPS data as well as from infrared
spectroscopy, they figured out that oxi-
dized vanadium is in a 5+ oxidation
state, with three single bonds to oxygen
and one double bond (Fig. 1, top left).
The oxidized and reoxidized states
looked the same, suggesting that the
reaction is reversible. In future re-
search, the researchers plan to nail
down the oxidized structure by combin-
ing structural and oxidation state infor-
mation. — Erika Gebel Berg
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FUELING SURFACE STUDIES FOR CATALYTIC SCIENCE

oating platinum (Pt) nanoparticles with a sub-monolayer of ruthe-
nium converts the normally bulk-sensitive x-ray absorption spec-
troscopy into a surface-sensitive technique. This new approach can
then reveal critical details about the mechanisms of catalytic reactions at the
surface, simulating Pt/ruthenium (Ru) catalysts, and allowing researchers to
see how the catalyst accelerates the electrochemical oxidation of methanol in
a fuel cell with a view to boosting catalyst efficiency. This important process
could underpin future electricity generation for portable devices and vehicles.

Fuel cells were first invented in the
nineteenth century and use the reaction
of an energy-rich organic molecule
such as methanol or ethanol, flowing
over a catalytic metal reacting with oxy-
gen to produce an electric current as
well as releasing water and carbon
dioxide as byproducts with no toxic pol-
lutants. Essentially, a fuel cell is a bat-
tery with a chemical fuel supply. As
such, these devices have become the
focus of twenty-first-century clean
power technology. They might one day
displace the internal combustion engine
or allow us to recharge mobile devices,
such as cell phones and computer
tablets, with a canister of liquid fuel as
simply and easily as one might refill a
cigarette lighter without the need to
connect to an electrical power outlet.

Direct methanol fuel cells (DMFCs)
are among the most promising class of
these devices. However, their wider
adoption for commercial applications
has been stymied somewhat by the Pt
catalysts used in experimental designs.
Platinum is an expensive noble metal.
Moreover, the two-step reaction that
converts methanol to water and carbon
dioxide leads to poisoning of the cata-
lyst as carbon monoxide and methanol
intermediates are formed that fill up the
reactive sites on the catalyst surface. It
was known that addition of a less ex-
pensive metal might impede this poi-
soning process. The most effective
additive is Ru metal, which almost
wholly precludes the poisoning reaction
and so maintains the catalytic activity of
the Pt almost indefinitely.

In order to develop the optimal ap-
proach to incorporating Ru as an addi-
tive to work with the Pt catalyst requires
new insights into how different arrange-
ments of the two metals might affect
the catalytic process and electricity

Fig. 1. A novel experimental setup allows in situ
Ru K-edge XAS to be carried out using a
sparse layer of Ru atoms coating nanoparticles
Pt electrocatalyst in order to study the mecha-
nism of methanol oxidation in a fuel cell.

Graphic: C. Pelliccione (lIT) et al.

generation in a DMFC. Researchers
from the lllinois Institute of Technology
and at Argonne have investigated plat-
inum nanoparticles coated with sub-
monolayers of Ru as a model catalyst
for x-ray absorption spectroscopy
(XAS) studies of the methanol oxidation
mechanisms. They collected in situ
XAS data at Ru-K edge on the MR-CAT
beamline 10-ID- B at the APS. Because
of the low concentration of Ru in the
sample, they had to use fluorescence
mode with a Lytle detector ion chamber
in continuous scan mode.

The team's unique way of coating
the Pt nanoparticles with Ru lent itself
to a clear view using XAS of the
methanol electrochemical oxidation re-
action. Specifically, the layer of Ru
atoms is very thin — approximately a
single atom thick and covering a little
less than a third of the platinum sur-
face, simulating the surface of bimetal-
lic catalyst. Having Ru only at the
surface of the catalyst, the team ex-
plains, means that whereas XAS is

usually a “bulk” analytical technique for
investigating solids by correlating the x-
ray absorption fine structure data at the
Ru K-edge of the spectra, the team was
able to exploit it as a surface analytical
technique instead. This provided a
unique view of the methanol oxidation
process. (The team also investigated
the morphology and atomic distribution
of as-prepared Ru@Pt catalyst using
scanning electron microscopy at the Ar-
gonne Electron Microscopy Center
[EMC]).

The team recorded data at various
oxidation potentials, with a solution of
methanol and with background elec-
trolyte lacking methanol as a control
experimental setup. This revealed sig-
nificant differences between the behav-
iors of the Ru-metal ions in those
environments. In the methanol system,
the Ru exists as metal and Ru(lll) ions
regardless of potential. In this state, it
absorbs and processes the unwanted
carbon monoxide and keeps the Pt ac-
tive. By contrast, in the control experi-
ments, the metallic Ru was all oxidized
to a mixture of Ru(lll) and (IV) oxides.
The results suggest how to optimize
the catalysts for optimal use in DMFC
(Fig. 1). — David Bradley

See: Christopher J. Pelliccione', Elena
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Chem. C 117, 18904 (2013).
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A SoLID BULKS UP UNDER PRESSURE

hemists have spent decades searching for stable materials that have a

porous internal structure. Such solids exist in nature in the form of clay-

like zeolites, which have vast internal surface areas that can soak up
small molecules from liquids and gases. But there are a limited number of zeo-
lites available, with a limited range of pore sizes and shapes. Building new
porous materials, such as metal-organic framework (MOF) materials, could allow
chemists to design specific pores that can select out particular molecules. Such
materials could be used to separate gases, sequester the greenhouse carbon
dioxide from combustion exhaust fumes, or act as highly selective catalysts and
sensors. Scientists from Argonne have investigated the non-porous material zinc
cyanide — Zn(CN), — which can double in size when under pressure as it forms
a new “porous” crystalline structure resembling a sponge. This new form, stud-
ied by researchers utilizing the APS, can soak up water, methanol, ethanol, and
other fluids. It also forms other shape-shifting materials that could lead to the de-
sign of new high-density gas storage systems, powerful chemical catalysts, and

filters for separating or absorbing greenhouse gases.

lon 1.0 glcm?®

Fig. 1. Applying pressure causes the material to
expand as new fluid-filled pores form within.
Graphic: Karena W. Chapman (XSD).

Zn(CN), is known to contract when
heated, something that only water and
very few other substances do; most
materials expand when heated. The
changes occur as bonds between
atoms in the material are broken and
reformed to make a more compact
structure.

If temperature can play an impor-
tant role in the structure of a material,
then so too can applying pressure. De-
spite being non-porous, zinc cyanide is
highly compressible. Moreover, apply-
ing high pressure to this material can
change its physical properties, making
the temperature effect of its contraction
on heating even more pronounced.

However, astoundingly, the re-
search team in this study has found
that when they apply pressure to this
material it undergoes a different internal
shape-shifting as bonds break and re-
form; in this case the material expands

dia-c

1.9 g/lcm?

rather than contracting, forming a more
open, porous material that doubles the
volume of the material (see the figure).
The team used the powerful analytical
technique known as synchrotron pow-
der diffraction to test their samples and
elucidate the precise structures formed,
in a series of experiments carried out at
the XSD beamlines 1-BM-B,C, 11-ID-B,
and 17-BM-B of the APS.

The team demonstrated that five
new phases can be produced using ap-
plied pressure on zinc chloride. Four of
those phases have a regular, crystalline
structure and one is irregular, or amor-
phous. The structures were character-
ized based on the synchrotron data
using high-power computational tech-
niques to determine the exact positions
of each atom within the structure.

The team points out that the differ-
ent phases, or polymorphs, are gener-
ated depending on what fluid is used to
apply the pressure to the original com-
pound. The team used one of three lig-
uids — isopropanol, ethanol, or
fluorinert — to put the squeeze on the

zinc cyanide and each produces a dif-
ferent internal structure as the mole-
cules of each fluid act as a template for
the pores that are formed as the pres-
sure is applied. The researchers note
that water, methanol, ethanol, or mix-
tures of those liquids can cause further
shifts to the crystal structures.

The new applied pressure ap-
proach to morphing solids between dif-
ferent crystal forms could open not only
pores in otherwise non-porous materi-
als, but also provide chemists with the
means to generate novel porous solids
with pores of different size and shape
for specific applications, the re-
searchers suggest.

The approach could allow materials
that are not available to the conven-
tional synthetic methods used to build
MOFs and so could increase the diver-
sity of materials available. Such in-
creased diversity boosts the chances of
finding the optimal material for a given
industrial separation or catalytic
process. — David Bradley

See: Saul H. Lapidus, Gregory J.
Halder, Peter J. Chupas, and Karena
W. Chapman*, “Exploiting High Pres-
sures to Generate Porosity, Polymor-
phism, and Lattice Expansion in the
Nonporous Molecular Framework
Zn(CN),,” J. Am. Chem. Soc. 135, 7621
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A PINCH AND A WRINKLE REVEAL BEHAVIOR OF
NANOSCOPIC LAYERS

inch the sides of a thin layer of gold particles just a few billionths of a

meter thick and the material will wrinkle up before doubling over and

then folding again to form a triple layer. X-ray studies at the APS re-
veal a short-lived intermediate phase between the initial state and the final
triple layer that could provide insights into how chemical surfactants behave
in nature and the laboratory, as well as how biological membranes such as
those that enclose our body's cells form and behave.
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Fig. 1. Lateral pressure applied to a thin film of gold nanoparticles will cause it to wrinkle as re-
vealed by a novel application of GIXOS. Image courtesy of Oleg Shpyrko (UCSB) et al.



Researchers from the University of
California, San Diego; The University of
Chicago; and Cornell University carried
out grazing incidence x-ray off-specular
scattering (GIXOS) studies on the
ChemMatCARS liquid surface scatter-
ing station on beamline 15-ID-C at the
APS with monochromatic x-rays (wave-
length of 1.24 A.) to help them investi-
gate what are known as interfacial
nanostructures. In such materials a thin
layer exists between a liquid and the air
above it. Until now, it was not possible
to obtain detailed insights into the be-
havior of such layers under compres-
sion, because the consequent wrinkling
of the layer and the formation of multi-
ple-layered films occurs too quickly.
The GIXOS studies can tease apart the
details of the process because the X-
ray scattering occurs on a much shorter
timescale (Fig. 1).

The team created a monolayer of
gold nanoparticles on a liquid surface
through a process of self-assembly in
which the structure of the particles and
their interactions with the molecules in
the liquid's surface lead them to form
an organized layer. The researchers
could then probe this so-called “Lang-
muir monolayer” using GIXOS with a
spatial resolution of nanometers and
time resolution of 10s of seconds.. As a
result, their data reveals much more
than would be visible to conventional x-
ray scattering or atomic force mi-
croscopy. Indeed, as the team applied
a compressive force laterally to the
layer with trough barriers, the GIXOS
data revealed the initial wrinkling of the
layer and the formation of a previously
unseen “hash” formation of the
nanoparticles. This intermediate struc-
ture then crinkled further as the team
applied squeezes to the layer more and
more until it folded into a double layer
and then a triple layer (Fig. 2).

The crinkling mechanism, from ini-
tial monolayer to bilayer, is a revelation
not previously considered. Given that
the gold Langmuir monolayer is acting
as a representative model of any
nanoscopic layer, the findings could
have implications for understanding
how multiple-layers cell membranes
and other chemical thin films form from
simple monolayers in nature. The crin-
kles that formed are not much bigger

than the nanoparticles and
so do not represent a high-
energy barrier to the forma-
tion of the triple layer.
Indeed, the crinkles repre-
sent the only plausible route
in terms of the energy cal- 3 1
culations the team has car-
ried out that explains how
an intermediate bilayerand 4 1
then a triple layer can form.
The calculations do
suggest that the leap to a
quadruple- or even a quin-
tuple-layer from the triple
layer is not so energetically 3
favorable and so apparently
does not occur. The
nanoparticles would have to 7 3
climb much higher to form
the necessarily crinkles that
would allow the triple layer 8 1
to fold still further and so
the only possible route

1 1
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1

Fig. 2. Steps in a hypothetical crinkle-folding mechanism. Row 1:

would be for the whole layer monolayer viewed in cross section after one buckling event. Hori-

to fold in concert. As the
team has already demon-
strated with GIXOS, the
crinkling mechanism is the
only plausible route to add
an extra layer and so this
perhaps explains why
quadruple and quintuple
layers have not been seen
in natural or synthetic mem-
branes to date.

With the appropriate APS beamline
and the newly developed GIXOS tech-
nique, the team has demonstrated the
wider application of this approach for
obtaining snapshots of rapidly evolving
systems of nanoparticles.

— David Bradley
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zontal direction is the compression direction; vertical direction is
the normal to the liquid surface. Particles 1, 4, 8, 10, and 12
along the monolayer are labeled. Rows 2—8: subsequent steps in
the trilayer formation. Colored stripe follows the original se-
quence of particles in the monolayer. Columns at left indicate the
number of new particle—particle contacts formed in the step and
total number of contacts that must be broken or weakened to
make the step move, including interfacial contacts. Further crin-
kling after step 8 proceeds as in step 5. From Y. Dai et al., Lang-
muir 29, 104050 (2013). © 2013 American Chemical Society.
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AROUND THE APS

THE 2013 THREE-WAY MEETING
APS, ESRF, PETRA IIl, SPRING-8

Attendees at the 2013 Three-Way Meeting. In the front row, left to right, are Edgar Weckert, Direc-

tor, Photon Sciences, DESY; APS Director Brian Stephenson; Tetsuya Ishikawa, Director, RIKEN Harima

Institute, SPring-8; and Francesco Sette, Director General, ESRF.

The 2013 Three-Way Meeting was
held at the APS from July 30 through
August 2. This was the 14th meeting in
a long history dating back to the early
years of the hard x-ray synchrotron
(circa 1993). The meeting takes place
approximately every 18 months, alter-
nately hosted by the current four large,
hard x-ray light sources: the APS; the
European Synchrotron Radiation Facil-
ity (ESRF, France); the newest member,
PETRA Il at the Deutsches Elektronen-
Synchrotron (DESY, Germany); and
SPring-8 (Japan). The next Three-Way
Meeting host is SPring-8 in 2015.

The meeting is attended by the fa-
cility directors from the four synchro-
trons, optics and detector scientists,
and user program administrators. The
meeting fosters communication and col-
laboration between the laboratories and
provides a forum for discussion of in-
strument, scientific, and organizational
issues common. Fifteen exhibitor com-
panies and more than 150 participants
made this year’s meeting an opportu-
nity to share insights and information
among the organizations.

A reception for meeting attendees
was held on the eve of the start of the

main meeting sessions. The main meet-
ing opened with a welcome from APS
Director Brian Stephenson followed by
facility reports from Francesco Sette,
Director General, ESRF; Tetsuya
Ishikawa, Director, RIKEN Harima Insti-
tute, SPring-8; Edgar Weckert, Director,
Photon Sciences, DESY; and Stephen-
son for the APS.

Two days of optics, detector, and
user services workshops featured pre-
sentations by speakers from the four fa-
cilities. The optics workshop (organized
by Lahsen Assoufid, XSD) spanned the
topics of crystal, thin-film, and nanofo-
cusing optics; metrology; and optics
simulation, modeling, and coherence.
Detector workshop organizers Antonino
Miceli and Robert Bradford (XSD)
hosted two sessions focused on current
projects and future directions across the
four facilities and more in-depth techni-
cal talks. There were stimulating discus-
sions, including conversations with the
DESY group regarding testing XFEL de-
tectors at the APS Optics and Detector
Test Beamline.

The user services workshop (orga-
nized by Susan Strasser, XSD) began
with overview presentations from the

managers of the four user programs,
followed by presentations and discus-
sions on publications, databases, pro-
posal and scheduling systems, user
portals, governmental and facility is-
sues, user organizations, and outreach.

Plenary sessions included talks on
facility upgrades and future plans.

Plans for facility upgrades, a com-
mon theme among all of the facilities,
were woven through the presentations.

The social event highlight was a
meeting banquet held at the Art Institute
of Chicago, which included guided tours
of various museum galleries.

Visitors were offered a choice of
two tours of the APS: an accelerator/
sources tour or a beamlines tour that
took in the soft x-ray beamline for scat-
tering and photo-emission spectroscopy
as well as the new Dynamic Compres-
sion Sector.

The full meeting agenda and links
to presentations are at
http://aps.anl.gov/Users/3Way/.

Contact: Susan White De Pace,
swd@aps.anl.gov
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LOOKING INSIDE A LIVING FROG EMBRYO

n embryo goes through several radical changes on its way to becoming a com-
plex organism. One of the critical moments in this development is gastrulation,
when the embryo forms the primary germ layers out of which different tissues
and organs will arise. Common experimental techniques give only a limited view of this
important transformation. But now a research team has employed x-ray phase-contrast
microtomography to produce three-dimensional (3-D) movies of gastrulation. The re-
searchers exposed frog embryos to high-brightness x-rays from the APS to reveal where
cellular motion may be arising and how parts of the embryo grow in size, important new
information about embryonic development.

Once an egg is fertil-
ized, the resulting embryo
grows into a larger and
larger ball of cells. But after
about 10 h, the ball begins
to contort into a donut
shape. Gastrulation is the
first step in this “topologi-
cal” change, with the initial
opening in the gastroin-
testinal tract, called the
blastopore, developing on
one side of the embryo. At
the same time, other cells
begin congregating into
separate structures that will
eventually form the main
organ cavity. One of the
main questions biologists
have is what drives cellular
movement during gastrula-
tion.

Previous work has
studied gastrulation using a
wide variety of methods,
such as fluorescence mi-
croscopy and magnetic
resonance imaging. How-
ever, none of these tech-
niques have been able to
provide high-resolution im-
ages of the interior of an
opaque, still-living embryo. X-ray
phase-contrast microtomography,
wherein hard x-rays pass through the
embryo and are imprinted with a small
phase change that can be used to re-
construct the embryo's internal struc-
tures, offers this capability.

For their subject matter, the scien-
tists from the Karlsruhe Institute of
Technology (Germany), the Tomsk

Fig. 1. X-ray phase-contrast tomography provides a detailed look at a frog em-

bryo during gastrulation. The image above shows the embryo's multiple layers as
well as particular structures, such as the blastopore opening at the top. The
graphic on the next page depicts cell and tissue motion as captured by flow

analysis software. Graphic: Alexey Ershov (KIT).

Polytechnic University (Russia), North-
western University, and Argonne Na-
tional Laboratory chose embryos of the
South African clawed frog, Xenopus
laevis. Exposing the 1-mm-wide em-
bryos to a typical x-ray scan, which re-
lies on absorption, would quickly kill
them. But phase-contrast is a milder
form of imaging that works well with soft
tissues. In phase-contrast, x-rays travel

through a given embryo,
accumulating a phase
change that depends on
cell type and density
along the light path. To
detect the phase change,
the typical strategy is to
record the light intensity
at several different posi-
tions behind the sample.

However, the em-
bryo in this case was not
going to sit still long
enough for an x-ray de-
tector to be moved back
and forth. Working at the
XSD 2-BM-A,B beamline
at the APS, the re-
searchers instead fixed
their detector at a propa-
gation distance of 60 cm
and used sophisticated
computer algorithms to
retrieve the phase infor-
mation. By rotating the
embryo and taking 1200
different projections, the
team produced a 3-D
map of the embryo with
sub-cellular spatial reso-
lution of 2 uym (Fig. 1).
(Another XSD beamline,
32-ID-B,C, was utilized to check for
systematic errors, i.e., to confirm that
the data looked the same on a different
beamline.)

To view changes during gastrula-
tion, the researchers made a movie
with multiple “snapshots” taken one
after the other over a 2-h period. Each
3-D image took 20 sec to complete —
fast enough to avoid blurring from cell



Xenopus laevis, the African clawed frog, lacks a tongue and a visi-
ble ear; the males lack vocal cords. They have the ability to change
their appearance to match their background. During the 1940s, fe-
male African clawed frogs were injected with the urine of a female
human. If the human was pregnant, then the injected frog would start
producing eggs. This was the first vertebrate cloned in the labora-
tory. Source: The Smithsonian National Zoo Park, http://national-
zoo.si.edu/Animals/ReptilesAmphibians/Facts /FactSheets /Africancl

awedfrog.cfm

movement that aver-
ages about 2-uym per
minute — and a time
lapse of 10 min was
used until the next to-
mogram was recorded.
A computer program
tracked the direction
that individual cells
moved into and at what
speed.

The team was able
to identify certain re-
gions where some cells
individually “crawled”
along a fixed surface. In
other places, a unified
effort was made by cells
moving in opposite
transverse directions in
order to extend the
length of a particular tis-
sue along the longitudi-
nal direction
(convergent extension).

One of the main re-
sults of these observa-
tions concerns the
growth of the archenteron, a small
pocket that later develops into the gut
cavity. By accurately measuring the vol-
umes inside the embryo, the team
showed that the inflation of the archen-
teron is due to water being pumped in
from outside. This contradicts recent
work that assumed the archenteron
grew by stealing material from other
parts of the embryo.

The researchers also discovered a
cusp, or bump, that develops on one of
the linings inside the embryo when dif-
ferent layers collide with each other. To

determine what affect this cusp might
have, future studies with x-ray phase-
contrast microtomography will look at
different mutant frog embryos to see if
they behave in an alike fashion.

— Michael Schirber
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RRE RNA, Beacon of
HIV-1 Genome in Nucleus

Fig. 1. Elucidation of the structure of the Rev Response Element in the HIV-1 RNA genome reveals how
HIV-1 uses the “A-like” structure as a molecular beacon for fishing its RNA out of the RNA-rich cell nu-

cleus and provides a new potential target for AIDS treatment.
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etroviruses go to a lot of trouble to replicate themselves in our cells

and further their infectious cycle. The human immunodeficiency virus-

1 (HIV-1), which causes acquired immunodeficiency syndrome
(AIDS), is a good example. HIV-1 is an RNA virus that must synthesize DNA
from its RNA genome, transport its DNA into the nucleus, transcribe it back to
RNA, transport the new RNA out of the nucleus again, and then make proteins
from the RNA that will be assembled with new viral RNA genomes and re-
leased from the cell as new infectious particles. While the molecular details of
many of these steps are known, one mystery that remains is how HIV-1 rec-
ognizes and fishes out its own RNA from among all the other RNAs in the nu-
cleus, an essential step in viral replication. Now, the structural basis for this
recognition has been defined by researchers carrying out a small-angle x-ray
scattering (SAXS) study at the APS. Their work may also provide information
that will help in the design of a completely new class of drugs that target HIV-
1 genomic RNA for treatment of patients with AIDS.

In normal cells, uninfected with
retroviruses, messenger RNAs are
transcribed from DNA and then
processed before being transported out
of the nucleus to be translated into pro-
tein. The problem for HIV-1 is that it
must get some of its RNA genomes out
of the nucleus without being processed
so they can be packaged into new viral
particles and it must recognize its own
RNA genome from among the more
abundant host RNAs in the nucleus. It
does this using a protein called Rev
that recognizes a Rev response ele-
ment (RRE) in the viral RNA.

Rev works in pairs, as a dimer, to
bind the RRE, then recruits more Rev
molecules and host proteins that are
responsible for getting RNA out of the
nucleus. The binding sites for Rev on
the RRE have been identified but are
curiously vague. The site on the RNA is
not sequence-specific and is defined by
purine-rich grooves that could easily be
found in many other RNA molecules.
Attempts to understand this in more
depth through solution of the three-di-
mensional structure of the RRE using
nuclear magnetic resonance imaging or
x-ray crystallography have been unsuc-
cessful for the past two decades. So to
learn more about these interactions,
the researchers from the National Can-
cer Institute, National Institutes of
Health, and Argonne turned to SAXS
analysis to get structural information
and then confirmed their findings with
biochemical and functional analyses to
figure out how this very specific RNA
fishing trick is done.

The three-dimensional structure of
the RRE determined from the SAXS
data obtained at the XSD 12-ID-B and -
C beamlines at the APS showed that
the RNA forms an extended “A” with
one leg shorter than the other (Fig. 1).
The legs are about 50 to 60 A apart
and position the known binding sites for
Rev on either arm of the A. The higher
affinity binding site is on the lower part
of the short arm and the lower affinity
site is on the lower part of the longer
arm, placing them about 55 A from
each other. This finding is consistent
with previous studies that have shown
that when two Rev molecules form a
dimer, their interaction domains are ori-
ented 55 A apart.

Next, the team studied different
mutants of the RRE to identify impor-
tant structural elements for Rev binding
and nuclear transport function. They
made two truncated mutants that con-
tained either one arm or the other of the
A. These mutants had either the high-
or low-affinity binding site for Rev, but
not both.

The team also made three inser-
tion mutants that increased the dis-
tance between the arms of the A by
adding to the crossbar. Biochemical as-
says of Rev binding showed that nei-
ther the insertion nor the truncation
mutants could form the higher order
complexes with multiple Rev proteins
required for proper functioning. Nuclear
transport assays confirmed these re-
sults. The truncation mutants were
completely incapable of performing nu-
clear transport and the insertion mu-

tants had greatly reduced activity.

Taken together, these results pro-
vide an explanation for how HIV-1
specifically identifies the HIV-1 RNA
genome using RRE as a molecular
beacon. As nuclear transport is essen-
tial for HIV-1 replication, this makes it a
potential target for antiviral therapy.

These new results open the door
for design of antiviral strategies block-
ing this step in the viral life cycle by tar-
geting the viral RNA. Targeting the viral
RNA has not been possible because
the viral RNA structure was unknown
until now.

The Wang and Rein laboratories at
the National Cancer Institute, National
Institutes of Health, are now beginning
to test some of these strategies. One of
the possible outcomes of targeting the
viral RNA is the development of a new
class of agents that destroy the viral
RNA genome. Another is development
of ultra-sensitive probes for viral detec-
tion and diagnosis. — Sandy Field
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CooL MUSCLES:
STORING ELASTIC ENERGY FOR FLIGHT
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Fig. 1. The moth Manduca sexta, in flight, and dif-
fraction images from the time point directly fol-
lowing muscle stimulation, which highlight the
temperature dependent variation in lattice struc-
ture. The temperature dependent change in lat-
tice spacing is present as a difference in the

distance between opposing 1,0 equatorial re-

. flections and the variation in cross-bridge mass
. shift is present in the change in relative intensities
of the 1,0, 1,1, and 2,0 equatorial reflections.
Diffraction patterns from N.T. George et al., Sci-
ence 340(6137), 1217 (7 June 2013).
Movie S1 @

http://www.sciencemag.org/content/suppl/2013/04/24/science.1229573.DC1/1229573s1.mov
View an animation consisting of 5-frame x-ray diffraction movies (on the right)
paired with their respective mechanical measures of force and length (creat-

ing a work-loop, on the left), one from the 25° C condition and one from the
35° C condition. X-ray diffraction images from concurrent points in the con-
traction cycle highlight the temperature dependent variation in muscle lattice
structure.



lying has always fascinated humans, probably because we are so relent-
lessly Earthbound. One of the things that fascinates researchers who study
flight is the question of how animals that do it can generate the energy re-
quired. Flying is an intensely power-hungry activity that is less than 10% efficient.
Some studies have suggested that physical properties of the molecules involved in
insect flight might contribute small amounts of energy to the flight “power grid”
through potential energy savings in the form of elastic strain energy. Insight into
this question has been provided by research completed at the Bio-CAT beamline

18-1D at the APS. These results provide important information about how flying

species meet the energy needs of their powerful adaptation, new knowledge that
may have implications for locomotion in general.

The study, by researchers from the
University of Washington, the lllinois In-
stitute of Technology, and Harvard Uni-
versity combined time-resolved
small-angle x-ray diffraction with meas-
urements of mechanical energy-ex-
change in the wing muscle of the moth
Manduca sexta to create high-speed
video of muscle motion at the molecu-
lar level. Their results show that tem-
perature differences between the dorsal
(top) and ventral (bottom) sides of the
wing create an opportunity for elastic
strain energy to be stored in the cooler
regions of the muscle and then re-
leased during the transitions between
contraction and relaxation to assist with
the inertial power costs associated with
accelerating and decelerating the
wings.

The breakthrough in this work was
the development of an apparatus that
allowed the team to make high-speed
x-ray diffraction measurements at the
same time as they measured wing-
muscle motion mechanics.

To do this, the researchers first
fixed the body and flight muscle of the
moth onto a “work-loop” apparatus that
allowed them to stimulate muscle con-
tractions in a controlled manner that
simulated flight while measuring the
forces of those contractions.

Next, the work-loop apparatus was
aligned to the 18-ID x-ray beam and a
custom shutter was installed to allow
for high-speed measurements. The
team recorded 5 diffraction images per
wing-beat cycle, 1 every 8 msec, for
100 cycles at 25° C and at 35° C —
temperatures that cover the range ob-

served for M. sexta wing muscle.

The force generated during muscle
contraction is known to result from the
ratcheting of cross-bridge proteins
along other muscle filament proteins.
As the cross-bridge proteins bind,
move, and release the filament, they
generate force. As with all molecular in-
teractions, the cross-bridges move
faster at higher temperatures. These re-
searchers had already shown that the
temperature of the muscle on the dor-
sal and ventral sides of the moth wing
can differ by as much as 6.9° C during
flight.

By taking their x-ray diffraction im-
ages at 25° C and 35° C they were able
to see what was going on at each tem-
perature at the molecular level.

The x-ray diffraction data showed
differences in the spacing of the mole-
cules involved in muscle contraction
depending on the temperature (Fig. 1).
This indicated that the cross-bridges
cycled faster at the warmer tempera-
ture and slower at the cooler tempera-
ture.

These results support a model in
which the cross-bridges that drive the
muscles on the warmer, underside of
the wing cycle quickly during flight,
while cross-bridges on the cooler, top
side of the wing remain bound to fila-
ments longer, building up strain until it
is released as elastic energy as the
muscle advances into its next phase of
shortening or lengthening.

The combination of advanced tech-
nologies at the APS and the x-ray ex-
pertise of Tom Irving, Director of
Bio-CAT and a collaborator on this proj-

ect, made possible a new view of how
temperature, strain, and molecular mo-
tors conspire to produce a range of
functions in a single muscle: from an
actuator to a spring, and provides im-
portant information about how flying
species meet the energy needs of their
powerful adaptation and may have im-
plications for locomotion in general.

— Sandy Field
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FLESHING OUT SKELETAL GROWTH WITH STRONTIUM

s sea urchin embryos grow, they transform amorphous calcium car-

bonate (ACC) into skeletons of orderly crystalline calcite. Getting a

close-up look at that biological process has been difficult, because
imaging techniques that can resolve matter on the scale of atoms and mole-
cules have trouble characterizing disordered materials such as amorphous
calcium carbonate. Capturing a moment inside a living organism is more dif-
ficult still. Last year, researchers devised a clever way to probe the shift from
disorder to order. They pulsed artificial sea water (ASW) containing strontium
into the sea urchin embryos’ environments for a short time, and then withdrew
it. The sea urchins incorporated the occasional strontium atom into their skele-
tons in lieu of calcium. The researchers then used two different beamlines at
the APS to probe the atomic structure around the strontium atoms, getting
unique insights into the evolution of order in the skeleton over time. The re-
sults have the potential to illuminate the biomineralization processes of not
just sea urchins, but all creatures that build skeletons with calcium.

Transparent, small, and rapidly de-
veloping, the sea urchin embryo is
beloved of developmental biologists. It
is a model organism for studying how
anatomy emerges from information en-
coded in genes. Its transparency
makes it easy to see the skeleton at
any given moment of development. But
how the sea urchin transforms amor-
phous calcium carbonate into a single
crystalline structure of intricate shape
has been mysterious.

Researchers from Northwestern
University wanted a marker that would
show them how the skeletal structure
evolved over time. Strontium, which sits
just below calcium in the same column
of the periodic table, seemed like the
perfect choice. It is heavier than cal-
cium, but its electronic structure is very
similar and the occasional strontium
atom can easily substitute for calcium
in calcium carbonate. It also interacts
more efficiently with x-rays than does
calcium.

The researchers from Northwest-
ern and Argonne pulsed sea water en-
riched with strontium into the sea
urchin embryo’s culture medium for two
hours, and then withdrew it. They then
flash-froze the embryos and probed the
skeletons with x-rays from the APS.

Every element has a minimum
“edge” energy at which an incoming x-
ray is absorbed, kicking out an electron
in the process. Strontium interacts with

x-rays at higher energies than does cal-
cium, and more efficiently, resulting in a
better signal-to-noise ratio. The re-
searchers used a focused x-ray beam
1-um wide at XSD beamline 2-ID-D to
perform a micro x-ray absorption near
edge structure (micro-XANES) scan.
The tightly focused beam recorded
strontium K-edge spectra from select
areas of the sea urchin skeletons (Fig.
1). These spectra, which show how effi-
ciently x-rays of a particular energy are
absorbed, are affected by the atoms
close to the strontium atoms, hinting at
the mineral structure of the skeleton in
the immediate vicinity. Normally, sam-
ples to be examined by micro-XANES
are dry, but removing the water from the
sea urchin embryo could have ruined
the sample. Instead, nitrogen cryo-jets
were utilized to keep the samples
frozen.

The researchers also performed
bulk x-ray absorption spectroscopy on
frozen whole sea urchin embryos at
XSD beamline 20-BM-B. The data gath-
ered at this beamline allowed the re-
searchers to get more precise
information regarding the number and
distance of atoms surrounding individ-
ual strontium atoms, providing more de-
tailed information on the progression of
the ordering process in the skeletons
after the strontium was incorporated.

The experiment “allows us to re-
solve events happening in the skeleton

itself in both time and space. We single
out a specific volume of the skeleton,
and watch it evolve over time,” said
Derk Joester, a materials scientist at
Northwestern University, who led the
work. Their results indicate that sea
urchins initially use amorphous calcium
carbonate for their skeletons, but that
short-range calcite crystalline order de-
velops within the first three hours of
skeletal construction. Long-range crys-
talline order slowly follows over the next
24 h. Most creatures on the planet that
use minerals to form shells or bones
use either calcium carbonate or, as hu-
mans do, calcium phosphate. The
strontium techniques pioneered at the
APS may eventually illuminate how all
of them build their bones.

— Kim Krieger
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Fig. 1. The left-hand column shows light microscopy images of sea urchin larval spicules (skeletal struc-

tures) after 30 min, 3 h, and 24 h from the end of the strontium pulse. X-ray fluorescence microscopy
identified strontium-enriched areas (black background images), which were then examined by cryo
micro-XANES. The peaks on XANES spectra give clues to the mineral structure surrounding the stron-
tium atoms. Using bulk cryo-extended x-ray absorption fine structure, atomic distances surrounding the

strontium atom were determined.
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HEAVY METAL TRAFFICKING

Fig. 1. Element distribution in the Medicago truncatula root nodule. Calcium is indicated in red (upper left panel), iron in green (upper right panel), and zinc in

blue (lower left panel). The overlay of the distribution of the three elements is shown in the lower right panel.




egumes — the family of plants that includes beans and lentils — are the primary

source of plant protein in our diet, making them a vital part of the global food

supply. Key to their success is their endosymbiotic relationship with abacteria
known as rhizobia. These microorganisms colonize nodules in the legume’s root sys-
tem and allow the plants to fix atmospheric nitrogen, reducing their need for nitrogen
fertilizer. A plentiful supply of iron for the synthesis of a variety of ferroproteins is criti-
cal to nitrogen fixation. But the mechanism for maintaining an adequate supply of this
scarce metal within the legume’s nodules is unknown. Researchers used synchrotron-
based x-ray fluorescence (S-XRF) at the APS to capture high-resolution images of the
distribution of iron and other elements in the nodule of the legume Medicago truncat-
ula throughout the nodule's development. Their work illuminates the source of iron in
legumes, laying the groundwork for discovering the mechanism by which the metal is
transported, and demonstrates the utility of S-XRF in characterizing the role of metals
in a variety of important physiological processes in plants and microbes.

Nitrogen is essential for the syn-
thesis of life’s building blocks, including
chlorophyll, nucleic acids, and amino
acids. But its pure form is relatively in-
ert, requiring that nitrogen be fixed, or
combined with other elements, before
plants can put it to use. In nature, nitro-
gen is fixed in the maelstrom of light-
ning strikes or by microorganisms such
as rhizobia. In a form of symbiosis, rhi-
zobia infect the root system of
legumes, causing the formation of nod-
ules on the root within which atmos-
pheric nitrogen is converted to ammo-
nia, a form of nitrogen that can be
utilized by the plant. Iron is a necessary
cofactor of the primary enzymes re-
sponsible for nitrogen fixation, yet how
the metal is transported within nodules
has largely remained a mystery.

The first step in describing iron
trafficking is pinning down where the
metal comes from. The researchers
from the Universidad Politécnica de
Madrid, Consejo Superior de Investiga-
ciones Cientificas (both Spain) and Ar-
gonne, scanned the nodules of Med-
icago truncatula with S-XRF at XSD
beamlines 2-ID-E and 8-BM-B at the
APS to narrow down three hypothe-
sized sources of iron: pre-existing
stores in the primordial root nodule; up-
take through the nodule epidermis; and
delivery through the root system vascu-
lature. This powerful imaging technique
measures submicromolar concentra-
tions of a variety of elements with sub-
cellular resolution. In addition to iron,
the team kept track of potassium, cal-
cium, and zinc, and identified hotspots
of these elements in expected locations

(Fig. 1). For example, calcium was con-
centrated in cell walls, consistent with
its capacity for minimizing oxygen per-
meability and its role in strengthening
cell wall structure; and zinc was con-
centrated in the nucleus, consistent
with the role of zinc-finger domain pro-
teins in DNA transcription.

As for iron, low concentrations
were found in the outermost region of
the nodule, called zone |, as well as in
the nodule’s epidermal layers,
effectively ruling out the first two
hypothetical sources of iron. The S-
XRF images revealed dense dotted-line
patterns of iron threading through the
spaces between the rhizobia-infected
cortical cells in the more proximal zone
Il of the nodule. The ribbons of iron
appeared to emanate from vascular
bundles—the primary structures of
plants’ transport systems—suggesting
that iron is delivered to the rhizobia-
bearing cells via the vasculature.

Iron hot spots were also found in
globular shapes near the vascular
bundles of zone lll, leading the
research team to speculate that iron is
recycled back to the vasculature via
zone lll vesicles. In addition, upon
nodule senescence, iron appears
concentrated in a thread-like pattern
near the vasculature of zone 1V, the
zone closest to the root stem, providing
further support for the recycling of iron.
Because nodule senescence is coupled
to flowering, the recovery of iron from
the nodules to the plant’s shoots could
facilitate flower development.

The researchers’ observations
helped identify the source of iron in

legume root system nodules, laying the
groundwork for discovering the mecha-
nism by which the metal is transported.
This work also demonstrates the power
of S-XRF to track the movement of
physiologically important metals and
other elements within developing plants
and microbes with subcellular resolu-
tion. — Chris Palmer
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EXPLORING NATURAL PRODUCT BIOSYNTHESIS
THROUGH HALOGENATION BY AN IRON ENZYME

on-heme iron enzymes perform a variety of reactions, including

halogenation, hydroxylation, oxygenation, ring cleavage, and de-

saturation. Studies of these enzymes are therefore important in un-
derstanding phenylalanine metabolism, the production of neurotransmitters,
the hypoxic response, the demethylation of DNA, the biosynthesis of sec-
ondary metabolites, and other important processes in the human body. Re-
searchers using high-brightness x-rays from the APS have elucidated the key
Fe(IV)=0 intermediate in the catalytic cycle of a non-heme iron enzyme, the
halogenase SyrB2. The research used synchrotron-based nuclear resonance
vibrational spectroscopy (NRVS) to probe the vibrational modes involving iron
motion and thus define the nature of the Fe(IV)=0 active site. Understanding
this reaction mechanism is important both for medical advances and for in-

dustrial purposes.

In general, OL-ketoglutarate-depen-
dent enzymes harness the reducing
power of OL-ketoglutarate to catalyze
oxidative reactions for processes such
as natural product biosynthesis, the
mammalian hypoxic response, and
DNA repair. These enzymes couple the
decarboxylation of O-ketoglutarate with
the formation of a high-energy
Fe(IV)=0 intermediate that acts as a
hydrogen-abstracting species. SyrB2 is
an O-ketoglutarate-dependent haloge-
nase that catalyzes the chlorination of
L-threonine in syringomycin E biosyn-
thesis.

The researchers, from Stanford
University, Pennsylvania State Univer-
sity, Argonne, SPring-8 (Japan), Kyoto
University (Japan), and the SLAC Na-
tional Accelerator Laboratory extracted
samples of SyrB2 from the bacterium
Pseudomonas syringae pv. Springae,
trapped the oxygen intermediate in this
enzyme. They examined the samples
using NRVS, a proven technique for
detailed structural characterization of
iron active sites, at XSD beamline 3-ID-
B,C,D at the APS and beamline
BLO9XU at the SPring-8 light source.
NVRS is a site-selective technique al-
lowing the observation of only normal
modes involving iron motion, which
makes it ideal for studying iron-depen-
dent enzymes without interference from
protein backbone modes (Fig.1).

This methodology, coupled with

spectroscopically-calibrated density
functional theory (DFT) calculations,
was used to determine the specific
frontier molecular orbitals responsible
for hydrogen-atom abstraction that can
selectively lead to halogenation or hy-
droxylation, depending on the position-
ing of the substrate. The substrate
directs the orientation of the Fe(IV)=0
intermediate formed during the catalytic
cycle, resulting in the availability of dif-
ferent frontier molecular orbitals which
can activate the selective halogenation
versus hydroxylation reactivity.

The researchers found the
Fe(IV)=0 intermediate to possess a
five-coordinate trigonal bipyramidal
geometry, with an axial Fe—oxo bond.
The native-substrate-bound O, reaction
coordinate reproduces this structure,
and gives an intermediate with its Fe—
oxo vector perpendicular to the sub-
strate carbon-hydrogen bond. After the
initial hydrogen-atom abstraction, the
substrate radical is positioned favorably
for chlorine rebound, thus defining a se-
lective mechanism in halogenases for
halogenation of the native substrate. Al-
ternatively, with a non-native substrate,
variation in the O, reaction coordinate
can result in an intermediate with its
Fe—oxo vector parallel to the substrate
carbon-hydrogen bond, leading to a
substrate radical positioned favorably
for hydroxylation.

Halogenated natural products, in-

cluding chlorinated organic molecules
of therapeutic interest such as van-
comycin, chlortetracyclin, etc., are fre-
quently produced by microorganisms.
Enzymatic incorporation of halogens
during complex biosyntheses is of great
interest due to its potential application
in the pharmaceutical industry for the
clean, environmentally friendly develop-
ment of new protein inhibitors. The
halogenase SyrB2 is a prototypical ex-
ample of such an effective catalyst that
controls functionalization of aliphatic
substrates with high (but tunable) selec-
tivity through the highly reactive non-
heme Fe(IV)=0 intermediate.

— Catherine Foster
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Fig. 1. The synchrotron-based experimental set-up used for NRVS experiments allowed measurement
of spectra of two Cl/Br-Fe(IV) = O intermediates in SyrB2 that were correlated with DFT calculations
to define the geometric structure of the Fe(IV)=0O intermediate. These NRVS-calibrated DFT calcula-

tions were employed to provide insight into the frontier molecular orbitals of Fe(IV)=0O that control

halogenation vs. hydroxylation selectivity.



MEMBRANE STRUCTURE MADE CRYSTAL CLEAR

n an ideal world, medications would be delivered straight to their target, whether it is a tumor

or other disease-afflicted tissue, increasing potency and minimizing side effects. Some scien-

tists are developing vesicles that encapsulate drugs within fatty membranes for delivery, but
they are typically made from flexible lipid bilayers. Crystalline membranes, however, may offer a
sturdier barricade to protect drugs in the body and release them at the right time. To make a crys-
talline drug vehicle, researchers must first understand how different conditions and lipid constituents
affect the membranes. In this study, researchers determined the structure of crystalline membranes
at the DND 5-ID-D and XSD 12-ID-C undulator beamlines at the APS. They found that changes in
pH and molecular tail length alter the membrane’s structure, an insight that may help with targeted
drug delivery.
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Membranes are assembled from
amphiphiles, molecules that contain
both hydrophilic and hydrophobic ele-
ments. The electrostatic interaction
forces between these molecules drive
membrane assembly. In this study, the
researchers from Northwestern Univer-
sity built membranes from hydrophobic
lipids with two different hydrophilic
headgroups: a 2+ dilysine headgroup
and a -1 carboxylic headgroup. They
mixed the positive and negative am-
phiphiles to form lipid bilayers, and an-
alyzed their structures at the APS.

The 5-ID-D and 12-ID-D beamlines
are unique in that they offer both a
wide-angle x-ray scattering (WAXS) de-
tector and a small-angle x-ray scatter-
ing (SAXS) detector. This combination
allowed the researchers to gather
structural information from the mem-
branes on two different spatial scales
simultaneously — the nanoscale and
the atomic scale. The SAXS data re-
ports on the global bilayer structure
while the WAXS data hones in on the
periodic spacing of the molecular tails.

The researchers tested samples of
bilayers formed and maintained at dif-
ferent levels of pH. The scattering data
revealed that pH, which affected the
electrostatic interactions between lipid
head groups, had a strong effect on the

< Fig. 1. (a) In situ SAXS and (b) WAXS data
showing the background-subtracted scattered
intensity versus the scattering vector q for
mixtures of palmitic acid (C,;-COOH) and
cationic N-palmitoyl dilysine (C,,-K,) as the
pH is increased from 3 to 10.5. The datasets
are offset vertically for clarity. The black lines
are the fits. Deviations in the SAXS fits are
likely due to sample polydispersity. (c)
Schematic representations for the bilayer
model at pH 3, 6.5, 8.5, 9.5, and 10.5.
Changes are observed in the packing of the
alkyl tails into a hexagonal, rectangular-C, or
rectangular-P lattice. From Cheuk-Yui Leung et
al., Proc. Natl. Acad. Sci. USA 110(41),
16309 (October 8, 2013). Copyright © 2013

National Academy of Sciences.

structure of the crystalline membrane.
In particular, the pH affected the pack-
ing of the fatty tails. At pH 3 and pH
10.5, the tails associated in a hexago-
nal geometry, a low density orientation.
At pH 6.5, 8.5, and 9.5, the tails packed
more densely together in a rectangular
geometry.

These observations are explained
by the fact that the carboxylic head-
groups are mostly neutral at low pH,
while the dilysine headgroups are posi-
tively charged. At high pH, the reverse
happens. Thus, under both scenarios,
the electrostatic forces are expected to
be weak, allowing the fatty acid tails to
intermingle in a rotationally disordered
low-density organization. At a more
neutral pH, positive and negative
charges mix, generating stronger elec-
trostatic interactions and restricting the
movement of the tails.

To test the effect of lipid length, the
researchers generated a series of each
type of amphiphile, varying the length
of the lipid chain between 14 and 22
carbons. The longer the chain, the
greater the van der Waals attraction be-
tween chains. At pH 3, the membranes
maintained a hexagonal loose structure
until the chain length reached 22. At
that point, the geometry switched to a
rectangle, suggesting that, at that
length, interactions between the alkyl
tails begin to dominate, leading to
dense packing of lipid tails.

One interesting observation came
from looking at how the molecular
structure, as gleaned from the WAXS
data, related to the SAXS- and trans-
mission electron microscopy-derived bi-
layer structure and to the global
structure of assembly. The hexagonal
molecular tail geometries lead to buck-
led membrane shapes, while the rec-
tangular orientation resulted in flat
membrane configurations. Thus, it is
possible to change the global structure
of assembly by tuning the environmen-
tal conditions (pH). This may be impor-
tant in the development of

drug-carrying vesicles because it sug-
gests that a medication could be deliv-
ered in a pH-dependent fashion. As the
membrane shifted from a buckled
closed structure to a flatter state, the
vesicle would open to release the pre-
cious cargo. — Erika Gebel Berg
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How DO BACTERIA REPAIR DAMAGE FROM THE SUN?

rom bacteria to plants to humans, all organisms have mechanisms that they use to re-

pair DNA damaged by ultraviolet (UV) light. This fundamental maintenance function is

critical to our health because damaged DNA can lead to diseases such as cancer. So,
of course, we know all about how it works. Or so scientists thought. New research shows that
we must reworked the current model for how UV-repair functions. At issue is the number of mol-
ecules of the important proteins in the complex, UvrA and UvrB. This study, conducted by re-
searchers from Harvard University utilizing the APS, promises to provide new insights into the
fundamental mechanisms of DNA repair and into diseases that are caused by mutations in
these genes such as xeroderma pigmentosum (an autosomal recessive genetic disorder of
DNA repair in which the ability to repair damage caused by UV light is deficient), Cockayne syn-
drome (a disorder characterized by short stature and an appearance of premature aging), and
trichothiodystrophy (an inherited condition in which hair is brittle, sparse, and easily broken).
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Fig. 1. Modeling of UvrA/UvrB SAXS data. Panel (a) shows the bead model of the elongated struc-
ture of the A,B, complex calculated from SAXS data overlaid with the structure of the complex. Pan-

els (b) and (c) show the comparison of SAXS data to the A B, model data.

Previous work had shown that the bac- one strand. The asymmetric A,B; fit perfectly.
terial DNA repair mechanism involved three The only problem was, data from various
proteins, UvrA, UvrB, and UvrC. The model structural methods started to pile up that
was that two copies of UvrA traveled were not consistent with this model and sug-
around with one copy of UvrB (A,B,) and gested that the initial complex might actually
scanned the DNA for places where damage be A,B,. In addition, the Harvard research
had occurred. When a spot was identified team solved the crystal structure of the
that needed repair, the A,B, stopped and UvrA/UvrB complex and it was consistent
waited at the spot that needed repair. At with the A,B, model. They proposed that
this point UvrC would come in and displace A,B, identified the damage and then the UvrA
UvrA and form a complex with UvrB (B,C;) and one of the UvrB molecules were released
that conducted the repair. This model ex- when UvrC arrived to repair the problem.
plained how the complex could scan both However, outstanding questions remained

DNA strands but then orient to repair just “Bacteria” cont’d. on page 112



STEPPING FROM TWO DIMENSIONS TO THREE

rotein folding has fascinated biologists since it was first un-

derstood that DNA is transcribed to make RNA, which is then

translated into the amino acid sequence that makes up pro-
teins. Of particular interest is how the relatively simple linear amino
acid sequence dictates the formation of the highly complex three-di-
mensional (3-D) structure of a protein. While much is now known
about how amino acids interact with each other in the 3-D protein,
less is known about the folding process. In new studies, structural in-
termediates in the folding process have been revealed. This work,
conducted at the Bio-CAT beamline 18-ID-D at the APS, and at the
Photon Factory at KEK (Japan), provides much-needed data for im-
proving computer simulations of protein folding and brings biologists
another small step closer to answering the fundamental question
about protein folding.

o PIBK SH3 26 °C Most protein folding is
I Exponential flt, k=0.032 S"i thought to occur via a sponta-

neous process that is dependent
on the amino acid sequence of
the protein. Models of the process
suggest that the final stable struc-
ture of the protein adopts the low-
est free-energy state, but there
have been experimental indica-
tions that the structure may sam-
ple other low free-energy
intermediates on the way to the
c% o 8 final structure. In particular, re-
searchers have looked at the for-
mation of the two main types of
protein secondary structures
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o = ¢ o ° ®, " g sheets.”
fo) = £ 0000 A number of proteins have

4 Q@ o 5 now been shown to adopt alpha-

o helical intermediates, with excess
. , . . . e | helix compared to the final folded
0 40 80 120 state. These intermediates have
been hypothesized to assist in
Time (S) folding by protecting the new
amino acid sequence from aggre-
Fig. 1. Generic SH3 fold ribbon structure and intrinsic tyrosine fluorescence gation, and by reducing the
of PI3K SH3 domain refolding by GuHCl-jump at 26° C (aqueous buffer search for the lowest free-energy
without ethylene glycol). The solid curve is a single exponential fit. Copy- conformation.
right © 2013 American Chemical Society. Interestingly, one protein do-

main, the src SH3 domain, trans-
“Dimensions” cont’d. on page 112



“Bacteria” cont’d. from page 110
about whether there might be other
configurations in the crystal structure
consistent with the longstanding model.

The group decided to answer
these questions by evaluating the com-
plex using small-angle x-ray scattering
(SAXS). Their thinking was that low-
resolution structural data collected on
the protein complex in solution would
be ideal for comparison modeling of
various protein configurations. In addi-
tion, they hoped to find evidence for
structural changes associated with
how these proteins bind to ATP and
use its energy for their activities.

SAXS analysis of a solution of
UvrA and UvrB in complex carried out
at the Bio-CAT beamline 18-ID-D at the
APS showed an elongated structure
(Fig. 1).

Modeling of the SAXS data against
five possible configurations, four A,B,
options and one A,B, option, showed
that the data was consistent with one of
the A,B, configurations observed in the
crystal structure but ruled out the oth-
ers. Further analysis of the SAXS data
by five other methods also supported
this conclusion.

Unfortunately, when the team
added ATP or ADP to the complex, they
were not able to see any significant
changes. This may require further ex-
periments with different versions of the
protein that allow them to keep the pro-
teins bound to either ATP or ADP. For
now, the Harvard researchers will be
working on their new model to explain
how bacteria perform this universal
function. — Sandy Field
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itions through the alpha helix on its way
to forming a beta sheet. To determine
whether this is unique to src SH3 or
may represent a paradigm for folding of
these beta-sheet structures, the re-
searchers from the University of lllinois
at Urbana-Champaign, Kansai Medical
University (Japan), Hokkaido Blood
Center (Japan), Ritsumeikan University
(Japan), and Nagoya University
(Japan), looked at two other SH3 do-
mains from the phosphatidyl inositol-3-
kinase (PI3K) and the src-related
protein Fyn.

Using circular dichroism (CD) and
small angle x-ray scattering (SAXS) at
the Bio-CAT 18-ID-D beamline at the
APS and the 15A beamline at KEK,
their experiments were done under
cryogenic conditions (-5° C for PI3K
and -28° C for Fyn) to slow down the
folding process enough to detect inter-
mediates. Using a technique called “de-
naturant jumps,” the researchers
observed the formation of alpha helical
or beta sheet structures by CD. The
method involves maintaining the protein
in the unfolded state in a high concen-
tration of denaturing solution and then
jumping it to a low concentration of de-
naturant that favors folding.

The data for PI3K showed that it
formed an alpha helical intermediate at
6 msec after the jump and that this
slowly converted to the final beta sheet
structure. SAXS analysis confirmed this
observation, showing that the interme-
diate was only about 20% larger than
the final state, suggesting a very com-
pact, low free-energy intermediate (Fig.
1).

For the Fyn protein, the results
were similar but with some important
differences. The compact alpha helical
intermediate was also formed very
quickly (< 6 msec), but the structure
then adopted an additional alpha helical

intermediate before settling down to the
final native protein structure.

These findings suggest that these
SH3 domains contain some intrinsic
propensity in their amino acid sequence
that drives them to form an alpha helical
intermediate on the way to folding, but
that the intermediate structure is not al-
ways the same for each SH3 domain.
Different SH3 proteins follow different
paths while folding.

The detection of these alpha helical
intermediates opens the door for inves-
tigation of the evolutionary forces that
may favor or preclude their formation
and that may ultimately result in new
stable protein folds.

Finally, alpha helical intermediates
have been detected in computational
simulations of protein folding for a long
time and have been considered a nui-
sance to be avoided through technical
adjustments. But now that they have
been observed experimentally, these
alpha helical intermediates have be-
come more than just simulation arti-
facts, and they can be incorporated into
computational models to improve their
real-world applicability. — Sandy Field
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HIGH-RESOLUTION TRACKING OF
L ARGE-PROTEIN FOLDING

n order for proteins to perform their varied roles within the cell, these com-

plex macromolecules must fold into their native, functional conformation.

With the use of small-angle x-ray scattering (SAXS), in conjunction with
other highly sensitive biophysical methods, work from the lab of S. Walter
Englander at the University of Pennsylvania’s Perelman School of Medicine
unveils how large denatured proteins refold into their native state. This re-
search addresses the biophysical nature of protein folding, and uses the malt-
ose binding protein (MBP) as a model to demonstrate that proteins form an
obligate structural intermediate en route to their fully native state, rather than
folding through varied paths to reach the same native fold. The work is a valu-
able tool for interpreting a large body of preexisting biophysical data on pro-
tein folding.

Ageregate Folding Lifetimes

7 sec 60 sec

W Obligatory Intermediate
1oy % @

Discrete Intermediates
MBP Folding Pathway

120 sec

Heterogeneous
Collapse (SAXS)

Fig. 1. Pathway of MBP folding. The completely denatured protein (far left), once placed into native
conditions, adopts a heterogeneous collapsed state (second from left) capable of forming aggre-
gates (top left) or continuing along the folding pathway to form an obligatory intermediate and sub-
sequent folding intermediates (center) as it folds to reach its native conformation (far right). Folding
lifetimes of each state are indicated at each step in the pathway. Intermediates are shown in blue

alone and within the context of fully folded MBP.

Proteins carry out a vast array of
cellular functions of critical importance.
Synthesized in a linear fashion from
their building blocks, amino acids,
these macromolecules carry out enzy-
matic reactions in metabolic pathways,
regulate processes such as cell growth,
orchestrate finely tuned responses to
the cellular environment, and perform
structural roles required for mainte-
nance of tissue integrity. Central to any
protein’s ability to coordinate a given
cellular process is the way in which its
chain of amino acids is folded; it is the
resultant three-dimensional structure
that largely dictates functionality.

Folding can bring sequentially dis-
tant amino acids into close proximity to
one another, allowing the formation of
active sites that carry out biochemical

reactions or stabilizing the protein
structure required for proper function.
Being able to understand the biophysi-
cal determinants of this process lends
valuable insight into how proteins fold
into their correct conformation in the
cell. Improper protein folding can have
disastrous consequences in many dis-
ease states. For example, in neurode-
generative disorders such as
Alzheimer’s and Parkinson’s disease,
misfolded proteins aggregate forming
plaques that damage nervous tissue
and along with the symptoms associ-
ated with these diseases.

It has long been appreciated that
chemically denatured (unfolded) pro-
teins, when returned to native (cell-like)
conditions, refold back into their original
form. In this work, researchers from the

University of Pennsylvania and The
University of Chicago used SAXS at
Bio-CAT beamline 18-ID-D to character-
ize the unfolded protein in native condi-
tions, and advanced hydrogen
exchange mass spectroscopy (HX-MS)
to monitor MBP, a large multi-domain
protein, as it folded to its native state.
Their findings demonstrate that proteins
fold through an invariant predetermined
track, and pass through an obligate
structural intermediate. This is in direct
contrast to the “funnel-like” mechanism
hypothesis in which proteins are pro-
posed to reach the native state though
varied multiple pathways from the col-
lapsed, unfolded state.

Although this research uses MBP
as a model system for exploring protein
folding, the findings here are consistent
with established biophysical principles,
and may be applied to other proteins,
making this work a valuable lens
through which to view and interpret a
large body of preexisting biophysical
data on protein folding.

— Emma Nichols
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AROUND THE APS

OPTIMIZED ENERGY RECOVERY AT THE APS:
CLOSING THE LOOP ON RECYCLING WASTE HEAT

The Site Operations Office of
the AES Division in the APS has
implemented some unique system
designs that expand the range and
application of low-grade waste
heat recovery to the 16 commer-
cial-grade office and laboratory
buildings that comprise the APS
conventional facilities. These new
designs shift the heat-recovery
systems from seasonal-only appli-
cations to year-round usage, and
also from winter heating to space
temperature control. The over-

whelming majority of electricity con-  Marvin Kirshenbaum (AES) checks one the modified high-efficiency re-
heat coils installed in laboratory /office module 438F at the APS.

sumed by commercial buildings
eventually turns into low-tempera-
ture waste heat at or below 32° C (90°
F). While this waste heat can be recy-
cled during cold weather for preheating
outdoor air, its low temperature makes
recycling and reusing it for other pur-
poses extremely difficult. Typically, the
majority of this waste heat is rejected to
the outdoors. The Department of En-
ergy reports, “Commercial buildings
represent just under one-fifth of U.S.
energy consumption, with office space,
retail space, and educational facilities
representing about half of commercial
sector energy consumption. In aggre-
gate, commercial buildings consumed
17.9 quads of primary energy in 2009,
representing 46.0% of building energy
consumption and 18.9% of U.S. energy
consumption.” [1]

Facility engineers at Argonne have
worked to expand the reach of this un-
derused energy source by focusing on
applications that integrate other por-
tions of a building heating system in-
cluding reheat and exterior-wall
heating. The goal is to maximize the
recycling of building waste-heat.
Building reheat systems typically oper-
ate continuously all year to provide in-
terior space temperature control. This
is especially true in the case of labora-
tories, hospitals, and related facilities.
Many large office buildings also employ
reheat for space temperature control.
In mild climates, the energy utilized by
space reheat will dominate a building’s

heating energy usage, making it a
prime candidate for recycled sources of
energy.

Reheat systems take cool air sup-
plied by the building ventilation system,
in the range of 10° C (50° F) to 14° C
(56° F), and heat it locally at each indi-
vidual space with small heat-transfer
coils to maintain the space temperature
control. Since the temperature differ-
ence between the cool building supply
air and a typical waste-heat stream is
small, extracting adequate heat and
being able to warm the supply air to a
sufficient temperature has impeded the
cost-effective use of this energy source.
Conventional heat transfer coils (reheat
coils) usually are not up to the task;
they tend to be limited to heating air
only to within 4° C (7° F) of the temper-
ature of the waste heat source. In
order to achieve the necessary air tem-
peratures the waste-heat temperature
must be elevated using a heat pump, or
the effectiveness of the heat transfer at
the coils must be dramatically im-
proved. Such “high-efficiency” heat
transfer coils are manufactured as large
single units for outdoor air preheat. Ar-
gonne, working with a leading manufac-
turer of these coils, has dramatically
reduced the coil size to test their effi-
cacy as space-reheat coils.

At the APS, a new building, labora-
tory/office module 438 F, is a 5300 sq ft
building with 17 HVAC zones. Each

zone has been fitted with the
modified high-efficiency reheat
coils. The building, in operation
since November of 2013, has
cycled through both mild and
extreme cold weather condi-
tions. Data collected to date
show an average of better than
20 kW of recycled energy
usage under extreme weather
conditions (-20° C) and 15 kW
during mild weather conditions.
It is projected that the building
will recycle an average 10 kW
of waste heat continuously,
equal to 88 MW hours of energy
per year, providing an energy
savings of about 16 kW-hrs/sq ft /yr and
yielding an operating cost savings of
over $1.00/sq ft/yr while saving an esti-
mated 20 metric tons of carbon per
year. To gain a perspective on the im-
pact on potential energy savings: apply-
ing this technology to one of the larger
lab/office buildings (150,000 sq ft) at
the APS would realize a yearly savings
of $150,000 per year and over 550 met-
ric tons of carbon.

The ability to provide space reheat
with systems operating at these lower
temperatures opens a whole new av-
enue for low-grade waste heat recy-
cling through both direct heat transfer
and in the creation of hybrid heat-pump
systems. With direct heat transfer, sys-
tems can provide heating without sup-
plementation of heat pumps or other
external energy consuming devices.
Through this dramatic lowering of the
required heating source operating tem-
perature, we can significantly decrease
the heat pump’s energy consumption
increasing system coefficient of per-
formance by a factor of 2 or greater.
Contact: Marvin Kirshenbaum,

kirshen@aps.anl.gov
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THE BALANCING ACT WE CALL LIFE

Fig. 1. Structure of the SIX1-EYA complex. SIX1 (teal) binds to the catalytic domain

of EYA (green) using a single alpha helix. The EYA cap domain (non-catalytic do-

main) is shown in magenta.
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s we learn more about how genes are regulated throughout development and our

lives, one thing becomes very clear: Gene expression is a balancing act. This is

certainly the case for the SIX family of proteins that regulate how some genes are
activated during embryonic development. The SIX1 protein works with a partner, the EYA
protein, to regulate genes involved in the proper formation of organs. However, if these
partners don’t function correctly during development, a condition known as branchio-oto-
renal (BOR) syndrome can result in which children are born with hearing loss, kidney prob-
lems, and skin problems. Conversely, inappropriate reactivation of SIX1 and EYA later in life
can contribute to the development of metastatic cancer. Now, in work by researchers con-
ducted at the APS, the structure of this complex has been solved. The work provides insight
into how SIX1-EYA mutations are important in causing BOR syndrome and highlights the
importance of the SIX1-EYA complex in the development of metastatic cancer. Their find-
ings also suggest that the SIX1-EYA complex could be a target for intervention in cancers
where it has been inappropriately expressed.

The SIX1 protein is a member of
the highly conserved homeodomain
family of proteins that is responsible for
the proper regulation of gene expres-
sion during embryonic development.
The DNA binding activity of SIX1 is en-
hanced by EYA and EYA also has enzy-
matic activity of its own, as a protein
tyrosine phosphatase. Together, these
proteins form a transcription factor that
tells cells what to do. However, in some
cases either EYA or SIX1 gets mutated
and does not work properly and BOR
syndrome develops. In other cases, the
complex, which is turned off in adults,
gets reactivated by aberrant cellular
processes and cells are told to grow
when they are not supposed to. This, of
course, is cancer.

In order to learn more about the
delicate balance between abnormal de-
velopment, normal organ formation,
and cancer, the researchers from the
University of Colorado Anschutz Med-
ical Campus, and the University of
Southern California, Los Angeles,
sought to learn more about the interac-
tion between SIX1 and EYA by solving
the structure of these proteins in com-
plex at the SBC-CAT 19-ID-D beamline
at the APS.

The 2.0-A structure of the complex
shows that SIX1 has two domains
joined by a flexible linker, one that
binds DNA and one that binds EYA.
The domain that binds DNA resembles
other homeobox proteins that regulate
gene expression during development
but has unique characteristics that sug-
gest that there might be additional reg-
ulation of DNA binding by the other
domain. This will be investigated in a

future structure that will include DNA as
well. As for the other domain, SIX1
binds EYA in an unexpected manner
through the interaction of an alpha helix
in SIX1 with a groove on the catalytic
domain of EYA (Fig. 1).

A number of discoveries follow
from this finding. First, this study shows
that mutations that disrupt formation of
the SIX1-EYA complex also disrupt the
ability of SIX1 to activate cancer signal-
ing pathways and to enhance metasta-
tic spread of cancer cells. This suggests
that therapies that target the complex
might be effective in fighting cancers
caused by its re-activation. This is good
news because it has historically been
difficult to target the interactions of gene
regulators with DNA for therapies.

Also fortuitously, the structure of
the interaction between SIX1 and EYA
resembles that of two other protein
complexes that have been targeted in
cancer therapy, suggesting that it might
be possible to target the SIX1-EYA in-
teraction with similar small molecule in-
hibitors.

Finally, analysis of the structure to
identify the location of mutations found
in BOR syndrome showed that some of
them were located on the SIX1-EYA
binding interface and important for the
formation of the active complex.

Taken together, the team has un-
covered answers about how BOR syn-
drome mutations affect protein function
during development, how reactivation of
SIX1 and EYA can lead to cancer
spread, and how cancers driven by
SIX1 and EYA reactivation might be tar-
geted therapeutically. — Sandy Field

See: Aaron N. Patrick!, Joshua H.
Cabrera', Anna L. Smith', Xiaojiang S.
Chen?, Heide L. Ford', and Rui
Zhao'**, “Structure-function analyses of
the human SIX1-EYA2 complex reveal
insights into metastasis and BOR syn-
drome,” Nat. Struct. Mol. Biol. 20(4),
447 (April 2013).
DOI:10.1038/nsmb.2505
Author affiliations: 'University of Col-
orado Anschutz Medical Campus; 2Uni-
versity of Southern California, Los
Angeles
Correspondence:
** rui.zhao@ucdenver.edu,
* heide.ford@ucdenver.edu

This work was supported by grants from the
US National Cancer Institute (2R01-CA09
5277 and RO1CA157790) to H.L.F. and from
the U.S. Department of Defense Synergistic
IDEA award (W81XWH-09-1-0253), Breast
Cancer Research Foundation—American As-
sociation for Cancer Research, State of Col-
orado (2009 and 2011) and National
Institutes of Health (RO3DA030559 and
RO3DA033174) to H.L.F. and R.Z. AN.P.
was supported by a Pediatric Hematology/
Oncology Postdoctoral Fellowship
(2T32082086-11A1). SBC-CAT is funded by
the U.S. Department of Energy (DOE) Office
of Biological and Environmental Research.
Use of the Advanced Photon Source at Ar-
gonne National Laboratory was supported by
the DOE Office of Science under Contract
No. DE-AC02-06CH11357.

19-ID-D « SBC-CAT - Life sciences * Macro-
molecular crystallography, multi-wavelength
anomalous dispersion, subatomic (<0.85 A)
resolution, microbeam, ultra-low-temperature
(15K), large unit cell crystallography, single-
wavelength anomalous dispersion * 6.5-19.5
keV ¢ On-site, remote, mail-in « Accepting gen-
eral users ¢



THE PATHWAY TO HIV VACCINATION
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Fig. 1. Co-evolution of HIV-1 T/F virus and antibodies developed from an HIV-1 infected indi-
vidual in response to the virus and its mutating variants, leading to the development of a clonal
lineage of BnAbs.
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uman immunodeficiency virus-1 (HIV-1) causes most cases of HIV

worldwide. Developing an effective vaccine against this virus has

proven difficult since it can rapidly mutate and avoid the immune
system. But more recently, broadly neutralizing antibodies (BnAbs), produced
by a minority of HIV-infected patients, have risen to the fore in HIV vaccine re-
search, due to their ability to target many strains of the virus. Researchers in
this study aimed to determine the sequence of events that occurs between
HIV-1 infection and generation of BnAbs. The results tracked the evolution of
a BnAb from a patient who was followed from the time of infection, and
showed that the mature form of the antibody neutralized more than half of the
HIV-1 isolates. They also used the high-brightness x-rays from the APS to col-
lect data in order to evaluate the crystal structure of the antibody bound to the
viral envelope. This helped them identify a new method of defining how anti-
body neutralization evolves. The results demonstrate, for the first time, the
evolutionary pathway of HIV-1 and BnAb in a HIV-1-infected individual from
the time of infection to the development of BnAbs.

There are two types of HIV, HIV-1
and HIV-2, but the predominant type re-
sponsible for the current worldwide
pandemic is HIV-1. Additionally, most
HIV-1 infections result from the trans-
mission of just one virus variant, known
as the transmitted/founder (T/F) virus.

Whereas non-cross-reactive anti-
bodies are specific for individual strains
of a virus, BnAbs are cross-reactive,
and can neutralize multiple strains.
However, these only arise in about a
fifth of individuals infected with HIV-1.
Since HIV is a retrovirus with the ability
to mutate quickly, often as soon as it
enters the body, an effective vaccine
will need to stimulate production of
more than one type of antibody to pre-
vent infection. Consequently, genera-
tion of BnAbs represents the biggest
hope to date for successful HIV vaccine
development. They recognize and tar-
get antigens such as HIV envelope gly-
coprotein gp120, which is found on the
surface of the virus, and is the site
where CD4 white blood cells bind.
These cells play an important role in
generating an effective immune re-
sponse to foreign pathogens, but are
destroyed by HIV. Since the viral enve-
lope glycoprotein is needed for the in-
fection process, it is less likely to
mutate, and is typically similar even in
different HIV strains.

However, stimulating production of
BnAbs by human cells has proven diffi-
cult, because they typically do not be-
come potent against HIV until its
infection has been established in the

body for some time.

In this study, researchers aimed to
investigate the series of events that
lead to production of BnAbs after a per-
son is infected with HIV-1. They found a
BnAb, which they called CH103, in an
African individual within three years of
infection, and then evaluated samples
of the individual’s blood that had been
previously taken. In this way, they were
able to follow the evolution of the virus,
as well the evolution of antibodies pro-
duced in response to the mutating virus
after it infected the body (Fig. 1). They
identified the un-mutated common an-
cestor or germline precursor of the anti-
body — its earliest form — and
detailed the sequence of events that
led to its maturation into a BnAb. The
researchers also used x-ray diffraction
data sets collected at the SER-CAT
beamline 22-ID-D at the APS to evalu-
ate the three-dimensional crystal struc-
ture of antibody CH103 bound to the
HIV-1 gp120.

They demonstrated that the CH103
line of BnAbs is less mutated than most
other BnAbs, and can be detected as
early as 14 weeks after a person has
been infected with HIV-1. They also
found that the mature form of the anti-
body neutralized more than half of HIV-
1 isolates, and that the T/F envelope
glycoprotein can stimulate, and bind to,
a potent BnAb. Evaluation of the crystal
structure of the CH103 in complex with
HIV-1 gp120 also showed a novel loop-
based method of antibody neutraliza-
tion. — Nicola Parry
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BROADENING THE APPROACH TO HIV VACCINATION

eveloping an effective vaccine against human immunodeficiency virus

(HIV) has so far proven elusive. In particular, it has been difficult to pro-

duce a vaccine that can target the variety of strains of HIV that result
from its ability to mutate readily to evade the host’s immune response. Researchers
in this study aimed to engineer an immunogen that could stimulate VRCO01-class an-
tibodies — broadly neutralizing antibodies (bNAbs) capable of neutralizing most
strains of HIV. They used the APS and the Stanford Synchrotron Radiation Light-
source (SSRL) to collect data to evaluate the crystal structures of the immunogen,
a germline VRCO01 antibody, and the eOD-GT6 immunogen bound to the antibody.
The results showed that the immunogen activated B cells expressing either
germline, or mature, VRCO1-class antibodies. They also determined which HIV mu-
tations were responsible for its reactivity with germline VRCO01 antibodies. These re-
sults demonstrate that the eOD-GT6 immunogen shows promise as a prime for HIV
vaccine development, This will be important in guiding future studies to investigate
application of germline-targeting strategies in vaccine development against HIV and
other pathogens.

Fig. 1. Crystal structure of the complex of
eOD-GT6 bound to germline VRCO1.



HIV causes acquired immunodefi-
ciency syndrome, a condition that af-
fects the immune system, leaving
infected people more susceptible to
other infections and diseases. And
since more than 34 million people
worldwide live with HIV, development of
an effective, safe, and lasting vaccine
for the virus remains a priority.

Most vaccines currently licensed
for use help protect against disease by
promoting antibody production. How-
ever, viruses like HIV with high anti-
genic diversity can change their surface
proteins to evade the host’'s immune re-
sponse. Because this highly variable
virus can mutate readily, there are
many HIV strains in existence, even
within an infected person. This makes
HIV somewhat of a moving target with
respect to attempts to develop effective
vaccines against it. So, one of the main
problems has been developing a vac-
cine able to stimulate the immune sys-
tem to respond by producing antibodies
that allow protection against numerous
strains of HIV.

VRCO01 antibodies are known as
broadly neutralizing antibodies (bNAbs)
because they can neutralize most
strains of HIV. They target a specific
site on a glycoprotein found on the sur-
face of HIV which is known as gp120,
and is where CD4 cells of the immune
system bind. These are white blood
cells that are important in achieving a
regulated, effective immune response
to pathogens, but are attacked by HIV.
However, although VRCO1 class anti-
bodies have been found in people in-
fected with HIV, vaccination has not yet
been able to induce them.

In this study, the researchers from
The Scripps Research Institute; the
University of Washington; the Seattle
Biomedical Research Institute; and the
Ragon Institute of Massachusetts Gen-
eral Hospital, Massachusetts Institute
of Technology, and Harvard aimed to

develop a new method for producing
vaccine immunogens, the substances
that provoke an immune response, in
the hope of generating a response that
would be effective against many HIV
strains via production of bNAbs. They
developed an immunogen that binds to
multiple VRCO01-class bNAbs and
germline precursors, and named it
eOD-GT6.

Vaccines induce protective anti-
bodies by first stimulating germline B-
cells and then selecting for mutated,
higher affinity antibodies during the
process of somatic hypermutation. Typi-
cally, vaccine developers are not con-
cerned with the particular germline B
cells that are used to start the process.
In the case of VRCO1-class bNAbs
against HIV, however, native HIV gp120
proteins have no detectable affinity for
VRCO01-class germline antibodies. The
researchers therefore hypothesized
that this presented a barrier to reliable
vaccine induction of VRCO1-class
bNAbs. Consequently, they designed a
modified HIV protein that could bind
and activate VRCO01-class germline B
cells, eliminating the barrier.

The researchers used data sets
collected from experiments to investi-
gate eOD-GT6 and its interaction with
germline antibodies, using the GM/CA
beamline 23-ID-D at the APS and at the
SSRL. They determined the three-di-
mensional atomic structures of this im-
munogen, a germline VRCO01 antibody,
and the compound formed by binding of
the immunogen to the antibody (Fig. 1).

This immunogen was shown to ac-
tivate B cells expressing germline or
mature VRCO1-class bNAbs, and data
from this study were also able to deter-
mine which HIV mutations were impor-
tant for its reactivity with germline
VRCO1 antibodies. — Nicola Parry
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A CASE OF NONSPECIFIC SUBSTRATE SPECIFICITY
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Fig. 1. Space-filling model of NDM-1 active site with hydrolyzed ampicillin substrate containing bro-

ken B-lactam moiety and zinc atoms bound. Major structural elements of NDM-1 are shown in gray

ribbons. Zinc atoms are shown as pink balls and hydrolyzed ampicillin is shown in colored stick repre-

sentation with green for carbon, red for oxygen, blue for nitrogen, and yellow for sulfur atoms.



nzymes are known for their specific recognition of the molecules they

act on and for the speed of their reactions. Much of the work done by

researchers who study protein structure is devoted to discovering the
precise architecture of enzyme catalytic sites in order to uncover the exact
features responsible for this specificity and speediness. The recent discovery
of a bacterial enzyme, called New Delhi metallo-B-lactamase, or NDM-1, that
can neutralize nearly all of the B-lactam antibiotics, suggests that promiscu-
ity, rather than specificity, may also be an effective strategy. In an effort to un-
derstand exactly how NDM-1 can work on so many different antibiotics,
researchers solved the structure of NDM-1 in four different configurations
using data collected at the APS. Then they used their structural data as a
basis for modeling the energetics of possible catalytic pathways. While the
evolution of ever more promiscuous microbial enzymes is not surprising, it is
hardly good news in this era of increasing antibiotic resistance. Efforts to in-
hibit the action of this enzyme have thus far been unsuccessful but insights
from this work provide important information that will be used to guide the ra-
tional design of future drugs to control the spread of bacteria that harbor the

NDM-1 enzyme.

NDM-1 is capable of hydrolyzing
(inactivating) the B-lactam ring present
in over 60% of antibiotics used in clin-
ics and of working with more than one
metal to catalyze the enzymatic reac-
tion. Indeed, NDM-1 has proven to be
the ultimate example of a promiscuous
enzyme. But the question is, how does
it work? Previous studies suggested
that the reaction occurs in multiple
steps and involves two zinc (or other
metal) ions that catalyze the reaction.
However, only the first and last steps of
the reaction had been visualized by
previous structures and the available
studies reported different distances be-
tween the two metal ions, leaving open
the possibility of a number of alterna-
tive catalytic mechanisms. The re-
searchers in this study, from Argonne,
the University of Texas-Pan American,
and Texas A&M University, sought to
learn more about the precise catalytic
mechanism of NDM-1 by using high-
brightness x-rays on the SBC-CAT 19-
ID-D beamline at the APS to solve four
structures of the enzyme in complex
with B-lactam antibiotics and either
zinc, manganese, or cadmium ions.

The structure of NDM-1 in complex
with ampicillin plus zinc (Fig. 1) and
computer-modeling experiments reveal
the basis for the promiscuity of NDM-1.
The enzyme makes only two main con-
tacts with the substrate, between oxy-

gen molecules on the B-lactam ring and
the active site containing the zinc ions.
Any additional structural elements on
the antibiotic that come off the B-lactam
ring are neatly annexed to a spacious
and flexible area adjacent to the active
site and do not appear to participate in
recognition by the enzyme or in cataly-
sis. This allows for catalysis of a wide
variety of B-lactam antibiotics without
regard to molecular variation beyond
the B-lactam ring.

Using a combination of the infor-
mation gained from the structures and
molecular modeling calculations, the
team discovered an explanation for the
reported discrepancies in the distance
between zinc molecules in the NDM-1
active site and learned more about how
the catalytic reaction proceeds. Model-
ing showed that variations in pH result
in the presence of either a water mole-
cule (lower pH) or hydroxide ion (higher
pH) oriented between the zinc ions and
that the differences created by this
change can account for the different
distances reported in previous NDM-1
structures, which were solved at differ-
ent pHs. Calculation of the energies in-
volved in the hydrolysis reaction based
on the new structures allowed the team
to discard the previous hypothesis for
catalysis and propose a new mecha-
nism for catalysis that is more energeti-
cally favorable and explains differing

enzyme efficiencies observed with dif-
ferent metals.

NDM-1 has proven to be difficult to
inhibit due to its promiscuous ability to
inactivate multiple B-lactam-based an-
tibiotics. However, the knowledge
gained in this study has led the team to
believe that development of new in-
hibitors for NDM-1 that focus on struc-
tures that contain oxygen molecules
that mimic the distance found in B-lac-
tam antibiotics could be successful. The
work continues on the discovery of
NDM-1 specific inhibitors that will take
advantage of the B-lactam recognition
by the enzyme. Some promising com-
pounds have been identified already.
The race is on as 12 variants of NDM
have been found in 15 different strains
of pathogenic bacteria all over the
world. — Sandy Field
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DOES A YEAST PROTEIN HOLD THE KEY
TO PREVENTING PREMATURE AGING?

ost-translational lipid modification modulates the function of newly synthe-

sized proteins. A prominent example is the CAAX processing pathway, where

a series of enzymes, among them the endoprotease Ste24p, convert imma-
ture substrates into functionally active forms. Lipid modification also represents a
method to target proteins to membranes, and many classes of drugs are now being
developed that target membrane proteins like Ste24p. A number of mutations in this
protease cause premature-aging diseases in humans. Also, data suggest that some
of the severe side effects in patients receiving certain antiretroviral medications for
treatment of acquired immune deficiency syndrome may arise from adverse drug in-
teractions with Ste24p. These proteases therefore represent promising new thera-
peutic targets. Researchers in this study investigated Ste24p from yeast, using the
APS to collect data to solve its crystal structure and to provide a first view of its cat-
alytic site. They showed that Ste24p possesses a new protein fold, consisting of a ring
of seven helices that span the membrane and surround a large cavity containing the
enzyme’s active site and substrate-binding region. These results will be important in
guiding future studies in treatment of premature-aging diseases, and in providing in-
sights into the side effects of certain antiretroviral medications for patients with AIDS.

Post-translational modification is a
step in protein synthesis that increases
the functional diversity of proteins. One
type of modification involves the addi-
tion of a lipid moiety to the protein. Iso-
prenoids, a specific class of lipids, are
attached to cysteine amino acids near
the carboxy termini of specific proteins.
These proteins contain a CAAX accep-
tor sequence for the lipid, which directs
the post-translational modification. In
this CAAX sequence, C is a cysteine
residue, AA represents two aliphatic
residues (amino acids with a hydrocar-
bon side chain), and X is the C-terminal
residue. Additional processing steps
follow isoprenoid attachment, including
cleavage of the AAX amino acids, and
carboxymethylation of the now-terminal
cysteine.

The CAAX protease Ste24p is a
zinc-requiring enzyme that was first
identified in yeast, due to its role in the
maturation of the yeast mating
pheromone a-factor. A similar zinc-re-
quiring protease, ZMPSTEZ24, is also
present in humans. ZMPSTE24 is in-
volved in the processing of prelamin A,
a protein which forms a mesh at the

inner surface of the nuclear membrane.
This mesh, the nuclear lamina, pro-
vides mechanical support for the nu-
cleus, and serves to localize protein
complexes responsible for transcription,
DNA repair, and replication, among
other functions. Mutations in ZMP-
STE24 lead to improper processing and
assembly of prelamin A, leading to a
group of diseases called laminopathies
which include various premature-aging
diseases in humans, the severity of
which correlates with the degree of loss
of protease activity.

Some antiviral drugs commonly
used to treat patients with AIDS also in-
teract with ZMPSTE24, which may lead
to some of the severe side effects of
these drugs, such as insulin resistance
and diabetes.

However, the specific interactions
between Ste24p and its substrates, re-
sponsible for the proper physiological
function of the protease, remained es-
sentially unknown. Consequently, in this
study, the researchers from the Univer-
sity of Virginia; the University of
Rochester; the Hauptman Woodward
Institute; the State University of New

York at Buffalo; and the Membrane Pro-
tein Structural Biology Consortium,
USA, determined the structure of
Ste24p from the yeast Saccharomyces
mikatae, closely related to Saccha-
romyces cerevisiae, common baker's
yeast.

Using data collected at the SER-
CAT 22-ID-D beamline at the APS, they
determined the crystal structure of
Ste24p, allowing an initial view of its
catalytic site (Fig. 1). They demon-
strated that the core structure of Ste24p
is a ring of seven helices that span the
membrane, surrounding a large cavity
containing the enzyme’s active site and
substrate-binding groove. This cavity is
accessible to the membrane via gaps
between the transmembrane helices;
however, the exact function of the large
cavity remains to be determined.

These results provide new informa-
tion that will be important in guiding fu-
ture work to investigate the role of lipid
modification of proteins in aging
processes related to prelamin A pro-
cessing, and to help develop drugs to
treat premature-aging diseases. They
will also improve understanding of the



Fig. 1. The overall structure of Ste24p, depicted as a ribbon diagram.

The catalytic zinc atom is shown as a cyan sphere.

basis for side effects of some HIV an-
tiviral drugs. — Nicola Parry
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A FATAL CHILDHOOD VIRUS
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Fig. 1. Structural definition of a neutralization-sensitive site of viral vulnerability. X-ray crystal structure
of the human antibody D25 (antigen-binding fragment or Fab, purple) in complex with prefusion respi-

ratory syncytial virus (RSV) F protein (light gray, dark gray, and rainbow) at antigenic site @ (red).



espiratory syncytial virus (RSV) is a major cause of respiratory illnesses

such as bronchiolitis (inflammation of the small airways in the lung) and

pneumonia in infants and children under five years of age. RSV infections
are highly contagious and result in 132,000 to 172,000 pediatric hospitalizations
per year in the United States alone. Moreover, RSV is an important cause of respi-
ratory illness in adults older than 65 years of age. For almost two decades, struc-
tural biologists have actively investigated the design of new, highly potent vaccines
against skillfully evasive viruses such as human immunodeficiency virus, hepatitis
C, dengue, West Nile, and RSV. Now, a research team utilizing the APS has col-
lected x-ray diffraction data on the fusion (F) glycoprotein of RSV and determined
the structure of its prefusion conformation — both by itself and in complex with an
antibody called “D25,” which binds to antigenic site &, a critical antigenic site on
RSV F. This approach allowed the team to preserve the display of antigenic site &
and to elicit neutralizing antibody responses many fold greater than postfusion forms
of RSV F protein. Their breakthrough provides a new paradigm for structure-based
vaccine design as well as a promising RSV vaccine candidate.

Scientists at the National Institute
of Allergy and Infectious Diseases rec-
ognized that conformational stability of
vaccine immunogens might play a
dominant role in vaccine efficacy.
Armed with this knowledge, the re-
search group focused on antigenic site
J. Because antigenic site & is exposed
on the RSV F protein during the viral
prefusion state, before the virus’ mem-
brane fuses with the host-cell’'s mem-
brane, the researchers set out to
capture RSV F in its prefusion state
(Fig. 1).

The researchers designed several
variations of prefusion-stabilized RSV F
proteins in the absence of an antibody.
They discovered that a few amino acid
mutations — S155C-S290C, S190F-
V207L, and D486H-E487Q-F488W-
D489H — were able to freeze RSV F
into its prefusion structure. Utilizing x-
ray diffraction data collected at SER-
CAT beamline 22-ID-D, the research
group from the National Institutes of
Health, Frederick National Laboratory
for Cancer Research, the Academic
Medical Center (The Netherlands), and
Xiamen University (China) found three
RSV F variants, DS, Cav1, and TriC,
that continuously displayed antigenic
site @ and retained binding of the site
J-specific antibody, D25. Furthermore,
creating different combinations of the
three variants demonstrated further im-
provements in D25 binding to antigenic
site @ as well. However, one combina-
tion variant in particular, DS-Cav1,
proved to be the best, exhibiting rea-

sonable levels of production and good
physical stability against changes in
pH, temperature, osmality, and freeze-
thaw cycles.

The stability of site & and its ability
to generate highly potent antibodies
against RSV were assessed in animals
that develop respiratory illnesses simi-
lar to humans. Sera from mice and rhe-
sus macaques immunized with the
prefusion form of RSV F variant DS-
Cav1 were extracted after several
weeks to measure its ability to thwart
RSV infection in a human cell line. To
the researchers’ delight, DS-Cav1
showed promise by generating an anti-
body response that was 40 times
higher and 80 times higher (from mice
and primates, respectively) than what is
considered protective levels in infants.

Although antigenic site @ is not the
only key site on RSV, it appears to be
the site most suitable for eliciting neu-
tralizing antibodies against RSV. There-
fore, future attempts to design novel
vaccines must thoroughly examine all
key sites on other evasive viruses to
find regions similar to site & that are
suitable for vaccine design.

— Candice A. Shaifer
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OXYGEN'S DARK SIDE

e know that fruits and vegetables, green tea, and even wine are

healthy for us because they are full of antioxidants. But what do

they actually do once we eat them? It turns out that many of the
antioxidant compounds found in these health foods activate a pathway in our
cells that protects us from cellular damage caused by reactive oxygen species
(ROS) that are a normal byproduct of oxygen metabolism. In times of envi-
ronmental stress, levels of ROS increase, damaging our proteins and DNA,
and, sometimes, causing disease. The stress protection pathway is regulated
by a protein called Nrf2 that activates over 600 genes that ameliorate the dam-
age caused by ROS. Due to its central role in this important protective
process, Nrf2 has been the focus of efforts to find drugs that can treat dis-
eases caused by environmental and oxidative stress. A research team
screened more than 250,000 compounds to identify small molecules that ac-
tivate the Nrf2 pathway. Their work, conducted via x-ray diffraction studies at
the LRL-CAT 31-ID-D beamline at the APS, provides new hope for the devel-
opment of drugs for the treatment of a wide array of diseases including can-
cer, Alzheimer’s disease, cystic fibrosis, asthma, and chronic kidney disease

in type 2 diabetes.

Nrf2 is a transcription factor that
regulates the expression of genes in
the nucleus of the cell. However, it
spends most of its time outside of the
nucleus in a complex with the Keap1
protein. Keap1 maintains Nrf2 in an in-
active state until ROS are detected. If
there is no need for activation, Keap1
sends the Nrf2 to the cellular trash re-
moval system, the proteasome, for
degradation. If ROS are present, they
are able to react irreversibly with cys-
teine amino acids in the Keap1 mole-
cule and this leads to release of Nrf2 so
it can enter the nucleus and activate
genes to neutralize the ROS threat.

A number of molecules have been
identified that mimic this activation of
Nrf2 but, because they also react irre-
versibly with cysteines (a semi-essen-
tial amino acid), these drugs can react
with other proteins and this results in
off-target interactions that can cause
toxic side effects for patients. There-
fore, the research team sought to iden-
tify small molecules that activate Nrf2
through a new mechanism.

In order to find new compounds
that might inhibit the Nrf2/Keap1 inter-
action, the researchers from Biogen
Idec, NoValiX (France), and Evotec AG
(Germany), Merrimack Pharmaceuti-
cals, the Celgene Corporation, and
Keimyung University (South Korea)

screened 267,551 compounds from a
chemical library. For their test assay,
they measured whether the candidate
compounds could inhibit the interaction
between the small pieces of Nrf2 and
Keap1 that had previously been identi-
fied as essential for their interaction.
After library screening, 18 possible
compounds were identified that fell into
two main chemical subclasses, and two
promising representatives, compounds
15 and 16, were further investigated.
Compound 15 was co-crystallized
with the Keap1 domain and found to
bind in a 2:1 stoichiometry (Fig. 1).
Also, as they had hoped, the structure
revealed that the two molecules of
compound 15 interacted through re-
versible hydrophobic and electrostatic
interactions, not through covalent bind-
ing to Keap1 reactive cysteines.
Compound 16, which inhibited the
Nrf2/Keap1 interaction more strongly in
the test assay, was also the only com-
pound found to activate Nrf2 in a cell-
based assay. This suggests that, with
some molecular tinkering, compound
16 could become an effective drug can-
didate. Also encouraging was the fact
that the crystal structure of the Keap1
domain with compound 16 showed that
the interaction was mediated in a man-
ner that involved hydrophobic and elec-
trostatic interactions, but did not involve

covalent binding to the active Keap1
cysteine amino acids. The structure
also showed that they bound in a 1:1
stoichiometry and identified features of
the interaction that explained its im-
proved performance compared to com-
pound 15 and suggested design
strategies to improve its inhibitory activ-
ity further.

These results are an important first
step in identification of the molecular
features of chemical inhibitors that
might be used to treat a number of con-
ditions where failure to protect cellular
components from the damaging effects
of oxidative stress is an important factor
in the disease. The researchers hope
that what they have learned from small
molecules like compound16 can be
used to develop a specific, effective,
and safe Nrf2-activating drug.

— Sandy Field
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Nrf2 transcription factor

Fig. 1. Model of how compounds 15 and 16 inhibit Nrf2/Keap1 interaction. The full length Keap1
dimer (magenta and green) bound to proteasomal targeting proteins (yellow and blue ribbons) is
shown. The insets show how compounds 16 (top) and 15 (bottom) are thought to bind to the Keap1
dimer at each end to block the binding of the “hinge” and “latch” peptide regions within the Nrf2
transcription factor (sequence shown at bottom). The predicted distance between the Keap1 domains
(150 A) matches the distance between the Nrf2 hinge and latch regions. Figure was made using
Pymol (The PyMOL Molecular Graphics System, Version 1.7 Schrédinger, LLC.)



THE MECHANISM OF PROCESSIVE DNA DIGESTION
BY EXONUCLEASE |

nzymes that processively digest single-stranded DNA (ssDNA) and RNA are

critical for genome maintenance and gene regulation. The chemistry of the

nuclease reaction is understood, but what is not clear is how processive nu-
cleases are able to use energy from digested phosphodiester bond cleavage as
fuel. Studies at the LRL-CAT x-ray beamline at the APS are helping to clear up the
mystery. Their work adds to the discussion on how Exol is able to rapidly motor
along ssDNA tracks to remove mismatched 3’ bases before it separates.

Anchor site

s L » ¥ -

Bulge ? Q

Active site

Complex A Complex B

Fig. 1. The structure of the Exol-dT13 complex reveals two distinct binding modes. The exonuclease
domain is yellow, the SH3-like domain green, the C-terminal domain blue, and the ssDNA red. Notice

that in Complex A all 13 nucleotides of the dT13 are bound in the groove, whereas in Complex B it is
only the first 10.



Previously, scientists have re-
ported that processive digestion of
ssDNA by Escherichia coli Exonucle-
ase | (Exol) is so efficient that it occurs
at a rate of approximately 275 nu-
cleotides per second. Within the past
few decades, researchers have pro-
posed various mechanisms on how
Exol is able to achieve high levels of
processivity. Earlier x-ray crystallogra-
phy studies showed that Exol is a C-
shaped molecule with a large central
channel for binding the ssDNA sub-
strate. A loop on the enzyme that
crosses over the groove, effectively giv-
ing the enzyme an O shape, was pro-
posed to encircle the ssDNA substrate,
to account for processivity.

Recently, a research group used
the LRL-CAT 31-ID-D beamline at the
APS to study Exol bound to different
ssDNA substrates. One ssDNA sub-
strate in particular revealed two sepa-
rate binding modes of Exol.

The research team, from The Ohio
State University, employed the hanging
drop vapor diffusion method, using
EDTA (Ethylenediaminetetraacetic acid,
a colorless, water-soluble solid utilized
to sequester metal ions) to inhibit the
enzyme’s nuclease activity in order to
crystallize Exol bound to four different
Cy5-labeled and unlabeled oligonu-
cleotides. By using this approach, Exol
crystals associated with ssDNA would
appear blue and therefore be easily
recognized from Exol not associated
with DNA.

One oligonucleotide substrate in
particular, 5'-Cy5 labeled-dT13, pro-
duced the most detailed x-ray diffrac-
tion images of Exol interacting with
ssDNA and was used for the bulk of
this study. While the ssDNA bound to
the enzyme in more or less the ex-
pected manner, with the 3'-end in the

active site and the downstream (5'-)
end threaded under the crossover loop,
a surprising result was that the two in-
dependent copies of the structure seen
in the crystal, referred to as Complexes
A and B, revealed remarkably distinct
binding modes.

The difference between complexes
A and B was found only in the shape of
the DNA when bound to Exol — the
conformation of the Exol itself was es-
sentially unchanged.

In complex A, all 13 nucleotides
are in contact with the Exol DNA-bind-
ing groove, but in complex B, only the
first 10 nucleotides enter the groove. In
both complexes, the downstream (5'-)
end of the ssDNA is bound by an exten-
sive and equivalent set of interactions
to an “anchor” site on the enzyme.

However, due to the difference in
registration, in complex A nucleotides
11-13 are bound to the anchor site,
while in complex B, it is nucleotides 8-
10 (counting from the 3'-end) (Fig. 1).
In complex A, the 3'-end of the ssDNA
inserts into the active site, where the
phosphate that is cleaved binds to a
Mg?* ion in a near catalytic-configura-
tion. In complex B, however, the 3’-end
does not reach fully into the active site,
and there is no Mg2*. The researchers
thus proposed that complex A is likely
to represent a catalytic state, while
complex B represents a post-catalytic
state.

Based on these structures, the au-
thors propose a mechanism in which,
starting with complex A, three rounds of
cleavage from the 3'-end, without dis-
placement of the nucleotides bound to
the anchor site, results in the structure
seen in complex B. Since the ssDNA in
complex B is too short to reach the ac-
tive site, further rounds of cleavage
would require forward movement of the

enzyme along the ssDNA, to generate
a new complex A. The model thus pre-
dicts a “stepping” mechanism, in which
a translocation step of 3 nucleotides
forward alternates with three rounds of
cleavage.

A plausible mechanism for Exol’s
processivity has thus been established.
However, the proposed stepping mech-

anism will require further studies for
validation. In particular, whether or not
both of the complexes observed in the
crystal are likely to be biologically rele-

vant remains to be determined.
— Candice A. Shaifer
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How RECEPTORS WORK

ithout complex biochemical pathways and their component molecules,

the human body could not function. Yet the extremely intricate nature

of these systems can both baffle researchers and take decades to
characterize. A driving force for understanding the structure and function of cellu-
lar pathways is that many drug therapies and much medical progress depend upon
acquiring this knowledge. Persistence and advances in methodology are key tools
in unraveling the components of protein systems, especially when it comes to the
receptors that activate those proteins. Both of these tools were used by a research
team to greatly advance what we know about a G-protein-coupled receptor (GPCR)
important to a wide array of human metabolic reactions. The research team used
structural data collected at the APS to gain important new insights that will aid in de-
veloping drugs to treat many diseases, especially those involving the central nerv-
ous system and metabolic disorders.

Allosteric
‘ Agonist

Orthosteric
Agonist

Fig. 1. Binding pockets for the M2 muscarinic receptor, occupied

by orthosteric and allosteric agonists.



The researchers from Stanford
University, the National Institute of Dia-
betes and Digestive and Kidney Dis-
eases, Friedrich Alexander University
(Germany), Vrije Universiteit Brussel
(Belgium), VIB (Belgium), Monash Uni-
versity (Australia), and Eli Lily & Co. fo-
cused on a class of GPCRs called
muscarinic acetylcholine receptors be-
cause of their key roles as activators of
G proteins in many different human bio-
chemical pathways. In particular they
studied the M2 muscarinic receptor,
which is important to cardiac functions,
cognition, and pain perception. The M2
receptor — one of the first GPCRs
identified — had been previously stud-
ied in some detail because it binds
small molecules, an important attribute
for using it to develop new drug thera-
pies. Though the structure of the M2
receptor was known, this was only
when it was in the inactive state. So
the research team set out to answer the
following questions: What does the M2
receptor look like when it is active and
bound to a drug? What changes in
shape occur to allow the receptor to
achieve this structure and activate the
appropriate cascade of subsequent re-
actions?

To find answers to these questions,
the team had to overcome methodolog-
ical problems created by the flexibility
and instability of the crystallized recep-
tor, problems that had impeded earlier
characterization of the active M2 recep-
tor. The GM/CA-XSD 23-ID-B and 23-
ID-D microfocus beamlines at the APS
were essential for obtaining diffraction
data integral to solving these struc-
tures. The researchers were able to
stabilize the M2 structures in an active
state by binding them to a high-affinity
G protein mimetic camelid antibody
fragment as well as a high-affinity ago-
nist, and by doing so they obtained de-
finitive crystal structures.

Several seminal details arose from
the structural analyses of the M2 recep-
tor in its active state bound to a drug-
like molecule. All three regions of the

receptor (the extracellular vestibule, the
binding pocket, and the intracellular sur-
face) are involved. Expected changes
in the intracellular structure were ob-
served but unexpected were the signifi-
cant extracellular shape changes that
occurred. By carefully analyzing details
of the binding site, the researchers
were able to propose a mechanism for
binding of the orthosteric agonist that
includes contraction of the outer binding
pocket, thereby forming the binding
pocket for the allosteric agonist (Fig. 1).
Details such as these are critical to de-
signing drugs that effectively and effi-
ciently reach their targets and thereby
constitute a major breakthrough for use
of the M2 receptor in therapeutics.

Future research will include identi-
fying new orthosteric and allosteric
drugs and understanding how their
binding influences both the dynamics
and conformations of the receptor.
Achieving the latter goal will require de-
veloping strategies for applying EPR
and NMR spectroscopy to studying
muscarinic receptor dynamics.

By developing ways to observe the
muscarinic receptor bound to drug-like
molecules, the research team was able
to observe more pronounced shape
changes than had been previously ob-
served, underscoring how important it is
to study particular interactions when
asking how receptor binding occurs.
The team’s work is key to progress in
drug design and therapeutics for treat-
ing human diseases. — Mona Mort
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UNVEILING THE COMPLEXITIES OF
HAIRPIN TELOMERE FORMATION
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n order for a bacterial cell to survive, it must be able to maintain the integrity of
its genetic information, as well as ensure the stability of replicated chromo-
somes (compact structures of tightly packed genomic DNA), which are distrib-
uted between daughter cells during cell division. Bacteria that package their
genomic DNA in the form of linear chromosomes face a particular challenge in that

the ends of these structures are especially prone to damage from DNA degradation
or from aberrant repair reactions. In these bacteria, the ends of the chromosomes,

also known as “telomeres,” are folded into tight hairpins that protect the DNA while
permitting accurate replication of genetic material at the chromosome’s ends. Re-
search at the APS has produced a clearer understanding of this process, which is

important for the development of protelomerase inhibitors that may be useful in

treating certain bacterial infections.

Replication of linear chromosomes
in bacteria such as Borrelia spiro-
chetes, the causative agent of Lyme
disease, begins in the center of the
chromosome and proceeds in two di-
rections, forming a single circular DNA
molecule composed of two identical
chromosomes. This “concatamer” must
then be “resolved” by a specialized en-
zyme, protelomerase, yielding two in-
tact chromosomes with hairpin ends, or
telomeres.

Researchers from the University of
Minnesota and the University of Utah
Health Sciences Center utilized x-ray
crystallography on the Agrobacterium
protelomerase, TelA, to define the
unique mechanism by which protelom-
erase actively stabilizes transitional
DNA structural states as it refolds linear
DNA into highly structured hairpin
telomeres. Diffraction data of several
DNA: TelA complexes, in which TelAis
trapped in different stages of hairpin
formation (Fig. 1), were collected at the
BioCARS 14-BM-C and 14-ID-B beam-
lines and the Northeastern Collabora-
tive Access Team 24-ID-C beamline of
the APS.

During cell division, the linear bac-
terial chromosome begins the process

< Fig. 1. Model for hairpin telomere formation
by protelomerase TelA (left), based on crystal-
lographic data (right). Linear duplex DNA
(brown and magenta) is bound by a TelA
dimer (cyan and green), which cleaves the
DNA and folds its ends into hairpin structures.
TelA amino acids arginine (R) 205 (blue) and
tyrosine 201 (red) are dispensable for DNA
cleavage, but required for formation of the

folding intermediate and hairpin formation.

of duplication in its center, which pro-
ceeds bi-directionally, toward the ends.
This mode of replication results in a cir-
cular DNA molecule composed of two
complete chromosomes joined at their
ends. Before they can be distributed
between daughter cells, however, the
chromosomes must be separated. The
enzyme, protelomerase, cuts the DNA
concatamer at the appropriate position,
yielding two identical chromosomes,
and folds the resulting DNA ends into
highly compact, hairpin structures.

The current study employs x-ray
crystallography to understand how the
protelomerase present in Agrobac-
terium tumefaciens, TelA, is able to
carry out this reaction. Researchers
were able to trap TelA at various stages
in this ordered reaction by solving sev-
eral crystal structures of TelA bound to
different DNA folding intermediates and
hairpin products. Atomic structures of
each enzymatic step allowed re-
searchers to propose a model for TelA
activity in which the enzyme facilitates
formation of energetically strained hair-
pins through stabilizing folding interme-
diate with a set of DNA: TelA
interactions entirely different from those
that stabilize the end product hairpins.
The role of specific protein residues
were confirmed through mutagenesis
based experiments.

The mechanism proposed here, in
which TelA cleaves and refolds its sub-
strate through active stabilization of
folding intermediates, is novel, and may
be conserved among protelomerases in
other bacterial species, or between en-
zymes involved in reshaping molecules
in other cellular contexts. — Emma Hitt
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SHEDDING LIGHT ON CYANOBACTERIAL PHOTORECEPTORS

C-term N-term

Fig. 1. Structure of the Thermosynechococcus elongatus Pix) GAF-domain. A ribbon diagram of
the polypeptide chain of the PixJ GAF-domain is colored from blue to red to show the progres-
sion of the polypeptide chain from the N-terminal to C-terminal ends. The phycoviolobilin chro-
mophore and covalently bound cysteine side chains are shown as sticks. For the stick diagram,
the phycoviolobilin carbons are colored cyan and the cysteine side chain carbons are colored
orange. Additionally, nitrogens, oxygens, and sulfurs are colored blue, red, and yellow, respec-
tively. Ol-helices and B-strands are numbered, and the cysteines 494 and 522, which form

thioether bonds with phycoviolobilin, are labeled.



lants and photosynthetic microorganisms rely on light as their chief energy source and

utilize photoreceptors to provide information to the cell about light duration, spectral dis-

tribution, and light intensity. Among these remarkable photoreceptors are the phy-
tochromes. Most phytochromes work by reversibly converting between a red-light absorbing
ground state and a far-red-light-absorbing active state. However, recent work has shown that
some cyanobacteria have specialized light sensors, called cyanobacteriochromes (CBCRs),
which are able to absorb additional colors of light. In fact, some species contain many CBCRs
that collectively can detect the entire visual spectrum of light. Work at the APS has provided the
first structure of a CBCR, called TePixd. Solution of the three-dimensional structure of this CBCR
illustrates how cyanobacteria have tinkered with nature to alter the spectral sensitivity of these
unique photoreceptors. In addition, the work verified a new model for how this family of CBCRs
works and resulted in the discovery of possible new role for CBCRs: the ability to act as tem-
perature sensors. Understanding the basic biochemistry of these unique phytochromes will im-
pact work in human health, food production, and renewable energy production where possible
uses of cyanobacteria are being explored.

Phytochromes house light-sensitive
bile pigments (bilins) that absorb light
by virtue of their ability to change shape
when they absorb light. Light-activated
changes in bilin shape are propagated
via a photosensory module to the phy-
tochrome output module and result in
changes in plant function and develop-
ment including chloroplast formation
and energy production, seed germina-
tion, flowering, and position-sensing.

The CBCR photosensory module is
more varied than that of typical phy-
tochromes. The common feature among
CBCRs is the presence of at least one
GAF domain. CBCR GAF domains in-
corporate the chromophore phyco-
cyanobilin (PCB). But distinct structural
or chemical differences among the
CBCR GAF-domains permit responses
to wavelengths of light that differ from
each other and from the red/far-red pho-
tocycles of typical phytochromes. The
photosensory modules of CBCRs may
contain one GAF domain, several GAF
domains that are daisy-chained to-
gether, or GAF domains positioned in
series with other domains. For photo-
sensory modules containing multiple
GAF domains, the photocycles of the in-
dividual GAF domains might occur inde-
pendently from each other, giving them
exquisite sensitivity to light, and poten-
tially yielding specific responses to mul-
tiple light conditions.

TePixJ belongs to the DXCF family
of CBCRs, and is photoconvertible be-
tween blue and green light-absorbing
states. Its photosensory module con-
tains one GAF domain that is linked to

the output module. Studies have sug-
gested that DXCF CBCRs convert PCB
into phycoviolobilin and additionally
form a second linkage between the bilin
and the protein. However, it was un-
clear where the second cysteine linked
to the bilin, how the novel features of
phycoviolobilin were utilized, and thus,
how TePixJ and other DXCF-type
CBCRs work mechanistically.

Thanks to diffraction data collected
at the LS-CAT 21-ID-G beamline at the
APS, researchers from the University of
Wisconsin-Madison were able to deter-
mine the location of the second cys-
teine linkage between the protein and
the chromophore, and verified struc-
tural features consistent with a phycovi-
olobilin-like chromophore. Remarkably,
the structure shows that the second
cysteine linkage subdivides the chro-
mophore so one side absorbs blue light
and the other absorbs ultraviolet.
Breaking the bond modifies the chro-
mophore so that it absorbs green light.

The structural data coupled with
further biochemical studies support a
hypothesis in which irradiation of the
ground state with blue light leads to
rupture of the second cysteine linkage
and produces a bilin with a photorecep-
tor system that absorbs green light. The
associated bilin-dependent structural
changes then presumably cause recip-
rocal changes in the GAF domain that
are propagated throughout the mole-
cule leading to signal transduction.

Interestingly, data collected in this
study also showed that reversion to the
CBCR ground state is temperature de-

pendent, suggesting that responses to
light might be more favored at low tem-
peratures and may diminish at higher
than optimal temperatures. This unex-
pected result means that the CBCRs
like TePixJ might also serve as temper-
ature sensors. This discovery will be
the subject of future research.

— Sandy Field
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THE PROTEIN IS GREATER THAN
THE SUM OF ITS DOMAINS

Fig. 1. The multi-domain structural organization of the homodimeric HNF-40L

nuclear receptor; each member of the dimer is shown, one in yellow, one in

orange bound to its DNA response element (green).



ver the past few decades, eliminating technical obstacles has allowed

researchers to solve the three-dimensional structures of ever-larger

molecules. Now, it is possible to solve the structures of large com-
plexes and understand the subtleties of the interactions between the different parts
of the complex. This is exemplified in recent studies by researchers from the San-
ford-Burnham Medical Research Institute and Argonne. In work completed at the
APS, they solved the structure of the hepatocyte nuclear factor 4o (HNF-4al) in
complex with its DNA recognition site and activating cofactors. Elucidation of the
structure of the HNF-4aw complex provides new insights into how protein domains
interact with each other over large molecular distances and suggests ways in
which the HNF-4q. protein complex could be targeted for treatment of metabolic
conditions, such as maturity-onset diabetes of the young, type 1, a rare type of di-
abetes; and a condition called hyperinsulinemic hypoglycemia, both of which are

caused by mutations in this gene.

HNF-4Qt is an important regulator
of genes involved in the way our bodies
metabolize lipids and sugars. This is
highlighted by the fact that the DNA se-
quence that HNF-4QL recognizes is
present in an estimated 40% of liver
genes and 11% of pancreatic genes.
Mutations in HNF-4Ql have been asso-
ciated with a rare form of diabetes
called maturity onset diabetes of the
young (MODY) and a condition known
as hyperinsulinemic hypoglycemia in
which the body makes too much in-
sulin.

HNF-4Ql acts as a complex that
consists of two copies of the protein,
each one with a DNA-binding domain
and an activator-binding domain. What
is not clear, however, is how the com-
plex is regulated by the metabolic
events that it responds to. In order to
address this question, Rastinejad’s
team crystallized HNF-4QL in a complex
with a small piece of DNA containing
the HNF-40L recognition site and its re-
quired activator peptides.

What they found was surprising.

First, although the three-dimen-
sional structure derived from x-ray dif-
fraction data collected at the SBC-CAT
19-ID-D beamline shows that the two
DNA-binding domains interact with the
DNA recognition elements as expected,
complex interactions between one of
the DNA-binding domains and the two
activator-binding domains results in an
asymmetric organization of the com-
plex that straddles only one of the DNA
binding sites rather than both as previ-
ously thought (Fig. 1). Further experi-
ments showed that high-affinity DNA

binding is only possible when these
three domains are present.

Second, when the research team
looked at two amino acids that are
known to act as “on/off” switches for
HNF-4a binding to DNA, they found
that the sites were curiously distant
from DNA in the complex. The structure
of the complex shows that when the on
switch, Arg 91, is modified, it acts at the
cooperating surface between the two
activator-binding domains to “glue”
them to the DNA binding domain and
ensure high affinity binding. The off
switch, Ser 78, is located on the
“wrong” side of the DNA-binding do-
main to interfere directly with DNA bind-
ing, but acts at a distance by interfering
with an amino acid involved in the co-
operation between the activator-binding
domains and DNA-binding domain.

The team hypothesize that the in-
terface between the four domains of the
dimer creates a domain convergence
center that receives and propagates
signals to finely control gene expres-
sion. Their work shows that the three-
dimensional configuration of the protein
on DNA creates a setting in which iden-
tical subunits act within unique environ-
ments, a finding that would never have
been possible with the structures of in-
dividual subunits.

This highlights the idea that, al-
though previous structures of the do-
mains of these proteins were
informative, one cannot simply extrapo-
late that the domains work in a linear
“domains-on-a-string” orientation in the
full complex.

More practically, examination of

mutations that have been identified in
patients with maturity-onset diabetes of
the young, type 1, and hyperinsulinemic
hypoglycemia showed that some of
them also appear to act from a distance
through the domain convergence cen-
ter. — Sandy Field
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How BACTERIA USE THEIR METABOLISM
TO COMPETE IN NATURE

ost bacteria use multiple compounds as carbon sources for growth.

Carbon catabolite repression (CCR) is a regulatory mechanism used

by bacteria to establish a hierarchy of sugar utilization, ensuring that
carbohydrate sources are selected for use in an optimal sequence. This mecha-
nism is important to allow bacteria to compete in their natural environments, be-
cause selection of the preferred carbon source is a key factor affecting growth rate.
Researchers utilized the APS to collect data that will be important in guiding future
studies to evaluate the processes used by bacteria to regulate their metabolism
and compete successfully with other microorganisms in their environment.

Membrane

Fig. 1. Crystal structure of the EIIA® - maltose transporter complex.



In order to compete and survive in
their environment, bacteria must opti-
mize their energy usage. To achieve
this, many have developed a system
that enables them to select substrates
from a mixture of carbon sources, and
preferentially take up carbohydrates
that allow rapid growth.

CCR is one of the most important
mechanisms of genetic regulation in
bacteria. This is where products accu-
mulate in the cell after a substance is
broken down, and inhibit the formation
of enzymes involved in the breakdown
of other substances. In this way, they
can select carbon sources with high nu-
tritional value first.

This selection mechanism occurs
mainly at the level of carbohydrate-spe-
cific induction. Most genes involved in
carbohydrate breakdown are regulated
by specific control proteins and induc-
ers, so they can be silenced by direct
control of these proteins and inducers.

In intestinal bacteria such as Es-
cherichia coli, glucose-specific enzyme
1A (EIIAS) is a central regulator of
CCR. It forms part of the glucose-spe-
cific phosphotransferase system (PTS),
a cascade of processes that controls
carbohydrate transport via phosphory-
lation reactions. In its unphosphory-
lated state, EIIA®C binds to and inhibits
various transporters when glucose or
other PTS substrates are available for
use. One of these transporters is the
maltose transporter, a transmembrane
protein that uses energy from break-
down of adenosine triphosphate (ATP),
the cell’s energy currency, to carry out
biological processes. Unphosphory-
lated EIIAG® also prevents glycerol uti-
lization by binding to glycerol kinase,
an enzyme important in glycerol metab-
olism. These carbohydrates or their de-
rivatives serve as inducers to control
the production of transporters and en-
zymes. Consequently, binding of EIIACI
with the transporter directly prevents
secondary carbon source uptake, and
also dampens the expression of the
corresponding breakdown system by

reducing the levels of the inducer.

However, the underlying molecular
mechanism involved in this process has
remained unclear due to the lack of
known crystal structures for EIIAGC in
combination with transporter molecules.

In this study, researchers from Pur-
due University and the Howard Hughes
Medical Institute aimed to investigate
the crystal structure of the maltose
transporter bound with EIIAS®. The re-
searchers performed crystallization ex-
periments using different combinations
of cofactors, to determine whether the
Escherichia coli EIIA® binds to the
transporter in the resting state, or an in-
termediate conformation induced by
maltose-binding protein (MBP) and/or
ATP. MBP is part of the system involved
in uptake and breakdown of maltodex-
trins which are carbohydrates made up
of glucose chains.

Using data sets collected from x-
ray diffraction studies at the GM/CA-
XSD 23-ID-D and NE-CAT 24-ID-C
beamlines at the APS, they determined
the crystal structure of Escherichia coli
EIIAC in complex with the maltose
transporter (Fig. 1), showing how 2 un-
phosphorylated EIIAC® molecules bind
to the cytoplasmic subunits of ATPase,
the enzyme responsible for breakdown
of ATP. This stabilizes the transporter in
its resting state, an inward-facing con-
figuration, and prevents structural
changes needed for ATP breakdown,
thus preventing maltose transport when
glucose is available. Upon glucose de-
pletion, EIIA®’ becomes phosphory-
lated and can no longer bind to the
maltose transporter. To start maltose
uptake, MBP and ATP bind, and a
structural change in the transporter pro-
duces an outward-facing configuration
that allows transfer of maltose to the
transporter, and positions ATP at the
enzyme’s catalytic site for hydrolysis.
Maltose is then released into the cyto-
plasm, returning the transporter to its
resting state.

This study is the first to demon-
strate the crystal structure of the regu-

latory enzyme EIIAC® in complex with a
carbohydrate transporter, and suggest
a model of how preventing structural
changes in this transporter can prevent
maltose uptake in Escherichia coli. The
results will be important in guiding fu-
ture work to investigate the mecha-
nisms by which bacteria coordinate
their metabolism, and how they can de-
grade compounds in nature. They may
also have implications in the design of
biotechnological processes.

— Nicola Parry
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A NOVEL MECHANISM FOR
GABAg RECEPTOR ACTIVATION

lectrical signaling in the brain requires a delicate balance of excitatory

and inhibitory messages. Disrupting this balance can have disastrous

consequences. For example, malfunctioning GABA; receptors, a G-
protein-coupled receptor for GABA — the primary inhibitory neurotransmitter
in the central nervous system — can lead to serious neurological disorders
such as spasticity and epilepsy. Numerous drugs with closely related physi-
cal structures can target the GABA; receptor to regulate nervous system func-
tion. Whether a drug activates or inactivates the receptor depends on subtle
structural characteristics. Knowing the precise physical anatomy of the GABA,
receptor will help researchers identify molecules that can target the receptor
more efficiently. Studies carried out at the APS provided the first x-ray crystal
structures of the extracellular portion of the GABA receptor, in both its rest-
ing and active states. The receptor’s two subunits were found to remain open
at rest, while just one of the subunits closed upon agonist binding. These re-
sults yield insights about a novel mechanism for the activation of a G-protein-

coupled receptor.

The GABAg receptor belongs to a
distinct class of receptors called
“metabotropic G-protein-coupled recep-
tors.” When an agonist ligand, such as
GABA or the muscle relaxant Baclofen,
binds and activates the GABA recep-
tor, a cascade of intracellular chemical
events is kicked off. The result is the
opening of K+ channels embedded in
the neuronal membrane. In most cases,
potassium rushes out of the cell, leav-
ing it in a hyperpolarized state and
thereby reducing the probability of fu-
ture action potentials. Other kinds of lig-
ands, called antagonists, bind the
receptor but fail to activate it due to
small variations in their molecular com-
position. Therefore, the structural match
between drugs and the GABAg receptor
determines ligand function.

Most of the knowledge about the
architecture of metabotropic receptors
comes from x-ray crystallography of
glutamate receptors. Those receptors
are assembled from homomeric, or
structurally identical, subunits, whereas
the GABAg receptor is assembled from
heterodimeric, or structurally unique,
subunits. Researchers from Columbia
University working at the NE-CAT 24-
ID-C and 24-ID-E beamlines at the APS
captured x-ray crystal structures of the
heterodimeric complex between GBR1
and GBR2 subunits, bound with various

agonists and antagonists, as well as in
the absence of ligands. Having snap-
shots of these various configurations
provides researchers with valuable in-
formation about the molecular mecha-
nisms underlying ligand recognition,
receptor activation, and the assembly of
heterodimeric receptor subunits.

The team discovered that the
GBR1 and GBR2 subunits have very
similar overall structures, consistent
with their 33% sequence homology.
However, only GBR1 subunits were
able to bind ligands, likely due to small
differences in the molecular connec-
tions between the two lobes comprising
each of the subunits. While GBR2 al-
ways assumed an open configuration,
the lower lobe of GBR1 folded inward
into a closed configuration when bound
by an agonist, like one half of a Venus
flytrap attempting to ensnare a fly. At
rest, with no ligand bound to the recep-
tor, both subunits assumed an open
configuration. The same open-open
configuration was maintained when
each of six different antagonists was
bound to the receptor, consistent with
its inactivated state.

Further analysis of the GABAg re-
ceptor structure indicated that interac-
tions between the lower lobes of GBR1
and GBR2 caused GBR1 to bind ago-
nists more tightly. Mutagenesis of vari-

ous inter-lobe residues revealed that
these interactions were, in fact, neces-
sary for receptor activation. Other muta-
genesis experiments identified the roles
of various residues in regulating agonist
and antagonist binding. Additionally,
small molecular variations in the lower
lobe of GBR1 were found to affect the
receptor’s affinity for different antago-
nists.

The high-resolution morphological
details of the GABAg receptor captured
with x-ray crystallography can help re-
searchers identify both agonists and an-
tagonists that more efficiently target the
receptor. In addition, the discovery of
the GABAg receptor’s novel mechanism
for activation adds to the overall under-
standing of metabotropic receptor com-
position and function.

— Chris Palmer

See: Yong Geng, Martin Bush, Lidia
Mosyak, Feng Wang, and Qing R. Fan*,
“Structural mechanism of ligand activa-
tion in human GABAg receptor,” Nature
504, 254 (12 December 2013).
DOI:10.1038/nature 12725
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Fig. 1. Ligand recognition by the GBR1b,; subunit of the GABA, receptor. Upper: The antago-
nist CGP54626 binds the subunit in a crevice between its two lobes, LB1 and LB2. Upon binding,
the subunit maintains an open, or inactivated, configuration. Lower: Binding by the agonist (R)-

Baclofen causes the lower lobe to swing into a closed position, activating the receptor.
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TAKING A SNAPSHOT OF MAMMALIAN TRANSLATION

rotein synthesis, specifically its initiation, is a multifaceted process within
the cell that is often affected in a variety of cancers, degenerative dis-
eases, and viral infections. Researchers carrying out studies at the APS
revealed the molecular mechanism involved in this process. This work uncov-
ers details of the molecular mechanisms specific to efficient translation initiation
in eukaryotes, provides a model system for crystallographic studies of mam-
malian translation, and may help in the development of therapeutics for the

treatment of diseases that involve disruption of these processes.

The researchers from Yale Univer-
sity determined the way in which the ri-
bosomal pre-initiation complex scans
mRNA as it searches for a start codon
(a signal within the mRNA for transla-
tion to start), and the associated struc-
tural changes that occur once
translation from RNA to protein begins.
Using low-resolution x-ray crystallogra-
phy, the Yale researchers were able to
identify snapshots of initiation com-
plexes that helped define interactions
between the ribosome, translation initi-
ation factors, initiator tRNAi, and mRNA
at critical points of translation initiation.

This work uncovers details of the
molecular mechanisms specific to effi-
cient translation initiation in eukaryotes
(cells with a nucleus) and provides a
model system for crystallographic stud-
ies of mammalian translation. The re-
search may also help in the
development of therapeutics for the
treatment of diseases that involve dis-
ruption of these processes.

Proteins are made within the cell
through a process in which DNA is tran-
scribed to mRNA, and then mRNA is
translated into proteins. In eukaryotes,
translation initiation occurs when a
preinitiation complex consisting of the
small ribosomal 40S subunit, initiation
factors, and initiator tRNAI are recruited
to one end of an mRNA molecule. This
pre-initiation complex scans the mRNA
until it locates a certain sequence
called the start codon. tRNAI then pairs
with the mRNA, after which the large ri-
bosomal subunit joins the complex, and
translation of the encoded protein be-
gins. Marilyn Kozak first proposed the
so-called “scanning hypothesis” of eu-
karyotic translation initiation in 1978,
and the intervening years have yielded

Fig. 1. Structure of the rabbit 48S pre-initiation complex. Initiation factor elFTA (violet), ini-

tiator tRNAI (green), and mRNA (yellow) are shown bound to the 40S ribosomal subunit

(grey and tan). The position of initiation factor elF1 (red), crystallized with 40S in the ab-

sence of other factors is shown in this model, demonstrating the steric clash that occurs with

tRNAI in the P-site as the base pairing interactions with the mRNA start codon are estab-

lished. This clash forces elF1 dissociation from the ribosome, promoting attachment of the

large ribosomal subunit and subsequent peptide synthesis.

a wealth of biochemical data that has
helped further refine this model. How-
ever, the exact molecular mechanisms
underlying mRNA scanning and initia-
tion complex formation are not fully
known.

To further define these interactions,
the researchers obtained diffraction
data utilizing the NE-CAT 24-ID-C
beamline at the APS. They determined

three separate crystal structures of the
rabbit 40S ribosomal subunit in complex
with the initiation factors elF1, elF1, and
elF1A, and with mRNA, tRNAI, and
elF1A (Fig. 1). These structures
showed the interactions in each func-
tional state and highlighted their differ-
ences.

In the proposed model, mMRNA is

“Snapshot” cont’d. on page 147



THE STRUCTURAL COMPLEXITIES OF
TRNA TRANSCRIPTIONAL REGULATION

ransfer RNAs (tRNAs) are non-coding, highly structured RNA molecules respon-

sible for delivering amino acids, the building blocks of proteins, to the cell’s pro-

tein biosynthetic machine, the ribosome. Maintaining appropriate cellular levels of
amino-acid-carrying tRNAs (i.e., “charged” tRNA) is important for optimal cellular func-
tion. Many bacterial species, including pathogens, use structured RNAs, or “riboswitches,”
to specifically sense cellular amino acid levels and guide the production of amino-acid
metabolic genes accordingly. A team of researchers utilized x-ray crystallography at the
APS and another U.S. Department of Energy Office of Science synchrotron light source
to examine the interaction between tRNASY (the tRNA that carries the amino acid glycine)
and the stem | domain of the glyQ T-box riboswitch (Fig. 1). Findings from this research
may be applied to understanding other T-box riboswitches, which are widespread in tran-
scriptional control of amino acid metabolism, and are prevalent in pathogens such as Lis-
teria and Staphylococcus. An increased understanding of these mechanisms may
contribute to development of antibiotics that target RNA-RNA interactions, aiding in the
fight against increasingly problematic drug-resistant bacterial infections.

The researchers from the National
Heart, Lung and Blood Institute of the
National Institutes of Health determined
the structural basis for riboswitch
recognition of tRNA. High-resolution
diffraction data of the tRNA: riboswitch
co-crystal was collected at a resolution
of 3.2 A, and was acquired at the NE-
CAT 24-ID-C and 24-ID-E beamlines at
the APS using an x-ray wavelength of
0.9729 A. Additional data were col-
lected at beamlines 5.0.1 and 5.0.2 of
the Advanced Light Source (Lawrence
Berkeley National Laboratory).

Transcription is the cellular
process by which DNA is copied into
RNA. Transcribed RNA is often mRNA
(messenger RNA that encodes a pro-
tein sequence to be translated by the ri-
bosome), but it can also be functional
non-coding RNA (regulatory RNA that
does not encode protein). Finely con-
trolled transcription is an important as-
pect of bacterial adaptation to stress
and environmental change, and the cell
has evolved numerous ways to guide

transcription appropriately. Fig. 1. Structure of the T-box stem | domain (blue) in complex with tR-

One widespread and abundant NASY (green) and the K-turn binding protein YbxF (grey). The interac-
control mechanism is through ri- tion between the highly structured 102 nucleotide stem | and the
boswitches, non-coding RNA domains L-shaped tRNA is surprisingly extensive.

at the beginning of mRNA transcripts,
which determine whether continued
“Complexities” cont'd. on page 147



A STRUCTURAL BASIS FOR METABOLIC
IN CANCER

ancerous cells face an increased demand for the nutrients and the cellu-

ADVANTAGE

lar building blocks required to support rapid growth and proliferation. A

team of researchers utilized x-ray crystallography at an APS beamline to
uncover a mechanistic basis for an increase in glycolytic metabolism observed in
many types of cancers. Study of the crystal structures of the metabolic enzyme
phosphoglycerate mutase 1 (PGAM1) allowed researchers to determine how
switching on PGAM1, through phosphorylation (addition of a phosphate), promotes
conformational changes that lead to hyperactivity of this protein, and thus an in-
crease in glycolytic metabolism. The highly active version of this protein is found in
diverse cancers, including leukemia and solid tumors, suggesting a widespread
mechanism by which cancer cells can sustain a metabolic advantage, as well as a
potential for the use of phosphorylated PGAM1 detection as a cancer diagnostic
marker and potentially a target for cancer therapeutics.
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Many normal human proteins
can contribute to cancer develop-
ment when the genes that encode
them are mutated. These onco-
genes produce proteins with altered
activity, leading to overproduction of
growth signals, or underproduction
of factors that keep cell growth
under control.

One of the ways in which can-
cer cells are able to grow more
quickly than their normal counter-
parts is through a shift in their meta-
bolic pathways, sequential chemical
reactions in the cell used to gener-
ate energy, to favor those pathways
that produce energy at a level that
would be excessive for a healthy
cell. One example of this type of
shift is the Warburg effect, the ob-
servation that even when oxygen is
available to cancer cells, a condition
that normally mandates the use of a
metabolic pathway known as oxidative
phosphorylation, cancer cells will con-
tinue to utilize glycolysis, a metabolic
pathway generally reserved for times
when the cell does not have access to
oxygen. These cancer cells also take
up more glucose from the environment
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metabolite 2,3-bisphosphoglycerate is blocked by this
this enzyme in cancer cells.

mediate the cancer-related changes in
cellular metabolism is not well under-
stood. In this study, researchers from
the Emory University School of Medi-
cine, The University of Chicago, Cell
Signalling Technology, Inc., Princeton
University, the Chinese Academy of Sci-
ences, and the Yale University School

than normal tissue.

Proteins that add phosphate
groups, called tyrosine kinases, pro-
mote proliferation of many types of can-
cer; however, the way in which they

of Medicine investigated the enzyme
phosphoglycerate mutase 1 (PGAM1),
a protein that is activated through the
transfer of a phosphate to one of the ty-
rosine amino acids contained within

Ar 962}"/‘

pHis-PGAM1

Fig. 1. Structures of normal, or “wild-type,” un-phosphorylated, and thus inactive, PGAM1 (blue),
and active PGAM1 (green) phosphorylated at His11 (green circle). The relative positions of
Glu19 (red circle) in the inactive and active forms of PGAM1 indicates that binding of activating

residue, and suggests that phosphorylation

of Tyr26 (blue circle) may stabilize the active conformation of Glu19, promoting hyperactivity of

PGAM1, called Tyr26.

Using x-ray crystallography at the
LS-CAT 21-ID-F and NE-CAT 24-ID-C
beamlines at the APS, the researchers
compared the structures of the active
phosphorylated form of PGAM1 to that
of the unmodified, inactive version of
the protein.

Based on these data, researchers
proposed a model in which phosphory-
lation of PGAM1 Tyr26 induces a con-
formational change in the protein that

“Basis” cont’d. on page 147



“Snapshot” cont’d. from page 144
threaded through the tunnel formed by
the 408 latch, keeping it unstructured
as it is inspected by tRNAI. As tRNAI
passes over the mRNA, the initiation
factor elF1 competes with initiator
tRNAI for a specific location (the P-site)
within the 40S subunit, preventing non-
specific base pairing between the tRNAI
and mRNA. Once the tRNAI locates the
start codon, however, the interaction
between the tRNAi and mRNA is strong
enough to displace elF1, halting scan-
ning and locking the initiator tRNAi in
place. This locking of the tRNAI in the
ribosomal P-site, accompanied by rota-
tion of the 40S head domain, completes
the process. — Emma Nichols

See: lvan B. Lomakin and Thomas A.
Steitz*, “The initiation of mammalian
protein synthesis and mRNA scanning
mechanism,” Nature 500, 307 (15 Au-
gust 2013).
DOI:10.1038/nature12355
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production of the rest of the RNA is re-
quired. The alternate structures of these
RNA switches can promote continued
transcription, or its termination. In this
work, the T-box riboswitch that regu-
lates transcription of an important cellu-
lar enzyme that links glycine to tRNASY
binds specifically to this tRNA. This is
the same type of interaction that occurs
between tRNACGY and mRNA during
translation (i.e., in the ribosome) when
the RNA sequence in the anti-codon
loop of the tRNACY matches the codon
in the mRNA.

When the glyQ T-box riboswitch in-
teracts with tRNAGY that is uncharged
(not carrying its amino acid due to lack
of glycine, as a signal of cellular starva-
tion), it adopts a structural conformation

that promotes further transcription, be-
cause the cell needs to attach more
glycine onto their carrier tRNAs to en-
sure continued protein synthesis.

If the riboswitch interacts with tR-
NAGY that is charged with glycine, it will
form a structure that halts transcription,
as there is more than enough glycine
present on tRNACY so there is no need
for more linking enzymes. In this study,
biochemical data demonstrated that the
stem | domain of the T-box riboswitch is
both the determinant of tRNA binding
specificity and primarily responsible for
binding affinity.

To define the basis for these obser-
vations, high-quality x-ray diffraction
data were required. A crystal structure
of tRNASY bound to stem | of the GlyQ
T-box riboswitch provided a rare
glimpse of interaction between two non-
coding RNAs, and revealed a surpris-
ingly extensive interaction between
tRNA and the T-box, suggesting how
shape-based complementarity en-
hances the cognate interaction between
these structured RNAs.

— Emma Nichols
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lowers the energetic threshold for bind-
ing to its activator (2,3-bisphosphoglyc-
erate), a normal component of the
glycolytic pathway, causing increased
activity of PGAM1 in the presence of its
substrate. — Emma Nichols
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REAL-TIME CAPTURE OF INTERMEDIATES IN
ENZYMATIC REACTIONS

uccessful development of new pharmaceuticals could be the payoff from

five-dimensional crystallography, a new experimental technique employed

by researchers carrying out studies at the APS. X-ray crystallography uses
x-rays to investigate protein structure, and has played an increasingly important
role in drug discovery in recent decades. This new technique essentially represents
a type of extremely high-resolution microscopy for investigating the molecular struc-
ture of proteins with near-atomic resolution. This facilitates improved understand-
ing of their function, and provides vital structural information on specific protein
targets. In this way it can contribute to the design of new drugs that target specific
proteins, or to the engineering of enzymes for specific industrial processes.
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Fig. 1. Structures of the intermediates I;, I;, pR,, pB, and the dark resting state of photoactive yellow

protein on the main reaction pathway. Barriers of activation between the intermediates are deter-

mined by 5-D crystallography.

Protein folding is the process by
which a protein takes on a specific
three-dimensional (3-D) structure es-
sential for it to function. Many proteins,
called enzymes, promote or catalyze
specific chemical reactions. The 3-D
structures of these proteins change
during the course of the reactions.
Free energy landscapes represent
multidimensional hyper-surfaces that
determine the progress of catalyzed
reactions, and characterization of
these landscapes allows the reaction
to be described and visualized.

In time-resolved crystallography
(TRX), x-ray diffraction by crystals is
utilized to examine in real time the
structures of proteins as they are
changing and therefore improve un-
derstanding of their function and gain
important structural information on
specific protein targets.

Five-dimensional (5-D) crystallog-
raphy is a specific form of the TRX

technique where, in addition to space
and time, temperature is a variable as
well. It allows complete characteriza-
tion of all features of a chemical reac-
tion, including the structure of its inter-
mediate compounds, and the reaction
kinetics, and barriers of activation be-
tween the intermediates. It provides an
essential and direct link between the
structural changes and energy
changes in the chemical reaction.

In this study, researchers from the
University of Wisconsin-Milwaukee,
The University of Chicago, The Insti-
tute for Basic Science (Republic of
Korea), and the Korea Advanced Insti-
tute of Science and Technology (Re-
public of Korea) employed the
photocycle reaction of photoactive yel-
low protein (PYP), a bacterial photo-
sensor protein, as a model for 5-D
crystallography. In this reaction, a se-
quence of light-induced structural
changes in the protein produces dis-

2/ ..
V. ' 51 kI/mol
k (pR,-pB,)

tinct intermediate structures. Using
data sets collected from TRX experi-
ments conducted on crystals of PYP at
the BioCARS 14-1D-B beamline at the
APS, the researchers investigated the
effect of changing temperature on the
kinetics of inter-conversion between
intermediates formed during the photo-
cycle. By lowering the temperature
below 0° C, the rate of the chemical
reactions slowed down, allowing an
early intermediate like IT to be ob-
served on the nanosecond time-scale
(Fig. 1), whereas it had previously only
been evident using picosecond TRX.
The study also showed that from -
40° C to +50° C, the reaction pro-
ceeded in a temperature-dependent
manner. However, above 50° C, the
optimum temperature for the reaction
was exceeded, and its rate slowed
down again. Most importantly, such
temperature-dependent data allowed
“Capture” cont’d. on page 150




THE CRYSTALLIZED CATALYTIC DOMAIN
OF HUMAN SIRT1

cientists have been eager to find out how the structure and catalytic function

of sirtuins, proteins that regulate cellular homeostasis and play a role in

human-related diseases, are able to influence certain physiological out-
comes. Researchers utilizing the APS studied the catalytic domain of a human sir-
tuin to better understand the mechanisms of its inhibition. This breakthrough allows
scientists to directly and clearly observe the actual binding mode of a SIRT1 in-
hibitor, which, within the past three years, had only been achieved using computa-
tional models. This provides an opportunity for scientists to develop new drugs that
selectively control SIRT1’s function when its activity is exploited by cancer cells.

Sirtuins (SIRTs) are a family of pro-
teins that regulate cellular homeostasis
and have been well-documented to
play a role in human-related diseases
including diabetes, cancer, and cardio-
vascular disease. Given this, scientists
have been eager to find out how the
structure and catalytic function of sirtu-
ins are able to influence certain physio-
logical outcomes. Of the seven human
sirtuins (SIRT1-7), which occupy vari-
ous cellular compartments such as the
nucleus, cytoplasm, and the mitochon-
dria, crystal structures have only been
determined for SIRT2, SIRT3, SIRT5,
and SIRT6. Recently, a collaborative
research team studied the catalytic do-
main of human SIRT1 at the LRL-CAT
beamline 31-ID-D to better understand
the mechanisms of its inhibition.

Researchers from the Lilly Biotech-
nology Center and the Lilly Corporate
Center collaborated to use the hanging
drop vapor diffusion and limited proteol-
ysis mass spectrometry (LP/MS) tech-
niques to engineer the crystallized
human SIRT1 protein to determine the
boundaries of its catalytic domain. The
authors screened several different
SIRT1 catalytic domain constructs in
the presence of nicotinamide adenine
dinucleotide (NAD™) and a variety of
SIRT1 inhibitors to identify molecules
that granted the highest thermal stabi-
lization and affinity for SIRT1. The re-
search group found that the crystal
structure of human SIRT1 bound to an
inhibitor, known as compound 35;
(SIRT1/NAD*/35 complex) produced

“Crystallized” cont’d. on page 150

Fig. 1. Schematic representation of the NAD+/35/SIRT'I crystal structure. SIRT1, depicted by ribbons,
has interacting side chains shown as colored sticks (cyan, red, and blue). The inhibitor 35 (magenta
sticks) is buried deep in the back of SIRTT with a bridging water molecule (red sphere) positioned be-
tween the indole nitrogen of 35 and the 2' phosphate. NAD* (yellow sticks) is bound diagonally

across the opening of the catalytic site starting from right to left.
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energies of activation between inter-
mediates to be determined directly
from x-ray data.

Using the BioCARS beamline,
time-resolved high-resolution Laue
crystallographic data with 100-psec
time resolution can be collected and
analyzed swiftly with novel data collec-
tion and data processing strategies.

Data from this study showed how
5-D crystallography may demonstrate
energy changes associated with barri-
ers of activation in the photocycle re-
action of PYP. The results will be
important in guiding future work to in-
vestigate changing energy landscapes
of other enzymatic reactions, and may
contribute to the development of novel

drugs that target a specific protein.
— Nicola Parry
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(yielded) the highest resolution (Fig.1).
Using yeast sir2/H4/carabNAD

crystal structure as the molecular re-
placement search model, the team re-
vealed the manner in which 35 halts
SIRT1’s activity. There is a dual mecha-
nism of inhibition by compound 35 and
it requires binding of both the inhibitor
and the cofactor NAD*. First, the bind-
ing of 35 mimics the binding of NAD*
nicotinamide, thereby displacing NAD*
and forcing it into an inactive conforma-
tion that splays NAD* across the outer
edge of the binding groove. This occurs
when the F273 side chain of SIRT1 ro-
tates closer to the indole of compound
35 creating a steric impediment to NAD*
in the proper kinked active conforma-
tion. Then, the resultant extended con-

formation of NAD* prevents substrates
such as NFkB, p53, PPAR gamma, and
FOXO from binding to SIRT1 by closing
up the access channel.

Although the structure and role of
other human SIRTs in age-related dis-
eases and cellular homeostasis are
well-known, thanks to compound 35 the
structural basis of SIRT1 inhibition is
established. — Candice A. Shaifer
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analogue) reveals a novel mechanism
of histone deacetylase inhibition,”
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THE FATE OF BIOAVAILABLE IRON
IN ANTARCTIC COASTAL SEAS

cience is exploring many options for carbon dioxide sequestration in order to mitigate the cli-

matological impact of CO,. One of these is geoengineering: deliberate, large-scale interven-

tion in the Earth’s natural systems to counteract climate change. Understanding all of the
possible effects of geoengineering, such as the results of iron fertilization on marine ecosystems, is
vital. In iron fertilization, which has been discussed as a way to sequester carbon dioxide from the
atmosphere, iron is introduced to the surface ocean to stimulate a phytoplankton bloom in locations
where iron is the limiting nutrient. Carbon taken up by the phytoplankton is later sequestered in deep
sea sediments. Researchers using the APS found that iron was incorporated into biogenic silica in
diatoms from the Southern Ocean and was then lost from the ecosystem. The loss of bioavailable
iron could favor the growth of phytoplankton species that are less efficient at assimilating carbon, the
opposite of the desired result of iron fertilization.

Fig. 1. On the left is an XRF micrograph map of silicon distribution in the diatom Corethron spp. On

the right is a map of the distribution of iron in the same diatom. (The images are 66-pm in width.)

Lighter colors indicate higher concentrations.

of silicon.

Note how the distribution of iron mirrors the distribution

Diatoms, single-celled algae that
have a cell wall of silica, account for
nearly half of the annual marine carbon
fixation worldwide, and dominate many
phytoplankton communities in Antarctic
coastal seas. After the organisms die,
their dense siliceous shells descend
into the deep ocean. The sequestration
of carbon in deep sea sediments is a
crucial sink for carbon dioxide, an im-
portant greenhouse gas. Iron is a limit-
ing nutrient in phytoplankton
communities in these seasonally ice-
covered seas, which include some of
the most biologically productive regions
of the Southern Ocean, like the Ross
Sea. Bioavailable iron limits biological



A decision by the International Hydrographic Organization in the

spring of 2000 delimited a fifth world ocean — the Southern Ocean

— from the southern portions of the Atlantic Ocean, Indian Ocean,

and Pacific Ocean. The Southern Ocean extends from the coast of

Antarctica north to 60° south latitude, which coincides with the Antarc-

tic Treaty Limit. The Southern Ocean is now the fourth largest of the

world's five oceans (after the Pacific, Atlantic, and Indian, but larger
than the Arctic Ocean). The Southern Ocean has the unique distinction
of being a large circumpolar body of water totally encircling the con-
tinent of Antarctica. Source: http://adventure443.blogspot.com
/2010/10/southern-ocean.html

production and also affects the compo-
sition of the phytoplankton community.

The availability of iron, therefore,
can limit uptake of atmospheric carbon
dioxide, with important implications for
the climate. Understanding iron cycling
in Antarctic phytoplankton is crucial for
determining whether iron fertilization
can be an effective strategy for reduc-
ing atmospheric carbon dioxide.

In the Ross Sea, bioavailable iron
enters the area through snow melt and
dust deposition. Iron removal is calcu-
lated to be about equal to iron input.
Fertilizing the surface ocean with iron
increases biological productivity, but the
resulting carbon dioxide removal will be
much less than expected due to the in-
creased productivity of diatoms, which
incorporate and remove the bioavail-
able iron.

The resultant decrease in iron fa-
vors plankton communities with lower
iron requirements. Phaeocystis antarc-
tica, a non-siliceous prymnesiophyte,
dominates some Southern Ocean phy-
toplankton communities, but loses out
to diatoms when bioavailable iron is
low. P. antarctica assimilates more car-
bon dioxide than diatoms, so a shift to a
diatom-rich phytoplankton community
may reduce carbon dioxide sequestra-
tion, the opposite of the desired effect.

In this investigation, the re-
searchers from the Georgia Institute of
Technology, the University of Georgia,
the Bigelow Laboratory for Ocean Sci-
ences, the Skidaway Institute of
Oceanography, and Argonne National
Laboratory discovered an important

sink for iron in some marine systems.
Utilizing XSD beamlines 2-ID-D and 2-
ID-E at the APS the researchers per-
formed x-ray fluorescence (XRF)
microscopy and x-ray absorption near-
edge structure spectroscopy on sam-
ples of the diatom genera Fragilariopsis
and Corethron from the Ross Sea.

Two morphologically distinct forms
of iron were discovered: one reduced
form was structurally incorporated into
the biogenic silica; the second form
was hot spots of iron that were more
oxidized (Fig. 1).

The researchers conclude that the
iron was incorporated into the biogenic
silica because iron in contact with sea-
water would become at least partially
oxidized. This incorporated organic iron
has a better chance of surviving diage-
nesis (the conversion, as by com-
paction or chemical reaction, of
sediment into rock) deep in a frustule
(the two-valved siliceous shell of a di-
atom) than it would in a surface coating
or in the protoplasm. When the
siliceous diatoms sink to the seafloor,
the iron is sequestered from the marine
ecosystem. The loss of iron from the
surface may reduce biological produc-
tivity in locations where iron is limiting.

This research leads to a greater
understanding of the dynamics of iron
cycling in the Southern Ocean with pos-
sible implications for improving carbon
sequestration. — Dana Desonie
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THE MEANING OF OSSICLE DISSOLUTION
OFF ANTARCTICA

rittle stars (Ophionotus victoriae) are marine invertebrates that live on spiny

sponges and other sessile animals in massive fields on the muddy seafloor, as

well as by themselves or in abundance directly on the seafloor. The discrep-
ancy between the abundance of O. victoriae in the Antarctic marine (benthic) ecosys-
tems, and its abundances in sediment cores from the region that date as far back as the
Cenozoic period 65 million years ago needs an explanation. During a two-year experi-
ment, brittle stars were suspended above or placed on samples of the sediment, during
which time the small bones, or ossicles, in the brittle stars began to show dissolution
features. The conclusions from this study, namely that ossicle dissolution begins soon
after death, suggest that their scarcity in sediment cores means these organisms can-
not be used to understand the region’s geologic and biologic past. This work also pro-
vides baseline information for understanding ocean acidification.

A Pristine Vertebral Ossicle: This three dimensional tofog
on two axes, providing a complete view of the c’npkex‘shu

cle. The video is a byproduct of calculating the porosity of o
was compared, to porosity of experimental ossicles (Walker et al., 2013). The co plete
can be viewed at:

http://aps.anl.gov/Science /Reports/videos/O_viétoriae_ossicle_movie.mpg
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Fig. 1. Ossicles from Ophionotus victoriae in sediment at Explorers Cove, Antarctica.

Photo: Shawn Harper.

Besides raising global tempera-
tures, increasing atmospheric CO, is
predicted to lower ocean pH, a phe-
nomenon referred to as ocean acidifi-
cation. The ocean absorbs about
one-quarter of the annual output of CO,
resulting from human activity; the re-
sultant increase in acidity is predicted
to impede calcification by organisms
that build carbonate shells or skeletons
or cause carbonate in existing shells to
dissolve. The effects of ocean acidifica-
tion on calcareous marine organisms
are the object of much study.

The distinctive benthic fauna of
the Antarctic continental shelf are rich
in some life forms and poor in others,
but overall biodiversity and biomass
of the fauna are high. Ophionotus vic-
toriae can be found from shelf to
ocean depths of 600 to 6000 ft (180
to 1800 m). The ophiuroid is com-
posed of an internal skeleton of
around 1500 ossicles made of high-
magnesium (Mg) calcite that are con-
nected and protected by organic
tissue while the organism is alive.
With few exceptions, sediment cores
drilled on the Antarctic continental
shelf contain almost none of these os-
sicles.

The discrepancy between the
abundance of living fauna and their
remains is the subject of this study by
researchers from Vanderbilt Univer-
sity and the New York Department of
Health. The goals of the study were to
1) determine if the fossil record accu-

rately reflects the abundance and dis-
tribution of benthic fauna at the time
of deposition, 2) evaluate if the fossil
record is of paleoclimatic significance,
and 3) assess in situ dissolution over
a short period of time to provide a
baseline for future ocean acidification
studies.

To determine what happened to
the O. victoriae remains, the re-
searchers sacrificed ophiuroids and
suspended them in mesh bags above
the seafloor or embedded them in
aquaria within the sediment in Explor-
ers Cove, offshore of Taylor Valley in
Antarctica. After two years, the re-
searchers analyzed the recovered ossi-
cles by scanning electron microscopy
to determine the chemical and physical
damage, and utilized x-ray tomography
at the GSECARS 13-BM-D beamline at
the APS to create a three-dimensional
map for calculating the total volume of
the ossicles.

The results showed that the soft
tissue disintegrated rapidly. Without its
protection, the ossicles dissolved very
rapidly. At the rates calculated, com-
plete dissolution is projected to occur in
just 6 to 105 years. Contributing to the
rapid dissolution and degradation of the
ossicles are factors such as the compo-
sition of the ossicles, the abiotic condi-
tions in Explorers Cove, and the
reworking (or bioturbation) of the sedi-
ment by animals. High-Mg calcite dis-
solves in polar seawater because it is
less saturated in carbonate, meaning

that the ossicles are close to a dissolu-
tion threshold. In addition, researchers
have observed that two epifaunal ani-
mals, an ophiuroid and a scallop, churn
and suspend the upper 5 cm of sedi-
ment, creating a thick, active-sediment
zone that affects decay processes. Bio-
turbation keeps the ossicles in the zone
where they are more likely to dissolve,
which in turn means that the ossicles
are not a good source of paleoenviron-
mental or paleoecological information in
the region, nor is the fossil record com-
plete enough to indicate the evolution-
ary history of these benthic fauna.

The rapid dissolution of the ossi-
cles in Explorers Cove suggests that
high-Mg calcite of the O. victoriae ossi-
cles is currently metastable in high-lati-
tude seawater. This stability will
decrease as ocean pH lowers. Ocean
acidification is predicted to affect the
ability of ophiuroids to develop and
grow as they are challenged to secrete
high-Mg calcite ossicles. On a larger
scale, ocean acidification will affect all
benthic ecosystems, but especially
those in high-latitude regions in organ-
isms that secrete high-Mg calcite.

— Dana Desonie
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GAUGING THE LEVELS OF STRONTIUM IN RUSTED

ap water contains many substances of which we are usually unaware.

These impurities are for the most part harmless, but the effects of

some, like the metal strontium, are still unclear. Recently, water utili-
ties have begun monitoring how much strontium we ingest from drinking
water. A new study shows that this monitoring may need to factor in the re-
lease of strontium from rusted pipes. Researchers using two beamlines at the
APS have identified high levels of strontium in corrosion products taken from
different water supply pipes. This bound strontium can eventually be released
back into the water, presumably causing the strontium concentration to occa-
sionally spike above the monitoring reporting limit.

-

e,

iron tubercles
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Fig. 1. Images (a) and (b) show iron corrosion products inside a cast-iron service drinking water pipe re-
covered from a water supply system in the Midwest. Image (c) is a close-up view of an iron corrosion
product from a 15-cm-wide cast-iron service drinking water pipe from a system in New England. The
mound features, called tubercles, can be seen in the photo. Images: M.K. DeSantis. Graphic: T.L. Gerke

(U. Cincinnati).
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The average concentration of
strontium in our drinking water is
around 1 mg/l. Because strontium is
chemically similar to calcium, some of
this strontium ends up in our bones and
teeth. This may be beneficial, as certain
drugs containing strontium have been
shown to improve bone density. How-
ever, other studies suggest that too
much strontium may lead to bone
weakness. The U.S. Environmental
Protection Agency (U.S. EPA) does not
presently regulate strontium, but since
January 2013 the agency has required
certain water utilities to monitor stron-
tium (as well as other contaminants) in
their water supplies.

One unresolved issue is where
best to check the strontium concentra-
tion. Strontium monitoring occurs at the
point-of-entry and point-of-maximum
stagnation in a water distribution sys-
tem. However, this may not reflect what
comes out of the faucets at the other
end. Previous work has shown that the
metal vanadium binds to, and later re-
leases from corrosion products inside
of water pipes. Now researchers from
Miami University, the University of
Cincinnati, the Naval Research Labora-
tory at the Stennis Space Center in
Mississippi, and the U.S. EPA have in-
vestigated whether similar binding and
release occurs with strontium.

The researchers looked specifi-
cally at iron corrosion products, as pos-
sible locations where strontium may
concentrate. These rust concentrations,
which are found in iron pipes, consist of
multiple mounds of iron oxides/oxyhy-
droxides (Fig. 1). They are composed
not only iron but other metals and min-
erals that have adsorbed onto iron cor-
rosion products or precipitated from the
drinking water. This “filtering” can, dur-
ing normal operations, reduce the
amount of contaminants that reach the
tap. However, a disturbance in the
water flow or in the water chemistry can

cause some of the metals to be des-
orbed or dislodge small pieces of the
surface layers of iron corrosion prod-
ucts.

To evaluate if strontium is a metal
that adsorbs to iron corrosion product
surfaces, the research team collected
iron corrosion product samples from
four different water distribution systems.
Using x-ray fluorescence measure-
ments, they found strontium concentra-
tions ranging from 3 to 128 mg/kg in the
surface layers of the products. But
these measurements by themselves did
not reveal how easily strontium can be
desorbed from the surfaces of the iron
corrosion products. For this, the team
performed micro-x-ray adsorption near
edge structure spectroscopy (u-
XANES) at the MR-CAT 10-ID-B beam-
line and the XSD beamline 20-I1D-B,C,
both at the APS.

Sample spectra were compared to
several standards that contained stron-
tium in different configurations. The
comparisons revealed that strontium
was primarily bound in calcite (CaCO,)
crystals, replacing calcium atoms. This
is a fairly stable configuration with re-
gard to release. However, they also
found that a portion of the strontium
was simply adsorbed on the surface of
iron oxides/oxhydroxides or calcite
crystals. A disturbance in the flow or in
the water chemistry could cause this
adsorbed strontium to release back into
the drinking water.

To verify that this release happens,
the team analyzed a water filter from a
single home connected to one of the
utilities in the study. They found that the
particulates caught by the filter had the
same iron and strontium concentrations
as the iron corrosion products they ana-
lyzed.

The researchers surmise that sud-
den releases of iron corrosion particu-
lates could potentially expose water
drinkers to strontium levels above the

U.S. EPA Health Reference Level of 4
mg of strontium per liter of water.
— Michael Schirber
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centrations in Corrosion Products from
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Systems,” Environ. Sci. Technol. 47,
5171 (2013). DOI:10.1021/es4000609
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TRACING THE PATH OF CONTAMINANTS IN
ALASKAN STREAMS

istoric mining in the Kantishna district of Denali National Park, Alaska, has left

its mark with high levels of toxic antimony and arsenic in some of the park's

creeks. The impact of these metals on Alaskan wildlife is not fully understood.
One open question is where the contaminants end up as they are carried downstream.
New research using an APS beamline has revealed that the antimony and the arsenic bind
primarily to iron oxide particulates, which eventually settle in the stream beds. The results
offer new insights into the physical, as well as chemical, path that these elements take
through the environment and will help in building geochemical models that can predict how
antimony behaves in general environmental settings.

Fig. 1. The waste rock pile
from mining near Stampede
Creek. Photo: Seth Mueller
(Boliden Mineral).

Map outlining the Tintina Gold Province
(shaded area), major faults, and the Stam-
pede Creek and Slate Creek study areas.
Modified from Eppinger et al., U.S Geologi-
cal Survey Professional Paper, 1662 (2000).

Fig. 2. Sample collection in Slate Creek. Photo:

Tom Trainor (U. Alaska Fairbanks).
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Fig. 3. The concentration of antimony (Sb) and arsenic (As) relative to iron (Fe) in sediments taken

from Stampede Creek in Denali National Park, Alaska. The peaks occur near the location of the

Stampede Mine, which was the largest producer of antimony in Alaska's history. From Vanessa J.

Ritchie et al., Chem. Geol. 335, 172 (2013).

The Kantishna Hills of the north-
western part of Denali National Park
are home to several antimony de-
posits, which were extensively mined
up through the mid-1980s. As a result
of this mining, some of the nearby
streams, such as Stampede Creek
and Slate Creek (see Figs. 1 and 2),
have concentrations of antimony and
the related element arsenic (As)
around 100 pg per liter of water.
These levels are roughly 10 times
higher than the drinking water limits
set by the U.S. Environmental Protec-
tion Agency. Both antimony and ar-
senic are toxic to humans, so there is
a concern over the effects these con-
taminants will have on the Alaskan
ecosystem.

Arsenic is a common contaminant
associated with mineral deposits, so
its environmental interactions have
been intensely studied. By contrast,
antimony chemistry is not well-under-
stood. Antimony is typically found in
nature in the form of the sulfide min-
eral stibnite (Sb,S;). In the mining
process, stibnite and other sulfide
minerals (some containing arsenic)
are exposed to oxidative weathering.

An important question is how fast
des antimony oxidizes, since the oxi-
dization state is related to the toxicity.
Moreover, oxidization makes anti-
mony more water soluble, so it can
enter runoff. Once it reaches streams,
there are uncertainties about how
long it stays in the water. Does it
react with something and become im-
mobilized or does it float downstream
and become diluted by more water?

To answer these questions, re-
searchers from Fairbanks Environmen-
tal Services, the University of Alaska
Fairbanks, the Swedish company Boli-
den Mineral, and the U.S. Geological
Survey collected samples of stream
water and sediments from the Kan-
tishna mining district during field expe-
ditions between 2005 and 2007.

From their water analysis, the team
found that the concentrations of anti-
mony and arsenic near the mining sites
reached peaks of 720 and 239 ug per
liter, respectively. These levels were
around 100 times higher than the nor-
mal levels recorded upstream of the
mines. This data suggests that anti-
mony oxidizes quickly when exposed to
weathering. The water samples from
downstream sites showed that the ar-
senic concentration dropped back to
normal after about 1.5 km. The anti-
mony concentration also dropped
down, but not as quickly. The level of
antimony in the water remained above
normal for more than 8 km downstream
from the mining operations.

To see where the metals go when
they leave the water, the researchers
used the GSECARS 13-BM-D beamline
at the APS for a number of x-ray stud-
ies. They analyzed sediments from the
bottom of the streams using x-ray ab-
sorption spectroscopy (XAS). They ex-
posed samples to x-ray energies near
the K edge of antimony (30 keV), as
well as arsenic (12 keV). X-ray absorp-
tion near edge structure (XANES) spec-
tra revealed oxidized forms of antimony
and arsenic in the sediments. The
greatest amounts appeared just down-

stream of the mining sites (Fig. 3). Fol-
lowing up with extended x-ray absorp-
tion fine structure measurements, the
team found that both antimony and ar-
senic are associated with iron oxides in
the sediments. The researchers con-
cluded that the contaminants bind to
the surface of amorphous iron oxide
particulates, which are readily trans-
ported downstream before settling out.
The x-ray experiments showed that the
antimony forms a fairly strong chemical
bond to the iron oxide particulates. The
implication is that the antimony incorpo-
rated into the stream sediments. The
team is continuing their XAS studies to
better understand the binding of anti-
mony to iron-oxide substrates.

— Michael Schirber
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DEFINING THE LINE: MELTING CURVE FOR IRON
HeLPs CHARACTERIZE THE EARTH'S CORE

A team of scientists, from the Cali-
fornia Institute of Technology, Argonne,
the Carnegie Institution of Washington,
and the University of lllinois at Urbana-
Champaign, utilized synchrotron Moss-
bauer spectroscopy at XSD beamline
3-ID-B to determine the melting points
of iron at pressures representative of
the core's environment. Méssbauer
spectroscopy leverages the Mossbauer
effect: that for some isotopes, including
57Fe, resonant absorption, and re-emis-
sion of a gamma ray can occur without
the nuclei recoiling when the isotope is
bound in a solid. This effect vanishes if
the isotope is bound in a liquid. This re-

he

Earth’s core is

16% of the planet by
volume. It is composed primarily of iron, but includes
a quantity of lighter elements whose presence, but not
identity, is inferred from geophysical measurements. The core
consists of a solid inner section surrounded by a convecting, lig-
uid outer layer. It creates Earth's magnetic field, protecting the planet
from space weather events such as solar flares, and provides the heat
for plate tectonics as the liquid core freezes. The core begins approxi-
mately 2900 km below the Earth's surface, making it difficult to deter-
mine its exact composition and temperature profile, so scientists rely on
laboratory experiments and an evolving model to infer core character-
istics. For example, they use experiments to populate data points on
the melting curve of iron, a key descriptor of the core because the lig-
uid outer core and solid inner core coexist at a temperature below
the melting point of pure iron. Now, utilizing the APS in a new
application of the Mdssbauer effect, scientists are refining
the temperature range of the Earth's inner core/outer

Earth's formation.

coil-free characteristic of ’Fe means
that x-rays absorbed and re-emitted will
continue on in their original direction to
be detected on the opposite side of the
sample where the Méssbauer signal is
determined by the scattering strength
and %"Fe density of the sample.

Figure 1 shows the team's experi-
mental setup, with the left-to-right hori-
zontal arrow indicating the direction of
the x-rays; the detector is to the right of
the diamond anvils. The Mdssbauer
signal that scatters from the sample
prior to melting is sensitive to the move-
ment of the iron nuclei. As the sample
transitions from solid to liquid, the iron

core border to increase our understanding of
geophysical processes and the

nuclei move more; this enhanced free-
dom of motion results in fewer recoil-
free scattering events, and the
Méssbauer signal drops markedly.
The team heated compressed
samples of 5’Fe with an infrared laser
system, measured the integrated syn-
chrotron Méssbauer signal intensity as
each sample transitioned from solid to
liquid, then determined the scattering
strength from the integrated intensity.
The marked drop in scattering strength
indicated when the solid iron melted.
They determined the temperatures at
the first measurement of the molten
state and the final measurement of the
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Fig. 1. Diagram of the experimental setup for the synchro-

tron Mdssbauer spectroscopy experiments. This approach is

unique because the dynamics of only the iron atoms are

monitored. Image: Jennifer M. Jackson (Caltech).

solid state, defining the melting point to
be the mean of the two.

The resulting temperatures agreed
well with the existing literature at low
pressures, but above 60 GPa this new
technique yielded higher melting tem-
peratures than other published results.
This difference might be explained by
disparities in the determination of ex-
actly when the material melted, meth-
ods of accounting for thermal pressure,
or temperature determination. The
strength of the synchrotron Mdssbauer
spectroscopic technique is that it moni-
tors the solid-to-liquid transition using
the dynamics of the atoms themselves,
unlike other melt-monitoring techniques,
so it is possible the disparity is due to
this alternative diagnostic of melting.
The researchers have begun incorpo-
rating in situ x-ray diffraction measure-
ments of hot >Fe to refine the thermal
pressure estimates used in this study
and remove it as a possible discrep-
ancy.

This application of synchrotron
Méssbauer spectroscopy to the melting
curve of iron allows for greater scientific
scrutiny of the temperatures in the envi-
ronment of Earth's core, yielding new
data which characterizes the inner
core/outer core border, and broadens
the palette of tools available to probe

the workings of Earth's inaccessible
core. — Mary Alexandra Agner
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INGE LEHMANN:
DISCOVERER OF THE EARTH'S INNER CORE

Seismic
waves — shock
waves gener-
ated by earth-
quakes and
explosions that
travel through
Earth and across
its surface — re-
veal the struc-
ture of the
interior of the
Earth. The
waves important
for understanding the Earth’s interior are P-
waves, (primary, or compressional waves)
and S-waves (secondary, or shear waves),
which travel through solid and liquid material
in different ways. The seismograph, which
detects and records the movement of seis-
mic waves, was invented in 1880. At the
time, geophysicists believed Earth to be
made up of a liquid core surrounded by a
solid mantle, itself surrounded by a crust, all
separated by abrupt density changes in the
Earth called “discontinuities.”

In 1929 a large earthquake occurred
near New Zealand. Danish seismologist Inge
Lehmann, “the only Danish seismologist,” as
she once referred to herself, studied the
shock waves and was puzzled by what she
saw. A few P-waves, which should have
been deflected by the core, were recorded at
seismic stations. Lehmann theorized that
these waves had traveled some distance into
the core and then bounced off some kind of
boundary. Her interpretation of this data was
the foundation of a 1936 paper in which she
theorized that Earth’s center consisted of two
parts: a solid inner core surrounded by a lig-
uid outer core, separated by what has come
to be called the Lehmann Discontinuity.
Lehmann’s hypothesis was confirmed in
1970 when more sensitive seismographs de-
tected waves deflecting off this solid core.

Born in Denmark in 1888, Lehmann
was a pioneer among women and scientists.
Her early education was at a progressive
school where boys and girls were treated ex-
actly alike. This was a sharp contrast to the
mathematical and scientific community she
later encountered.

A critical and independent thinker,
Lehmann subsequently established herself
as an authority on the structure of the upper
mantle. When Lehmann received the William
Bowie medal in 1971, the highest honor of
the American Geophysical Union, she was
described as “the master of a black art for
which no amount of computerizing is likely to
be a complete substitute.” Lehmann lived to
be 105.

Excerpted from EARTH: INSIDE AND
OUT, edited by Edmond A. Mathez, a publi-
cation of the New Press. © 2000 American
Museum of Natural History,
http://www.amnh.org/education/resources/rfl/
web/essaybooks/earth/p_lehmann.html




DETERMINING THE STRUCTURE OF POSTPEROVSKITE
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arth’s mantle is divided by seismic discontinuities, places where seis-

mic waves traveling through the planet abruptly change speed. The

lowermost ~200 km of the mantle (and also the top of the deepest por-
tion of the mantle) called the D" layer, presents a first-order seismic disconti-
nuity. The discontinuity is likely caused by a phase change between the two
magnesium-iron silicate minerals, perovskite and its higher pressure phase,
postperovskite (ppv), a high-pressure mineral that makes up most of this re-
gion. To better understand the seismic discontinuity, scientists study the crys-
tal structure of postperovskite because understanding the seismic features of
the lowermost mantle requires precise knowledge of the effects of pressure
and composition on the crystal structure of postperovskite at the tremendous
pressures and temperatures in the region. Powder x-ray diffraction experi-
ments indicate that magnesium or iron may alter the crystal structure of the
postperovskite phase. But a new technique, as applied by a research team
carrying out studies at the APS, is yielding insights into the crystal structure

of postperovskite at the perovskite-postperovskite transition.

The new technique employs multi-
grain single-crystal x-ray diffraction
(XRD) analysis in a diamond anvil cell.
It was used in a study by researchers
from the Center for High Pressure Sci-
ence and Technology Advanced Re-
search (China), the Carnegie Institution
of Washington, The University of
Chicago, the Hawaii Institute of Geo-
physics and Planetology, Stanford Uni-
versity, and SLAC National Accelerator
Laboratory. In this work, polycrystalline
samples of (Mg,Fe)SiO, postperovskite
were synthesized in a diamond anvil
cell at pressures and temperatures typi-
cal of the D" layer. Then the newly de-
veloped single-crystal x-ray diffraction
technique was performed in situ. Utiliz-
ing the HP-CAT 16-ID-B beamline at
the APS, the crystallographic orienta-
tions were be simultaneously deter-
mined for over 100 individual
submicron crystals at one beam posi-
tion. Advanced computation methods
then separated the signals from differ-
ent grains into a single-crystal struc-
ture. The individual crystallites were
also mapped across the x-ray beam
using the focused polychromatic and
monochromatic x-ray beam available at
XSD beamline 34-ID-E, aldo at the
APS. The intensity of the diffraction
spot dropped by more than half after
moving one step in both directions, in-

Fig. 1. Crystal structure of (Mg,Fe)SiO; post-
perovskite. Polyhedra of O atoms around Si
atoms are shown as octahedra, and ~10%

Fe2" ions substitute Mgz+, shown as spheres.

dicating that the sizes of crystallites in
the sample were ~0.5 ym (FWHM) or
less.

In the diamond anvil cell, postper-
ovskite became the dominant phase at
120 GPa. The volume difference be-
tween perovskite and postperovskite,
which have the same composition but
different structure, is 1.1%. This value
is approximately the same as the vol-
ume difference of 1.0% to 1.2% in
MgSiO,. The result is that Fe-partition-
ing is not distinguishable between the
perovskite and postperovskite phases,
an outcome that is in good agreement
with the powder diffraction data of pre-
vious studies.

Models of Earth’s deep interior
have been built upon the assumption
that the lower mantle mainly consists of
iron-bearing magnesium silicate with
nominally 10% iron. The analysis in this
study reveals that replacing 10% of the
magnesium with iron in postperovskite
barely alters its crystal structure. But at
the base of the deepest mantle, the
core-mantle boundary contains ultra-
low velocity zones that may be en-
riched in iron from interactions with the
molten metal outer core. In this case,
postperovskite might be structurally dif-
ferent.

This new, single-crystal XRD tech-
nique has many advantages over pow-
der diffraction methods, such as
insights into rigorous three-dimensional
angular and symmetric relations. Index-
ing aggregates of several hundred sub-
micron crystallites and performing

structural analysis on each allows for in
situ single-crystal studies in high-P con-
ditions that were not previously possi-
ble. Single-crystal XRD provides
structural analysis and refinement
methods that, when applied for a few
ppv crystals, demonstrate the feasibility
of the in situ study of crystal structures
of submicron crystallites in a multi-
phase polycrystalline sample in a high-
P device. — Dana Desonie
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MIMICKING EARTH'S MAGNESITE FORMATION
IN THE LAB

A photograph of a sample of Mg,SiO,4 and carbon dioxide
together, as seen from above. Multiple experiments can be
made using the same sample. Each dark spot in the (roughly)
rectangular region is where the sample has been irradiated
by infrared lasers while the sample is held at successively
higher pressures and synchrotron x-ray diffraction measure-
ments are being made simultaneously.
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he mineral magnesite — rich in carbon, magnesium, and oxygen — is thought

to be common in Earth's mantle and is believed to play a large role in how

carbon cycles through the Earth, the oceans, and the environment. But
studying the materials present in the intense heat and pressure of the mantle, which
extends down to some 1800 miles below the Earth's surface, is not easy. Scientists
must rely on a variety of remote techniques to probe these inaccessible regions,
many of which involve trying to recreate the extreme environment found there and
observing what happens. Research at the APS observed how, under such extreme
conditions, magnesite can be made from magnesium oxide and carbon dioxide.
The work strongly supports the model of magnesite's prevalence in and import to

the Earth’s mantle.

The mineral magnesite — rich in
carbon, magnesium, and oxygen — is
thought to be common in Earth's man-
tle and is believed to play a large role in
how carbon cycles through the Earth,
the oceans, and the environment. But
studying the materials present in the in-
tense heat and pressure of the mantle,
which extends down to some 1800
miles below the Earth's surface, is not
easy. Scientists must rely on a variety
of remote techniques to probe these in-
accessible regions, many of which in-
volve trying to recreate the extreme
environment found there and observing
what happens. Research at the APS
observed how, under such extreme
conditions, magnesite can be made
from magnesium oxide and carbon
dioxide. The work strongly supports
the model of magnesite's prevalence in
and import to the Earth’s mantle.

Inside the Earth, magnesite likely
serves as the main storage phase for
carbon. The magnesite contains carbon
bonded to oxygen. When magnesite
breaks down in the mantle it may re-
lease carbon dioxide. Much evidence
exists to suggest that magnesite is the
primary storage mineral for carbon
deep inside the Earth, and that it is sta-
ble under very high pressures and tem-
peratures. Previous studies have
focused, however, on already formed
magnesite. In contrast, this work —
carried out by researchers from Indiana
University South Bend (IUSB), North-
ern lllinois University, and The Univer-
sity of Texas at Austin — examined the
process of how magnesite is formed to
establish how easily or not it might
arise in the mantle.

The team compressed magnesium
oxide and carbon dioxide within a dia-

mond anvil cell (DAC). In addition to the
high pressures from the DAC, the sam-
ples were heated using lasers at the
APS. Diamond anvil cells are useful
not only for putting samples under pres-
sure, but also because they are clear,
allowing the sample to be examined di-
rectly. The crystalline structure of the
sample was observed with synchrotron
x-rays from three different beamlines at
the APS: 16-ID-B and 16-BM-D of HP-
CAT, and 13-ID-D of GSECARS. Exam-
ining the samples showed that
magnesite forms quite easily from mag-
nesium oxide and carbon dioxide at the
pressures and temperatures expected
in Earth's mantle. Moreover, during the
experiments, the team didn't witness
other materials forming. The ease of
formation, and the material's stability
support the model that much of the oxi-
dized carbon in Earth's mantle is stored
in magnesite.

When magnesite breaks down and
releases carbon dioxide it may help
melt other rocks or even precipitate dia-
monds. The next step for these re-
searchers will be to look at more
complicated chemical systems to see if
other carbon-bearing minerals form and
also to place additional constraints on
the conditions for which magnesite be-
comes unstable, thus releasing carbon.

— Karen Fox
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IRON'S ELECTRONIC TRANSITION UNDER PRESSURE

ron and its alloys are used in applications ranging from industry to electronics, and even supercon-

ductor research. In addition to their importance on our planet, these materials are found in our planet

as well — high-pressure iron-nickel alloy is the primary ingredient in the Earth's core and perhaps the
cores of other planets. The Earth and space sciences thus require a thorough understanding of iron and
iron-nickel alloys under pressure, but although scientists have studied these materials for many years, mys-
teries still remain. For example, early studies found discrepancies in iron's behavior when the pressure
reached 40 GPa. Was this signal mere noise or the sign of a significant electronic transition? Now a re-
search team has solved the mystery of this anomaly and gathered clues about iron's superconductivity by
studying iron and the iron-nickel alloy Fey4Ni,, at multiple facilities including the APS.
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Fig. 1. Pressure dependence of the c/a ratio, the lattice parameter of hexagonal close-packed iron

and iron-nickel. Inset: unit cell of a hexagonal close-packed structure.

To find the origin of the anomaly at
40 GPa, an international team of re-
searchers first had to prove the signal
was real. It was crucial to show a
change in the material's compressional
behavior when the pressure reached
this point.

The compressional behavior of
iron and the iron-nickel alloy Feg ¢Nij
can be seen by looking at changes in
the lattice parameters. At the range of
pressures around 40 GPa, both pure
iron and its nickel alloy shift into the
phase known as hexagonal close
packed, or hcp. The hep unit cell (see
the first figure) can be described by the

ratio of ¢ to a. Changes in this lattice
parameter under various pressures
were thus important indications of the
material's compressional behavior.

Using the diamond anvil cell at
GeoSoilEnviroCARS beamline 13-ID-D
at the Argonne National Laboratory
APS, the researchers measured how
the c/a ratio changed as the pressure
rose from 12 to about 65 GPa. At about
40 GPa, they noticed an anomaly (sec-
ond figure). The phenomenon was con-
firmed by independent measurements
taken at the European Synchrotron Ra-
diation Facility (France) on beamline
IDO9A.

To understand the physical nature
of the phenomenon, the researchers
also ran two independent experiments
under a similar range of pressures.
Using beamline ID18 at the European
Synchrotron Radiation Facility, they
performed nuclear resonant inelastic x-
ray scattering to measure the Debye
sound velocity. At the University of
Bayreuth's Bavarian Research Institute
of Experimental Geochemistry and
Geophysics (Germany), they used
Moéssbauer spectroscopy to measure
the Mdssbauer center shift.

Both of these experiments ob-
served similar anomalies around 40
GPa. The Debye sound velocity soft-
ened slightly around 42 to 52 GPa, and
the Mdssbauer center shift showed a
strong anomaly around 40 to 45 GPa.

These results proved the existence
of a signal at 40 GPa. However, previ-
ous papers on hcp iron and iron-nickel
had shown no changes in the crystal
structure at this pressure. In addition,
hcp iron has shown no evidence of or-
dered magnetic structure. If the signal
does not stem from physical or mag-
netic changes, it must indicate a
change in the electronic state.

To learn more, members of the re-
searcher team, from Linkdping Univer-
sity (Sweden) calculated the theoretical
electronic structure of iron in the 12 to
70 gigapascal pressure range. Their
technique combined local density ap-
proximation with dynamical mean-field
theory.

According to the theoretical model
the topology of the Fermi surface
(which describes the electronic band
structure of the metal) changes under
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EARTH'S CORE REVEALS AN INNER WEAKNESS

he word “core” conjures up images of something strong. However, new experi-
ments show that the iron found in the Earth's core is relatively weak. This find-
ing is based on x-ray spectroscopy and diffraction measurements performed at
high pressure and utilizing several x-ray beamlines at two U.S. Department of Energy Of-
fice of Science light sources including the APS. The researchers in these studies ex-
trapolated their results to core conditions and found that the strength of iron deep within
the Earth is lower than previously thought. This weakness may explain how the crystal
structure in the Earth's core has transformed over geological time scales.

The extreme condi-
tions of the Earth's core 30
are very difficult to repro-
duce in a laboratory. The
pressure rises above 3
million (320-370 GPa),
and the temperature is
comparable to that on
the surface of the Sun
(over 5000° C). Seismol-
ogists have learned
about the core by study-
ing seismic waves that
travel through the
Earth's interior.

One discovery is that
core-traversing seismic
waves travel 3% faster
along the polar axis as
compared to those mov-
ing through the equatorial
plane. Researchers as- 0
sume that this seismic-
wave anisotropy is due to
iron crystals aligning their
lattice structures, which
requires a certain amount
of “flow” through the solid
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Fig. 1. The strength of several different metals, extrapolated to high pres-

sure. Plot courtesy of A.E. Gleason (Stanford U.).
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searchers here loaded

.1999 their foil-shaped samples

of iron into a gasket filled
with a pressure-transmit-
ting medium of neon or he-
lium gas. This gasket was
then placed in a diamond-
anvil cell, where pressures
as high as 200 GPa could
be applied.

For their study of the
material properties of hy-
drostatically compressed
iron, the team first per-
formed nuclear resonant
inelastic x-ray scattering
(NRIXS) experiments at
two APS x-ray beamlines:
3-ID-B (operated by XSD)
and16-1D-D (operated by
HP-CAT). The spectrum of
the scattered x-rays con-
tained information about
shear waves that travel
through the iron like seis-
mic waves. From their data
analysis, the team derived
the shear modulus — a

core, and this has yet to
be explained.

Deep inside the Earth, iron has a
different structure than at the surface.
For objects like horseshoes and tea
kettles, the iron atoms are packed to-
gether in a pattern called body-cen-
tered cubic (bcc). However, when the
pressure rises above 12 GPa, the iron
atoms rearrange into a hexagonally
close-packed (hcp) structure.

To better understand hcp iron, re-
searchers from Stanford University and

the SLAC National Accelerator Labora-
tory have made new strength measure-
ments at high pressure, as described in
Nature Geoscience. Strength, which is
a material's resistance to flow, is char-
acterized by the pressure at which the
material begins to deform. Previous
studies of iron's strength have typically
applied pressure in a non-uniform (or
non-hydrostatic) way.

To reproduce the hydrostatic condi-
tions of the Earth's interior, the re-

measure of the rigidity of a
material — and found it to be slightly
lower than previous measurements of
iron taken in non-hydrostatic environ-
ments.

The team then performed radial x-
ray diffraction (rXRD) experiments at
the HP-CAT 16-BM-D beamline, as well
as with another x-ray beamline at the
Advanced Light Source at Lawrence
Berkeley National Laboratory. These
measurements showed a shift in iron
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“Transition” cont’d. from page 166
pressure. At 40 GPa, the material un-
dergoes an electronic topological transi-
tion, a change of electronic
configuration. This transition is due to
the interactions of multiple electrons,
also known as correlation effects.

The existence of this topological
transition must be taken into account by
solid-state physicists. The correlation
effects that cause the transition also
play an important role in the properties
of other transition metals. Iron, however
is particularly interesting because at
certain pressures and temperatures,
pure iron in the hcp phase can become
superconducting. Describing its proper-
ties, including the correlation effect,
may provide clues about iron's super-
conductivity. — Sophie Bushwick
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diffraction lines due to a squeezing (or
strain) of the lattice separation when the
sample was under pressure. The re-
searchers combined the observed
strain and shear modulus values to ob-
tain the strength of iron at high pres-
sures. Surprisingly, the derived strength
was 60% lower than previous esti-

The researchers estimated
that iron's strength is
around 1 GPa at the pres-
sure and temperature of
the Earth's core. This low
value has implications for
how the material in the
core deforms, or “creeps,”
over time.

mates, making iron one of the weakest
metals at high pressures (Fig. 1).

The team estimated that iron's
strength is around 1 GPa at the pres-
sure and temperature of the Earth's
core. This low value has implications for
how the material in the core deforms, or
“creeps,” over time. Previous models
assumed that this creep was a very
slow process, based mostly on diffusion
of atoms. However, a lower strength for
iron means that creep could occur
through the movement of defects, or

“dislocations,” in the crystal structure.
This faster dislocation creep would
imply that the observed seismic-wave
anisotropy developed relatively early in
the Earth's history. To explore this idea
further, the team plans to perform a new
set of iron experiments at high tempera-
ture as well as high pressure.

— Michael Schirber
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ANTI-CANCER NANOPARTICLE THERAPY HEATS

Fig. 1. A tomographic reconstruction of the material signatures produced by x-ray fluorescence mi-

croscopy shows a position of zinc (gold color) that indicates the cell’s nucleus, and green patches rep-
resenting the titanium of the nanoparticles. Part of the nucleus has been “cut away” in this image to
show that the nanoparticles are located within the nucleus.
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ncologists are striving to focus their therapies more directly on cancer cells, both

to increase therapeutic effectiveness in fighting cancer and to minimize damage

to healthy tissue. One approach uses photoactivated nanoparticles, which enter
a cell and, when excited by ultraviolet or ionizing radiation, produce a cloud of ions that de-
stroys the cancer cell. The trouble lies in making sure the nanoparticles reach the right tar-
get; often they enter a cell but remain in the cytoplasm, where they are ineffective. Scientists
from Northwestern University, Argonne, the Northwestern Synchrotron Research Center,
and Carl Zeiss X-ray Microscopy have created and followed the cellular fate of nanoparti-
cles targeted toward a particular receptor on a cell’s surface. When they tracked these
nanocomposites, using the APS, they found the particles in fact traveled all the way to the
cancer cell’s nucleus, where they could do the most damage.

The team created nanoparticles
averaging approximately 7 nm in diam-
eter, with a Fe;O, core and TiO, shell.
The titanium oxide is the photoactive
material, while the ferric oxide lets the
nanoparticle show up in a magnetic
resonance image. The ferric oxide also
changes the bandgap of the titanium
oxide so it can be activated by white
light, though in practice ionizing radia-
tion would probably be used because it
can penetrate tissue to a greater depth.
The team attached several different
peptides to the nanoparticles, creating
nanocomposites, and tested to see
which ones would bind to the epidermal
growth factor receptor (EGFR). EGFR
is overexpressed in many types of can-
cer, so nanoparticles that target it
should attach to cancer cells more than
normal tissue. It turned out that the B-
loop peptide — a portion of the protein
for epidermal growth factor — bound to
the EGFR.

The researchers mixed their B-
loop nanocomposites and other
nanoparticles with HeLa cancer cells.
Using flow cytometry and confocal fluo-
rescent microscopy, they indirectly de-
termined that the B-loop particles
bound to EGFR and to a nuclear trans-
port protein, karyopherin-f3, and accu-
mulated in the nucleus, while other
particles stayed in the cytoplasm. In
order to directly image and quantify the
nanocomposites, the team turned to
the LS-CAT beamline 21-ID-D at the
APS, where the Bionanoprobe instru-
ment has been installed. This is the first
and only x-ray fluorescent microscopy
(XFM) instrument that can focus hard
x-rays down to a 30-nm spot size to
image frozen hydrated biological sam-
ples. It allows researchers to look at in-
tact and hydrated cells, whereas other

techniques require cutting the cells,
then dehydrating and labeling them,
which alters them and makes it difficult
to see some natural processes.

The x-rays induce x-ray fluores-
cence in the particles’ iron and titanium,
making them easy to see by XFM with-
out adding an additional fluorescent
label. XFM can also map the distribu-
tion of elements that occur naturally
within the cell, such as phosphorus and
sulfur, and trace metals such as zinc
and copper. Inside the Bionanoprobe,
the sample can be rotated, allowing pic-
tures from multiple angles to be com-
bined into one three-dimensional
image. In a two-dimensional image it
would be hard to see if the particles
were underneath the cell or nucleus or
on its surface. By looking from different
angles, the team could see that the par-
ticles were indeed located within the
cells. They could see that, 30 min after
they were served to the cells, the
nanoparticles had moved to the nu-
cleus, where they would do the most
damage when activated.

In a second test, the researchers
attached gold to an antibody that binds
to EGFR. They used the XSD beamline
2-ID-D at the APS to image the gold-la-
beled antibodies in cells that had also
been exposed to the nanocomposites,
which allowed them to confirm that the
nanocomposites and the EGFR were in
the same place.

Though the researchers demon-
strated that the nanoparticles reached
their target and degraded nuclear DNA,
they did not test the dynamics with
which the nanoparticles destroyed the
cancer cells. That will be the next step
in developing these potential cancer
therapies. — Neil Savage
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A LAYERED NANOSTRUCTURE
HeLD TOGETHER BY DNA

reaming up nanostructures that have desirable optical, electronic, or

magnetic properties is one thing. Figuring out how to make them is an-

other. A new strategy uses the binding properties of complementary
strands of DNA to attach nanoparticles to each other and builds up a layered thin-
film nanostructure through a series of controlled steps. Investigation at the APS
has revealed the precise form that the structures adopt, and points to ways of ex-
ercising still greater control over the final arrangement.

Fig. 1. Nanoparticles linked by complementary DNA-strands form a bcc superlattice when

added layer-by-layer to a DNA coated substrate. When the substrate DNA is all one
type, the superlattice forms at a different orientation (top left) than if the substrate has
both DNA linkers (bottom left). Top right image is a two-dimensional GISAXS scattering
pattern of (100)-oriented bce superlattices. Bottom right shows a two-dimensional GISAXS

scattering pattern (110)-oriented bce superlattices.



The idea of using DNA to hold
nanoparticles was devised more than
15 years ago by Chad Mirkin and his
research team at Northwestern Univer-
sity. They attached short lengths of sin-
gle-stranded DNA with a given se-
quence to some nanoparticles, and
then attached DNA with the comple-
mentary sequence to others. When the
particles were allowed to mix, the
“sticky ends” of the DNA hooked up
with each other, allowing for reversible
aggregation and disaggregation de-
pending on the hybridization properties
of the DNA linkers.

Recently, this DNA “smart glue”
has been utilized to assemble nanopar-
ticles into ordered arrangements re-
sembling atomic crystal lattices, but on
a larger scale. To date, nanoparticle su-
perlattices have been synthesized in
well over 100 crystal forms, including
some that have never been observed in
nature.

However, these superlattices are
typically polycrystalline, and the size,
number, and orientation of the crystals
within them is generally unpredictable.
To be useful as metamaterials, pho-
tonic crystals, and the like, single su-
perlattices with consistent size and
fixed orientation are needed.

The Northwestern researchers and
a colleague at Argonne National Labo-
ratory have devised a variation on the
DNA-linking procedure that allows a
greater degree of control.

The basic elements of the super-
lattice were gold nanoparticles, each 10
nm across. These particles were made
in two distinct varieties, one adorned
with approximately 60 DNA strands of a
certain sequence, while the other car-
ried the complementary sequence.

The researchers built up thin-film
superlattices on a silicon substrate that
was also coated with DNA strands. In
one set of experiments, the substrate
DNA was all of one sequence — call it
the “B” sequence — and it was first
dipped into a suspension of nanoparti-
cles with the complementary “A” se-
quence.

When the A and B ends connected,
the nanoparticles formed a single layer
on the substrate. Then the process was
repeated with a suspension of the B-
type nanoparticles, to form a second
layer. The whole cycle was repeated,
as many as four more times, to create a
multilayer nanoparticle superlattice in
the form of a thin film.

Grazing incidence small-angle x-
ray scattering (GISAXS) studies carried
out at the XSD 12-ID-B beamline at the
APS revealed the symmetry and orien-
tation of the superlattices as they
formed. Even after just three half-cy-
cles, the team found that the nanoparti-
cles had arranged themselves into a
well-defined, body-centered cubic (bcc)
structure, which was maintained as
more layers were added.

In a second series of experiments,
the researchers seeded the substrate
with a mix of both the A and B types of
DNA strand. Successive exposure to
the two nanoparticle types produced the
same bcc superlattice, but with a differ-
ent vertical orientation. That is, in the
first case, the substrate lay on a plane
through the lattice containing only one
type of nanoparticle, while in the sec-
ond case, the plane contained an alter-
nating pattern of both types (Fig. 1).

To get orderly superlattice growth,
the researchers had to conduct the
process at the right temperature. Too
cold, and the nanoparticles would stick
to the substrate in an irregular fashion,
and remain stuck. Too hot, and the DNA
linkages would not hold together.

But in a temperature range of a
couple of degrees on either side of
about 40° C (just below the tempera-
ture at which the DNA sticky ends de-
tach from each other), the nanoparti-
cles were able to continuously link and
unlink from each other. Over a period of
about an hour per half-cycle, they set-
tled into the bcc superlattice, the most
thermodynamically stable arrangement.

GISAXS also revealed that al-
though the substrate forced superlat-
tices into specific vertical alignments, it
allowed the nanoparticle crystals to

form in any horizontal orientation. The
researchers are now exploring the pos-
sibility that by patterning the substrate
in a suitable way, they can control the
orientation of the crystals in both di-
mensions, increasing the practical
value of the technique.

— David Lindley
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PROBING LARGE WAVE VECTOR PHONONS

IN SILICON NANOMEMBRANES

anoscience is bringing about a revolution in the design and creation of

materials having fundamental properties that are dramatically different

from those of bulk materials. As engineered dimensions shrink to the
nanoscale, long-understood materials take on novel mechanical, optical, elec-
tronic, and thermal characteristics that present challenges to both empirical meas-
urement and theoretical understanding. Large wave vector vibrational (phonon)
modes, for example, which play important roles in determining the thermal and
electronic properties of nanoscale materials, possess symmetries and frequen-
cies that have proven difficult to characterize completely. Researchers from the
University of Wisconsin-Madison and Argonne, utilizing the high brilliance of the
APS, adapted the technique of synchrotron x-ray thermal diffuse scattering (TDS)
to probe phonons with wave vectors spanning the entire Brillouin zone of

nanoscale silicon membranes.

Phonon Frequency (THz)

|
(b) Pp—a-a~-d Fundamental Dilatational Mode

a® Fundamental Flexural Mode

Fig. 1. (a) Optical image of a 6 nm-thick silicon nanomembrane having lateral dimensions of 200 pm.

(b) Dispersion of the lowest lying phonon modes for a 10-nm-thick silicon sheet calculated within an

elastic continuum approximation. For comparison, the dispersion of the acoustic branches of bulk silicon

are shown as dashed lines.

The TDS signals from the flat sili-
con nanomembranes, with thicknesses
from 315 nm to 6 nm and sample vol-
umes as small as 5 pm?3, were found to
scale linearly with membrane thickness
and exhibit excess intensity at large
wave vectors, which is consistent with
the scattering signature expected from
low-lying phonon modes of the mem-
branes.

Efforts to understand the role of
phonons in determining the properties
of nanoscale materials have faced a
fundamental obstacle in that full
phonon dispersions in nanostructures

have proved difficult to measure. Ad-
vances in nanoscale fabrication and
synchrotron radiation instrumentation,
including the development of highly sta-
ble nanoprobe beamlines, have now
made it possible to address this issue.

Flat, ultrathin nanomembranes
were fabricated from silicon-on-insula-
tor (SOI) wafers, with thicknesses down
to 6 nm and lateral dimensions of 200
pum, at the Wisconsin Center for Applied
Microelectronics at the University of
Wisconsin-Madison and at the Argonne
Center for Nanoscale Materials, shown
in Fig. 1(a).

Q, (A1)

The TDS measurements were con-
ducted at the CNM/XSD 26-ID-C beam-
line at the APS in vacuum with a
10-keV x-ray beam incident on sus-
pended nanomembranes. A charge-
coupled device detected TDS signals
from the small amounts of material in
the nanomembranes that were orders
of magnitude lower than the typical
amounts required for neutron and in-
elastic x-ray scattering.

Two sets of measurements were
performed to acquire TDS intensity dis-
tributions: (1) a measurement of the
TDS intensity from the suspended sili-



Fig. 2. (a) Reciprocal space representation of a TDS scattering event, in which the phonon

wave vector Q is the difference between the scattering vector S and the nearest reciprocal

lattice vector G. The truncated octahedron is the first Brillouin zone of silicon, the blue surface

represents the detector plane, and zone centers are occupied by truncation rods arising from

the finite thickness of the nanomembranes. (b) Detector images showing the TDS intensity dis-

tributions measured from 315-nm- and 44-nm-thick membranes. (c) Line profiles of TDS inten-

sity for membranes having different thicknesses.

con membrane with the x-ray beam di-
rected through its center and (2) a bulk
measurement with the x-ray beam
passing through a thickness of approxi-
mately 100-um of the SOI handle wafer.
Each series of measurements involved
several consecutive repetitions of a pair
of exposures that were double-corre-
lated to eliminate random events. An
averaged background image was sub-
tracted from the averaged membrane or
bulk image to remove contributions to
the detected x-ray intensity arising from
sources outside the sample.

Synchrotron x-ray TDS extends the
experimental study and engineering of
phonons in nanostructures beyond the
low wave vector regime typically probed
by optical techniques, contributing to an
expanded toolset for the design of
novel thermal and electronic devices.
This capability allows new vibrational
modes be probed, such as the dilata-
tional and flexural distortions shown in
(b) in Fig. 1.

Differences between bulk and
membrane TDS signals were observed
at large wave vectors, as shown in Fig.
2, suggesting that the dispersion of
large wave vector phonons in thin sili-
con nanomembranes is substantially
different than that in bulk silicon. A thor-

ough comparison of the experimental
results with theory will require the com-
putation of phonon dispersions based
on atomistic rather than continuum the-
ories. Such predictions are not yet
available for silicon nanomembranes.

In addition to silicon material sys-
tems, TDS can be used to probe large
wave vector acoustic phonons at the
nanoscale in systems for which
phonons determine phase transforma-
tions and thermal transport phenomena
where experimental insight has been
available only in bulk-scale samples.

Further advances in x-ray
nanobeam techniques will allow TDS
studies to be conducted on individual
nanostructures in these emerging mate-
rials through the use of tightly focused,
highly intense x-ray beams.

— Vic Comello
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PROBING THE PALLADIUM NANOCATALYST
POISONING PATHWAY

he noble metal palladium (Pd) is commonly used as a catalyst in automotive

catalytic converters. In nanoparticle form, it is also finding increasing use in

manufacturing, particularly to catalyze the Heck and Suzuki reactions in in-
dustrial chemical processes (the palladium-catalyzed C-C coupling between aryl
halides or vinyl halides and activated alkenes in the presence of a base, and the or-
ganic reaction that is classified as a coupling reaction where the coupling partners are
a boronic acid with a halide catalyzed by a palladium complex, respectively). Those
unique catalytic properties, however, can be greatly compromised by the presence of
organo-sulfur contaminants in the reactions. Researchers from Brown University and
Argonne combined a number of advanced spectroscopy techniques at the APS to elu-
cidate how Pd nanoparticles undergo sulfidation in the presence of 1-octadecanethiol
under high temperatures, making it possible to better understand the behavior of Pd
nanocatalysts in many industrial chemical processes.

Polycrystalline Pd NP at Room Temperature Amorphous Pd/S=66/34 NP at 200°C
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Experiments have shown that alka-
nethiols can interact with Pd nanoparti-
cles and produce a sulfur-containing
interlayer beneath the nanoparticle sur-
face. But the stoichiometry, depth, and
extent of this PdS, layer have remained
elusive, apparently due to differences in
the processes used to form the
nanoparticles and resultant variations
in particle sizes and degrees of sulfida-
tion. The current work set out to better
characterize and thus better under-
stand the entire process.

Researchers at Argonne's Center
for Nanoscale Materials (CNM) devel-
oped the synthesis protocol, which in-
volved preparing Pd nanoparticles
capped with with oleylamine (OAm),
then introduced 1-octadecanethiol
while heating the mixture to a tempera-
ture of 200" C and maintained that tem-
perature for 30 min. The nanoparticles
were designated PdS-200A. Samples
were also taken at four additional tem-
peratures during heating (90° C, 125°
C, 150° C, and 175° C, each named for
the corresponding quenching tempera-
ture) to provide a range of intermediate
states for analysis. This allowed the
sulfidation process to be captured in
various stages with increasing temper-
ature.

Studied with various transmission
electron microscopy (TEM) techniques
at the Argonne Electron Microscopy
Center (EMC), the Pd-OAm nanoparti-
cles showed multiple twinning and an
overall polyhedral shape before the in-
troduction of thiol, while the PdS-200A
nanoparticles were more spherical.
They also displayed a distinct change
from a polycrystalline to an amorphous
state, confirmed with both electron and
x-ray diffraction studies (Fig. 1). The
Pd/S ratio of 66/34 in the PdS-200A
nanoparticles also implies that sulfur

< Fig. 1. Polycrystalline Pd-oleylamine
nanoparticles (NP) undergo a structural trans-
formation to amorphous state when exposed
to 1-octadecanethiol at progressively higher
temperatures. The combination of electron mi-
croscopy and x-ray absorption spectroscopy
shows that the sulfidation process starts from
the Pd-catalyzed S-C bond breakage, goes
through the polycrystalline boundary at inter-
mediate temperatures, and eventually self-lim-

its at a chemical stoichiometry close to Pd,S,.

has diffused into the particles rather
than merely forming a surface layer.
This high sulfur content inside the parti-
cles was verified with energy-filtered
transmission electron microscopy
(EFTEM) and high-angle annular dark-
field scanning transmission electron mi-
croscopy (HAADF-STEM), which
indicates a more or less uniform sulfur
distribution within the nanoparticles.

The nanoparticles samples taken
at intermediate temperatures showed a
progressive increase of sulfur content
upon increasing temperature. For ex-
ample, while the PdS-90 sample Pd/S
ratio was 96:4, the PdS-125 particles
showed a 91:9 ratio, and the sulfur con-
tent of the PdS-150 particles was even
higher with a 84:16 ratio.

To probe the surface oxidation,
bond structure, and electronic states of
the Pd nanoparticles in greater detail,
the experimenters performed x-ray ab-
sorption near-edge spectroscopy
(XANES) studies of the Pd L,- and L4
edges using the XSD 9-BM-B,C beam-
line at the APS; these revealed a shift
toward higher energies as the nanopar-
ticles become increasingly sulfurized,
indicating formation of Pd-S bonds.
Meanwhile, XANES spectra of the sul-
fur K-edge (the shape of which is
strongly influenced by sulfur oxidation
states and chemical specifications)
show peaks associated with various
species of oxidized sulfur, which can be
used to trace the diffusion of sulfur into
the nanoparticles.

The team also conducted Pd K-
edge extended x-ray absorption fine
structure studies at the XSD 20-ID-B
beamline to investigate the local atomic
environment of Pd. Increased first-shell
coordination number (CN) of Pd-S with
a corresponding decreased CN of Pd-
Pd indicates increasing sulfidation as
temperatures are raised, and that sulfur
is steadily diffusing from the nanoparti-
cle surfaces into the interior.

With the findings from these vari-
ous studies, the research team was
able to devise a clear model of how Pd-
OAm nanoparticles become sulfurized
under high temperature conditions.

At first, as octadecanethiol is intro-
duced, a thin surface layer of sulfuric
species forms on the nanoparticles,
and then, beginning at about 125° C,

sulfur atoms begin to migrate into the
particle. However, these sulfur atoms
tend to congregate mostly along grain
boundaries, moving into the Pd lattice
of the nanoparticle only at higher tem-
peratures. Finally, at around 200° C, the
particle becomes mostly amorphous,
with the atomic concentration saturated
at a Pd/S ratio of 66:34, close to the
cubic phase of Pd,¢S;. This also indi-
cates that this Pd poisoning process by
thiol is self-limiting, driven by Pd cat-
alyzed C-S bond breakage of the thiol
molecule.

With the new insight into the Pd
nanoparticle catalyst poisoning path-
way provided by the team's work, it is
now possible to better understand the
behavior of Pd nanocatalysts in many
industrial chemical processes.

— Mark Wolverton
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ARTIFICIAL CRYSTALS COME OF ACGE

n recent years, scientists have produced a variety of structures using

DNA-coated nanoparticles (NPs). When placed in solution, these “func-

tionalized” NPs can assemble into periodic structures, including super-
lattices (sometimes called artificial crystals). However, these binary (two-part)
superlattices, featuring NPs coated with short DNA segments, cannot match
the complex compositions and phase-change behaviors of many natural and
manmade crystals. Researchers have custom-designed and synthesized sev-
eral ternary (three-part) DNA/NP superlattices and analyzed them at an APS
beamline to explore whether additional complexity and functionality can be
found in these systems. Their results move the assembly of nanoparticle-
based materials in the direction of atom- or molecule-based materials found
in nature. Moreover, changing crystal structure at will makes the superlattices
useful as materials for new devices that require the ability to switch between
different states. Taken together, these qualities point toward the development
of novel, tunable structures not attainable with current methods of materials
synthesis.

The researchers from Northwest-
ern University and Argonne found that
not only do these three-dimensional su-
perlattices self-assemble, but their tem-
perature-dependent structures can be
deliberately toggled between different
hierarchical states: heating transforms
the three-part superlattice into a binary
structure, while cooling completely re-
stores it.

The structural and temperature
characteristics of the ternary superlat-
tices were confirmed using x-ray meas-
urements performed at the DND-CAT
beamline 5-ID-B,C,D. Compared to
their binary cousins, ternary superlat-
tices possess a greater potential for ex-
hibiting unusual magnetic, light
harvesting, catalytic, and other impor-
tant properties; furthermore, their tem-
perature-dependent nature could lead
to applications as temperature sensors
or nanoscale switches.

—_f 1)
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Each ternary superlattice in the ex-
periment began as a binary superlattice
with precisely sized and aligned voids,
or pockets, into which “daughter”
nanoparticles were infused. This
process is called topotactic intercala-
tion.

Assembling ternary superlattices
follows a basic sequence: First, the
NPs are functionalized (i.e., coated with
short DNA segments). Next, longer
DNA-linkers are attached to the func-

In the DND-CAT 5-ID-D beamline station. Left to right: Steve Weigand (DND-CAT), Youngeun Kim,
Ryan Thaner, and Matthew O'Brien (all Northwestern U.). Kim, Thaner, and O’Brien are all Ph.D. candi-

dates in the Mirkin group at Northwestern. They run small-angle x-ray scattering experiments at the

APS for the purpose of observing the crystal structures of DNA-mediated assembly of inorganic

nanoparticles, such as the ones described in this article.

tionalized gold nanoparticles (this is hy-
bridization). The third step in formation
of the parent (binary) superlattice. And
finally, hybridized daughter nanoparti-
cles are inserted into the parent super-
lattice to form the ternary superlattice.

The attachment of DNA segments
to the parent nanoparticles is depicted
in (a) of Fig. 1 (top left); these DNA-cov-
ered gold nanoparticles act like individ-
ual units, and are called programmable
atom equivalents (PAEs). Attached to
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Fig. 1. DNA-based scheme for assembling nanoparticles into ternary superlattices. All figures from R.J.

Macfarlane et al., Science 341, 1222 (2013). © 2013 American Association for the Advancement of

Science.
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Fig. 2. Assembly of ternary nanoparticle superlattices. A “parent structure,” consisting of blue and red
nanoparticles linked via relatively strong DNA interactions, is first assembled by cooling the superlat-
tice from a high temperature. Once this parent lattice has formed, daughter particles, which possess
relatively weak binding interactions to the parent lattice, intercalate into the parent structure by cool-
ing the system to a temperature at which the daughter particle-to-parent lattice DNA connections are
stable. By specifically designing the sizes of the DNA strands and nanoparticles, these daughter par-
ticles can be directed to very specific sites within the parent lattice (see dashed outlines and filled
holes in the bottom inset images), thereby generating a specific ternary lattice by design. Moreover,
these lattices can be toggled between the parent and daughter states by heating the ternary lattice

above or below the temperature at which the daughter-to-parent DNA connections break.

each PAE are lengthier DNA-linkers
(Fig. 1(a), top right) that radiate from

PAEs, then a middle spacer sequence,
terminating in a sticky end.

the core (gold nanoparticle diameters in
these lattices were typically 10-20 nm).
The scheme depicted in Fig. 1(b) of
the figure illustrates the distinct se-
quences of the DNA-linker: a nucle-
obase sequence complementary to the

In the same way that the double-
stranded DNA in our chromosomes is
joined together via base pairing — T
with A, C with G — the single-stranded
ends of the DNA-linker molecule joins,
or hybridizes, with the base pairs of

other single-stranded DNA segments.
Specifically, one end of the DNA-linker
hybridizes with the DNA-functionalized
nanoparticle (left side of Fig. 1(b)),
while the sticky end is furthest from the
nanoparticle. The binary superlattice
forms when the sticky ends of parent
nanoparticles hybridize with one an-
other, forming an ordered structure (see
Fig. 2).

The capability to design superlat-
tices like the one shown in Fig. 2(a) of
the second figure, with its precisely
arranged and sized pockets, is made
feasible by the complementary contact
model (CCM), a set of rules developed
by the researchers to prepare targeted
structures on demand. These rules
eliminate trial-and-error methods in
favor of an a priori design approach.

This means that scientists can vi-
sualize a DNA-based nanoparticle sys-
tem, e.g., a superlattice, and use CCM
to determine the DNA linkers and NPs
needed to realize the system.. The re-
searchers relied on CCM to guide the
synthesis of the DNA-linkers that cor-
rectly attached to the functionalized
nanoparticles, yielding the desired par-
ent superlattice.

The CCM was also enlisted to de-
termine the appropriate DNA-linkers for
the daughter nanoparticles (daughter
gold-core diameters were 10 nm). The
hybridized daughter nanoparticles —
shown filling the pockets of their parent
superlattice in the far right-side of Figs.
2(a) and 2(b) — possessed relatively
weak bonds with the parent superlat-
tice, as compared to the bonds be-
tween the parent nanoparticles.

Five distinct ternary superlattices
were synthesized, three of which pos-
sessed lattices unlike those of any
known natural or manmade crystal (Fig.
3). In confirming the structures of these
superlattices at the DND-CAT beamline
at the APS, the researchers employed
small-angle x-ray scattering (SAXS) to
obtain measurements that were essen-
tial for identifying the precise crystalline
arrangements of the ternary superlat-
tices, and for confirming the tempera-
ture-dependent phase shift between the
binary and ternary forms.

In one experimental run, the tem-
perature of a superlattice sample was

“Crystals” cont’d. on page 180
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cycled three times. The real-time SAXS
measurements revealed that beyond the
melting transition temperature for the
daughter particles (42° C), a binary lattice
appeared, indicating daughter nanoparticle
dispersal into solution. In each instance,
subsequent cooling restored the original ter-
nary superlattice.

Ternary superlattices constitute a major
step toward developing DNA/nanoparticle
structures that rival the phase and lattice
complexities of natural and manmade atom-
or molecule-based crystals. Additionally, the
ability to reversibly change superlattice sym-
metry with simple external stimuli presents
the opportunity to generate novel nanoparti-
cle-based materials whose physical proper-
ties can be dynamically altered at will.

— Philip Koth
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Fig. 3. Five unique ternary NP superlattices synthesized and then analyzed
at the DND-CAT beamline. The SAXS data obtained experimentally (solid
traces) confirms the structure of the ternary lattices when compared to pre-
dicted scattering patterns (dashed traces) for these lattices. From the top,
these lattices correspond to: ABC,,-type, “face”-type perovskite, “edge”-
type perovskite, A,B,-type, and ABy-type lattices. Note that the ABC,,-,
A,B.-, and AB -type lattices have no naturally occurring or man-made
equivalent. The insets correspond to: (top left) the positions and relative
sizes of the gold nanoparticles, (top right) the positions and sizes of the full
DNA-NP constructs, and (bottom right) the relative DNA and NP sizes of

nanoparticles in the plane shown in each top right inset.
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NEW MICROSCOPY TECHNIQUES PEER INSIDE
EVEN THICK TISSUE

n the world of microscopy, each technique brings advantages for particular samples —

some are better for live samples, some better for looking at certain kinds of molecules,

some better for looking at single cells. Scientists seek, therefore, to improve each tech-
nique to the highest resolution. Hard-x-ray microscopy has lagged behind other techniques
due to the difficulty of resolving the internal structure of cells within tissues, a crucial need for
studying larger systems such as neurological networks, for example. New results based on
work at the APS has resulted in dramatically improved hard-x-ray microscopy reaching reso-
lutions on the order of 20 nm, small enough to see sub-cellular structures such as organelles
and vesicles inside even fairly thick, mammalian tissue. This work opens a door for hard-x-ray
microscopy to become an important technique within biology for potentially observing real-time
movement of cells, or organelles within cells.

Fig. 1. (a) hard-x-ray micrographs of a mouse aorta

specimen fixed in resin; the overall specimen dimension,
including the resin, was ~5 X 7 X 10 mm®. Bar: 1 mm.
(b) Tomographic volume-rendered structure of the same
aorta specimen; scale bar: 50 ym. From C.C. Chien et
al., Biotech. Adv. 31, 375 (2013).



Such record-breaking resolution
was provided by an international team
of researchers who combined a host of
techniques to improve resolution and
contrast, as well as specimen prepara-
tion and analysis of the data. The team
set out to test their techniques on a
range of biologically important speci-
mens, including tumors, plant cells,
zebra fish, and a mouse aorta (Fig. 1).

Improving hard-x-ray microscopy
has been hindered by two basic — in-
deed, fundamental — constraints: reso-
lution and contrast. Contrast has been
greatly improved over the last two
decades with the introduction of phase
contrast x-ray imaging, where observ-
ing and analyzing interference patterns
from the light waves can provide
enough detectible contrast to form an
image of a biological specimens.

The team made use of two addi-
tional factors to improve resolution: co-
herent synchrotron x-rays and
additional magnification via Fresnel
plates. The experiments were per-
formed on the XSD 32-ID-B,C beamline
of the APS, beamlines 01A and 01B of
the National Synchrotron Radiation Re-
search Center (NSRRC) in Taiwan, and
the 7B2 beamline of the Pohang Light
Source (Republic of Korea). Tests with
high spatial resolution were imple-
mented on the NSRRC 01B and APS
32-ID-B,C beamlines, while the two
other beamlines were used for experi-
ments with less resolution but faster
image gathering.

Using a high-brightness synchro-
tron such as APS is crucial for achiev-
ing high lateral and temporal resolution.
X-ray optical microscopes alone could
not do the job. An additional magnifica-
tion technique helped the team observe
their specimens down to 16.7-nm reso-
lution, which is a world record for multi-
kiloelectronvolt hard x-rays. The x-ray
microscopes at the APS, for example,
were outfitted with Fresnel zone focus-
ing plates that the team developed uti-
lizing nanofabrication techniques.

For the zebra fish specimen, the
team could resolve down to 5 um, the
size of an in vivo cell. Another sample,

of a mosquito abdomen, reached 1-uym
resolution. At such performance levels,
hard-x-ray observations could become
increasingly important in biological and
biomedical investigations. For one
thing, the hard x-rays penetrate deeply
into thick tissue, greater than 300 pym,
allowing for three-dimensional recon-
structions.

The highest resolution imagery
took some time, however. Fast image
taking is important when observing
cells in their natural environment, so
the team also looked at what optical
resolution could be achieved at faster
speeds. In their tests, they obtained
millisecond-resolution images by re-
moving the amplifying Fresnel zone
plate and using unmonochromatized x-
rays. These speeds are suitable for
real-time biology experiments, and still
produce high resolution.

This approach has been routinely
performed at other APS beamlines op-
erated by XSD, reaching very high time
resolution on non-biological samples.
This team, on the other hand, concen-
trated on biology specimens: They
could observe the opening and closing
movement of the stoma cells in plant
cells that regulate its opening and clo-
sure, and serve as the site for gas ex-
change. High-resolution tomographic
image processing — which requires
thousands of raw images to create a
three-dimensional image, and so also
requires quick image speeds — was
successful down to micron-level resolu-
tion.

High-speed imaging offers another
advantage in that it minimizes the
chances for radiation damage to the
sample from the x-rays. Indeed, the
team found no detectable radiation
damage when experiments were per-
formed quickly.

Providing hard-x-ray microscopy
with fast speeds and high visual resolu-
tion opens the door to taking advantage
of one of the technique’s key strengths:
the capability to nondestructively exam-
ine thick specimens. The minimal prep-
ping needed for hard-x-ray microscopy,
therefore, can allow the sample to be

kept in a natural environment, making it
possible to examine entire cells, multi-
cellular structures or tissues without
sectioning and distorting the specimen.
However, the technique cannot yet be
used on a living specimen.

— Karen Fox
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HIGH-ENERGY DIFFRACTION MICROSCOPY
AT APS SECTOR T
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Fig. 1. The 1-ID-E hutch at the APS, constructed for high-en-

ergy diffraction microscopy measurements, with beam shown

incident on a vacuum furnace used for thermo-mechanical

studies of irradiated materials, and key components labeled.

The strategic development of new
engineering materials with improved
performance rests on establishing com-
putational models that link materials
processing, microstructure, properties,
and performance. Scientists and engi-
neers have long sought these linkages,
but without access to experimental data
at the relevant length scales, validated
models capable of predicting complex
phenomena such as fatigue crack initi-
ation and deformation in polycrystals
have remained elusive. Developing
such models is at the heart of
integrated computational materials sci-
ence efforts as well as the recently
launched Materials Genome Initiative.
These efforts promise to speed up the
design, development, and deployment
of new materials for a variety of appli-
cations, with broad economic
implications. For example, higher-tem-
perature operation associated with the
successful implementation of SiC/SiC
composites and associated coatings for

turbine blades would lead to a 15%
increase in engine efficiency, translating
to $1M/yr/airplane or $7B to the U.S.
airline fleet alone.

The use of experimental methods
capable of validating materials models
over the appropriate processing or
service conditions — i.e., length/time
scales and deformation/temperature
regimes — are essential to these
efforts. The development of cutting-
edge characterization techniques
capable of exploring the links between
processing, microstructure, and proper-
ties/performance has been accelerated
by coordinated efforts at high-energy
synchrotron x-ray beamlines. Over the
past decade, this has led to the devel-
opment of high-energy diffraction
microscopy (HEDM, also known as
3DXRD) at the APS (beamline 1-ID);
the European Synchrotron Radiation
Facility in France (beamline ID11); and,
more recently, the Deutsches Elektro-
nen-Synchrotron (DESY)/PETRA in

50 < E < 120-keV
incident x-rays

conditioning
system

Germany and the Cornell High Energy
Synchrotron Source facilities. The result
of these efforts is a suite of nondestruc-
tive techniques to characterize and
monitor evolving material states, includ-
ing sub-grain orientations, void/crack
formation, and the stress states of indi-
vidual grains. HEDM development has
reached a tipping point where these
experiments can be combined to pro-
duce an unparalleled tool for probing
the grain-scale response to external
stimuli including thermo-mechanical
deformation.

At the APS, the recently built hutch
at beamline 1-ID-E houses near- and
far-field HEDM, tomography, and small-
angle x-ray scattering (SAXS)
capabilities (Fig. 1). The beamline is fed
by a high-energy undulator, a brilliance-
preserving monochromator, and
refractive focusing lenses to provide a
high flux of 50 < E < 120-keV x-rays
with beam sizes down to a micron.
Specialized user environments have



Fig. 2. Example of HEDM data in necked Cu wire (250-um neck diameter) subjected to

tensile strain, with tomography contour (gray) and HEDM grain mesh (color) illustrated.

been developed through collaborations
with external partners including the Air
Force Research Laboratory for a high-
precision apparatus allowing in situ
measurements of samples undergoing
a variety of mechanical loading condi-
tions at ambient and high temperatures,
and the Argonne Nuclear Engineering
Division for a vacuum furnace which
enables in situ thermo-mechanical
measurements on irradiated materials.
A variety of specialized area detectors
are available, including high-spatial-res-
olution “near-field” diffraction/
tomography systems, an array of flat-
panel detectors (GE 41-RT) for
“far-field” diffraction, and a SAXS detec-
tor with medium-resolution placed at
the back of the hutch (ScintX). Detec-
tors can also be mounted on a
specialized rotation-translation system

Courtesy of R.M. Suter et al. (Carnegie Mellon U.).

near the back of the hutch for high-g-
resolution measurements over a large
range of range of g-space. These
detection modes allow a single sample
to be probed on length scales from
nanometers to millimeters, simultane-
ously or sequentially, fully leveraging
the development and use of complex in
situ environments.

HEDM datasets are inherently
multi-dimensional (three-dimensional
space and orientation, six-dimensional
strain tensor, several time/processing
steps), which results in large data vol-
umes and the need for correlated data
analysis. For example, HEDM grain
maps, such as that shown in Fig. 2,
require ~30,000 area detector images
with each image being roughly 8 MB in
size, or 240 GB for this particular in situ
loading condition; several load steps

are desired to observe material evolu-
tion. Algorithms are in active
development to reduce, analyze,
image, and fuse these large, high-
dimensionality data sets using cluster
and supercomputing resources.
Finally, active involvement of the mod-
eling community is being fostered in
order to take full advantage of these
unique data sets.

Contacts: Jonathan D. Almer (XSD,
almer@aps.anl.gov), Erika Benda
(AES, benda@aps.anl.gov), Robert M.
Suter (Carnegie Mellon University,
suter@andrew.cmu.edu), Jay C.
Schuren (Air Force Research Labora-
tory, jay.schuren@wpafb.af.mil)



RAPID-ACQUISITION POWDER DIFFRACTION
AT APS BEAMLINE 17-BM-B

Fig. 1. Panoramic view of the interior of the reconfigured 17-BM-B research station. Photo: Greg Halder (XSD).

2013 saw expansion of powder dif-
fraction capabilities within XSD. The
rapid-acquisition (or “area detector”)
powder diffraction program, formerly
one of several programs operating out
of beamline 1-BM, was relocated to a
dedicated beamline at 17-BM-B (previ-
ously operated as a macromolecular
crystallography instrument by the In-
dustrial Macromolecular Crystallogra-
phy Association Collaborative Access
Team, which operates beamline 17-ID-
B). The initial phase of the relocation
was completed in less than two
months, allowing uninterrupted user ac-
cess critical to satisfying the rapidly
growing demand for powder diffraction
capabilities at the APS. The relocation
of the program has since generated a
three-fold in increase in the general
user subscription rates, while the
legacy of the program has resulted in
the highest ever annual publication
total for beamline 1-BM during calendar

year 2013 (30 papers for calendar year
2013 as of April 30, 2014).

At 17-BM-B, the combination of
sagittal focused, high-flux bending
magnet radiation and a state-of-the-art
area detector delivers moderate resolu-
tion powder diffraction data in as little
as 1/10 of a second. A highly flexible
and spacious experimental station set-
up, featuring an agile A-frame-mounted
detector support, makes 17-BM-B
uniquely well suited to a wide variety of
in situ measurements. In addition to the
now increased accessibility through a
dedicated beamline, the reconfigured
17-BM-B location offers a number of
critical improvements, including im-
proved optics reliability and stability,
streamlined gas handling system, and
more readily interchangeable experi-
mental set-ups.

The instrument utilizes a Perkin-
Elmer amorphous silicon flat-panel area
detector, allowing rapid collection of

high-quality powder diffraction data
(Ad/d: ~1 x 1073; typical data collection
times: 0.1-30 sec). The 17-BM-B en-
ergy range is 10 to 18 keV at the time
of writing, with plans to increase this to
>30 keV (based on user demand)
under way. All standard experimental
capabilities for on-site users offered at
1-BM have been retained in the new lo-
cation, including a high-throughput
sample changer (more than 100 unique
samples can be measured in under an
hour); variable temperature options
(100-1200K), a compact flowcell appa-
ratus for controlled atmospheres that
can be coupled with all temperature op-
tions; and high-pressure diamond anvil
cell experiments, specifically targeting
accurate pressures in ranges appropri-
ate for industrially important applica-
tions (<10 GPa) of energy-related
materials, such as gas storage and
separation materials (e.g., zeolites and
metal-organic frameworks).



The new location has already gen-
erated several publications, including
work carried out by beamline staff that
led to a novel discovery reported in the
Journal of the American Chemical Soci-
ety; see “Exploiting High Pressures to
Generate Porosity, Polymorphism, and
Lattice Expansion in the Nonporous
Molecular Framework Zn(CN)2” by
Lapidus et al., 135, 7621 (2013),
DOI:10.1021/ja4012707. By applying
pressure, a dense non-porous phase
was transformed into a range of new
porous materials with half the density;
this is akin to squeezing a rock and
forming a sponge (see “A Solid Bulks
Up under Pressure” on page 91).

The enhanced powder diffraction
program at 17-BM-B complements the
capabilities of the APS beamline 11-BM,
which is dedicated to high-resolution
powder diffraction measurements.
Beamline 11-BM operates over the en-
ergy range 15-35 keV, and uses multi-
ple Si crystal analyzers to achieve
exceptional resolution and sensitivity

[~ Zn(CN)|

b Zn(CNL-I

- Zn(eNy

2-theta /°

(Ad/d: ~2 x 104; typical data collection
times: 10-60 min). Beamline 11-BM of-
fers a unique mail-in service for rapid
access, and supports on-site user ex-
periments for non-routine powder dif-
fraction measurements. The success of
11-BM, which has been one of the most
productive beamlines at the APS over
the past 2-3 years with more than 100
publications in 2013 alone, has greatly
contributed to the increased awareness
and demand for synchrotron powder dif-
fraction in the U.S. and beyond. How-
ever, not all experiments demand the
world-class resolution of this instrument
and would benefit more from the im-
proved sampling statistics (i.e., full dif-
fraction cone imaging) and the
increased temporal resolution available
with an area detector at 17-BM-B. Com-
bining these factors with the highly flexi-
ble experimental station set-up allows
for highly interactive experiments to be
performed in “real” time and under
“real” conditions. In some cases, utiliz-
ing both powder diffraction techniques

C—

Fig. 2. In situ high-pressure diffraction
data for zinc cyanide showing a re-
versible phase transformation.

may even be critical to fully characterize
a system’s structural properties, for ex-
ample see “Chemical ordering rather
than random alloying in SbAs” by D. P.
Shoemaker et al. (Phys. Rev. B 87,
094201 (2013), DOI:10.1103/Phys-
RevB.87.094201) .

Both dedicated powder diffraction
beamlines are operated by the Struc-
tural Sciences (SRS) Group within
XSD. More information on SRS beam-
lines can at: www.aps.anl.gov/Xray_Sci-
ence_Division/Structural_Science/ or by
emailing beamline staff at 17-
BM@aps.anl.gov.

Contact: Gregory J. Halder,
halder@aps.anl.gov

Funded by the U.S. Department of Energy
Office of Science under Contract No. DE-
AC02-06CH11357.
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THE NEW RIXS BEAMLINE AT APS SECTOR 27

e
B

Richard Krakora (left) and Thomas Gog (both XSD) at 27-ID, under construction, April 2, 2014.

In the past two decades, inelastic
x-ray scattering (IXS) techniques have
become very powerful spectroscopic
tools at synchrotron radiation facilities
all over the world. The resonant variety
of this class of techniques, RIXS, is
uniquely suited to the study of electron
dynamics in complex materials by prob-
ing the energy-, momentum- and polar-
ization dependence of elementary
excitations in these systems.

RIXS at the APS, established in
the early 2000s, is one of the world’s
leading programs of its kind. It is cur-
rently spread over two time-shared
beamlines of varying sophistication,
with many significant milestones
achieved and many important discov-
eries made. Among them were numer-
ous comprehensive studies of 3d
transition metal oxides (particularly the
cuprates), which shed light on many
novel phenomena such as high-T  su-
perconductivity.

In 2008 a bi-magnon excitation in a
cuprate was observed experimentally at
the APS for the first time, an important
step in establishing RIXS as an inelas-
tic scattering probe for not only elec-
tronic but also magnetic excitations [1].
At the same time, however, it was rec-
ognized that the impact and utility of the
RIXS technique would be dramatically
enhanced if its energy resolution was
substantially improved to become com-
parable to inelastic neutron scattering.
Most recently great strides towards this
goal have been made with the imple-
mentation of an x-ray optical set-up,
combining special near-backscattering
monochromators with a matching
diced, spherical crystal analyzer and
appropriate beam focusing to achieve
an unprecedented energy resolution of
30 meV.

Advancing the energy resolution at
the iridium L5 edge enabled the obser-
vation of scattering from single magnon

Intensity (arb. units)

0.2 ] 0.2 04 06 08 1 12
Energy Loss (eV)
Fig. 1. A dramatic improvement in energy resolution

(30 meV) for RIXS measurements at the iridium absorp-
tion edge immediately led to the discovery of a novel
magnetic excitation, a spin-orbit exciton. Shown in the
background of the figure is a diced, spherical crystal

analyzer, the centerpiece of the RIXS x-ray optics.

excitations (spin waves) [2] and immedi-
ately led to the discovery of a new mag-
netic excitation, a spin orbit exciton, as
shown in Fig. 1. This was a major ad-
vance in the field, which spurred enor-
mous interest in the community and a



rapid burst in high-impact publications.
Indeed, since 2012 this set-up has gen-
erated six high-impact articles in the
Physical Review [2-6], studying novel
magnetic phenomena in various iridium-
containing transition metal oxides.
Inspired by the success story sur-
rounding the iridates, a new RIXS
beamline is being constructed at Sector
27 of the APS. It will consolidate all
RIXS efforts at the APS on one dedi-
cated, optimized, state-of-the-art inser-
tion device beamline, offering enhanced
energy resolution and x-ray intensities,
combined with advanced beam focus-
ing and a comprehensive suite of sam-
ple environments for meaningful in situ
experimentation. It will be possible to
study complex materials of high techno-
logical and fundamental importance, in-
cluding 5d-transition-metal-oxides,
iridates, osmates, rheniates, and others
where a treasure trove of novel phe-
nomena are expected, such as topolog-
ical band or Mott insulators, quantum
spin liquids, field-induced topological
order, and topological superconductors.
The beamline, shown schemati-
cally in Fig. 2, will be powered by two
2.4-m-long, in-line, 30-mm-period un-
dulators, providing full tunability be-
tween 4.9 and 23 keV, thereby allowing
access to the most important transition
metal absorption edges. It will feature a
water-cooled diamond high-heat-load
monochromator combined with flexible-
configuration, high-resolution secondary
monochromators. Advanced single-

Fig. 2. Schematic layout of the new RIXS beamline. The first

shielding enclosure (27-ID-A) will serve as a first optics en-
closure, housing all white-beam equipment including the
water-cooled diamond primary monochromator. The second

enclosure (27-1D-B) will be a user-accessible experimental

station, housing a set of high-resolution secondary mono-

chromators, focusing mirrors, and the RIXS spectrometer.

stage focusing to beam sizes down to 5
x 10 um? at the sample position will be
accomplished with a dynamically fig-
ured pair of Kirkpatrick-Baez mirrors.
Beam focusing would be further im-
proved dramatically with the implemen-
tation at the APS of a multi-bend
achromat-lattice storage ring.

A wide selection of diced, spheri-
cal, crystal analyzers will be made
available. In the past, silicon and ger-
manium were the preferred material
choices for these analyzers; however,
with advances in crystal growth, other
materials are becoming very viable,
such as quartz, sapphire, and lithium
niobate. These materials open a multi-
tude of possibilities for new analyzers,
capable of matching resonance ener-
gies with greatly improved energy reso-
lution and/or throughput. Fabrication of
such crystal analyzers is being pursued
by a dedicated R&D program in the
context of the new RIXS beamline.

Contact: Thomas Gog,

gog@aps.anl.gov

Funded by the U.S. Department of Energy
Office of Science under Contract No. DE-
AC02-06CH11357.
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FULL-FIELD DIFFRACTION MICROSCOPY
OF SURFACES AND INTERFACIAL STRUCTURES
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Fig. 1. Schematic (top) and photograph
(right) of the optical configuration of XRIM-
2 (distances and components not drawn to
scale). Inset at upper right: specular diffrac-
tion geometry indicating sample rotation
(0), lens/detector rotation (20), and scatter-
ing transfer Q. The photograph shows the
instrument during its implementation at
beamline 33-ID-D.

Over the past century, x-ray diffrac-
tion has excelled at revealing the
structures of a multitude of systems,
from crystals and interfaces to thin films
and nanoparticles, by averaging the
diffracted signal over the entire system.
Meanwhile, the ever-increasing need to
obtain local, spatially-resolved, struc-
tural information on systems from the
nano- through the meso-scale has led
to significant development of hard x-ray
imaging techniques. Furthermore, the
inherent complexity of many processes
(growth, dissolution, etc.) demands
experimental probes that can investi-
gate phenomena in situ and in
real-time, with structural (and often,
elemental) sensitivities. This article
describes efforts to establish a new

Scattering

Kirkpatrick-Baez Mirrors

instrument that combines these capa-
bilities to image interfaces in complex
environments and in real-time: the X-
ray Reflection Interface Microscope
(XRIM).

The XRIM operates in a reflection
geometry that spatially resolves the
structure of systems using diffraction
contrast. The optical configuration of
XRIM (Fig. 1) is composed of a con-
denser lens to illuminate the sample, an
objective lens to image the sample
using the diffracted x-ray wave, and an
x-ray area detector with 20x optical
magnification. The upgraded instrument
is currently hosted at APS beamline 33-
ID-D. The initial implementation
(XRIM-1) demonstrated imaging of sub-
nanometer high interfacial topography

Geometry
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kin

X-ray Beam
10 keV

[1] and identified the corresponding
contrast mechanism [2]. The
microscope was also applied to the
observation of interfacial reactivity
(through both ex situ [3] and in situ
observations [4]). These initial investi-
gations clarified the significant
limitations of the XRIM-1 system, which
include resolution (~170 nm), image
acquisition time, and beam-induced
damage for in situ studies [4].
Improvements to the XRIM-1 sys-
tem were necessary to make it a robust
research tool, and to balance the vari-
ous competing requirements for
stability, resolution, and throughput.
The use of diffraction contrast requires
large angular motions of the sample
(and its cell or chamber), the objective



lens, and detector while also placing
severe constraints on the mechanical
stability requirements of all the compo-
nents in a diffractometer.

The current implementation, XRIM-
2 [5], has achieved sub-100-nm lateral
resolution, a ~2-fold improvement over
the resolution of the first implementa-
tion, chiefly due to the design of a
dedicated sample stage that is
mechanically decoupled from the rest
of the instrument. Moreover, a 10-fold
increase in the illumination flux has
been achieved by using a high-
efficiency reflective condenser (the
previous version used diffractive
optics), leading to a substantial reduc-
tion in the acquisition time. Further
increases in the resolution, to 30 nm —
50 nm, and throughput, will require a
dedicated instrument and
improvements in the objective lens effi-
ciency; alternatives to achieve these
goals are currently being pursued.

The XRIM-2 system has been uti-
lized to image a number of interfacial
systems, including: dislocation
networks and associated strain fields at
a solid/solid interface, ferroelectric/fer-
roelastic domains in buried epitaxial
thin films in a capacitor configuration,
real-time changes to mineral/water
interfaces, and the mapping of the lat-
eral variation of thin-film thicknesses.
This latter application nicely illustrates
the versatility of this technique.

Bi,Se;, films (Fig. 2a) are grown by
molecular beam epitaxy (Lian Li; Uni-
versity of Wisconsin-Milwaukee) on
epitaxial graphene /6H-SiC(0001) (syn-
thesized by Kurt Gaskill, U.S. Naval
Research Laboratory by sublimation of
SiC). Conventional surface x-ray dif-
fraction characterizes the average film
thickness, but reveals neither its spatial
variation nor its relationship to the sub-
strate topography. This is important in
the case of Bi,Se,, where a critical
thickness of approximately six quintuple
layers (QL, corresponding to a Se-Bi-
Se-Bi-Se layer with ~1-nm thickness) is
required for surface conduction, while
the bulk material is insulating. More-
over, one-dimensional conducting
channels through the bulk are predicted
and are associated with bulk line
defects.

Using the diffraction contrast at the
Bi,Se, film (0,0,9) Bragg condition (Qz

(@)
Bi2893 ......
graphene ......
SIC vevens

(b)

Fig. 2. Imaging of buried structures in the
Bi,Se,/graphene/SiC system at different scat-
tering conditions. a) Schematic representation
of the film structure. b) XRIM image at Q =
2.43 A" that is sensitive to the SiC surface to-
pography, shown in false color. Bright and
dark regions can be qualitatively interpreted
as terraces and steps. ¢) XRIM image at
Q(009) = 1.32 A revealing the lateral distri-
bution of the thin-film thickness of Bi,Se,. This
image is taken at the same spot as that in (b)
(as indicated by the oval). The image intensity
scale in (c) refers to the number of quintuple
layers (QL) of Bi,Se, as derived from the in-
tensity of the thin-film Bragg peak. The scale
bar in both images is 1.5 pm.

=1.32 A'1), the lateral distribution of the
QL thickness (NQL is the number of
QLs) was spatially resolved as shown in
Fig. 2c, revealing a ~50% variation of
the film thickness with >100-nm-sized
lateral domains. Imaging of the same
sample area at a different scattering
condition (Fig. 2b, at Qz = 2.43 A"") pro-
vides sensitivity to the underlying
surface topography of SiC, even though
it is located ~27 nm beneath the film
surface (additional measurements can
probe the graphene layer morphology
as well), so that the structural controls

over the film growth can be elucidated.
This full-field x-ray diffraction
microscope will be an invaluable tool in
meso-scale structural studies of con-
densed-matter systems, materials
science, and interfacial chemistry,
specifically when used in settings that
require real-time monitoring of a sys-
tem’s properties as a function of varying
thermodynamic potentials.
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Program, and the APS through the Partner
User Program. We thank Kurt Gaskill (Naval
Research Laboratory) and Lian Li (University
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grapheme-coated SiC substrates and for
growing the Bi,Sej, films, respectively; Peter
Eng (GeoSoilEnviroCARS, University of
Chicago) for setting up the Kirkpatrick-Baez
mirror system; Jonathan Tischler (XSD) for
his invaluable advice and suggestions during
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COHERENT DIFFRACTION REVEALS 3-D NANO-STRAIN

he diamond anvil cell (DAC) is the most widely used research device for

subjecting materials to high pressures over extended periods. A promising

technique for probing materials within the DAC environment is coherent x-
ray diffraction imaging (CXDI). The advantage of using CXDI is that high-energy x-
rays — optimally derived from the APS or similar facilities — can penetrate the DAC
while (theoretically) providing unsurpassed high-resolution spatial and strain infor-
mation. Unfortunately, the x-ray beam required by CXDI partially loses coherence
(i.e., the x-ray photons' phase relationships change) after passing through the en-
vironment of the DAC device. To address this “coherence problem,” a team of sci-
entists employed the recently-developed mutual coherence function (MCF) method.
Utilizing this new method, the research team used CXDI to probe a gold nanocrys-
tal at high pressures within a DAC, achieving three-dimensional (3-D) spatial reso-
lutions 100 times better than previous results, and with a ten-fold improvement in
strain resolution.

’ Diamond ‘

Berylliu
Gasket

Sample

Ruby
Ball

\ i
1mm

coherent x-ray beam | .

Fig. 1. Overall schematic of the experimental setup. A large-opening panoramic DAC is used to com-
press the gold nanocrystal, positioned at the rotation center of the diffractometer. An x-ray-sensitive
CCD is placed 1 m away on the right side to collect far-field diffraction patterns. Far left: A zoomed-
in diagram of the DAC depicts details of the nanocrystal's environment. Inset micrograph: scanning-
electron microscopy picture shows gold nanoparticles — similar to the nanocrystal used in the

experiment — distributed on a silicon substrate.

from the XSD 34-ID-C beamline at the
APS, directed to a gold nanocrystal
held within the DAC. The diffracted x-
rays are registered by a charge-coupled
device. The zoomed-in part of the figure

The researchers, from the
Carnegie Institution of Washington, the
Center for High Pressure Science and
Technology Advanced Research (P.R.
China), Argonne, University College

London, and the Research Complex at
Harwell (UK) believe that applying the
MCF method will lead to new insights
into the chemical nature, phase change
behavior, structural stability, and other
physical properties of materials under
extreme conditions.

The basic experimental layout de-
picted in the first figure shows highly
coherent and collimated x-rays, derived

shows the two diamond anvils. A high-
pressure liquid along with the sample
are sealed by a beryllium gasket situ-
ated between the two diamond anvils.
The x-ray beam is aimed along the gas-
ket/anvil interface, not through the com-
mon axis of the diamonds (the
diamonds would excessively absorb the
x-ray beam).

CXDl is a lens-less technique that,

instead of focusing the diffracted x-rays,
utilizes the sophisticated processing of
algorithms to reconstruct phase and in-
tensity information from the diffraction
pattern. If the DAC apparatus was re-
moved, standard CXDI techniques
would produce highly-detailed images
of the gold nanocrystal. However, the
presence of the DAC alters both the
phase and scattering intensity of the ini-
tially-coherent x-ray photons. These
changes occur due to scattering of the
x-rays as they pass through the DAC's
beryllium gasket, high-pressure liquid,
and other components. For this experi-
mental configuration, recovering the de-
graded phase and intensity information
(called de-convolution) required special
treatment.

In the case of fully-coherent diffrac-
tion, the so-called direct phase retrieval
method is used for CXDI. However, the
altered intensity-and-phase relations in



Fig. 2. Comparison of the diffraction intensity distribution before and after de-convolution. The meas-

ured diffraction intensity distribution, which is only partially coherent, is shown on the left. The fully

coherent, de-convoluted intensity distribution is shown on the right. For this measurement the nanocrys-

tal was under a pressure of 0.8 GPa.

this experiment led to partially coherent
x-ray radiation. For this situation, a
mathematical formula is used that re-
lates the diffracted x-ray intensity to
both the mutual coherence function and
a complex-valued wavefield. The princi-
pal idea is that as the phase informa-
tion is retrieved from the recorded
diffraction pattern, both the MCF and
wavefield are updated in an iterative
process — aided by constraints on the
sample, such as the nanocrystal's size
and shape — until their two values con-
verge. The second figure shows the ef-
fect of using the MCF method to
recover the coherent diffraction inten-
sity information.

The gold nanocrystal examined
in this research was synthesized by
melting a thin layer of gold film and
then forming it to a facetted shape,
with its largest dimension around 400
nm. Within the DAC, the gold
nanocrystal was subjected to a range
of pressures. Multiple x-ray diffraction
measurements of the nanocrystal
were performed at five pressures: 0.8,
1.7, 2.5, 3.2, and 6.4 GPa. Applying
the MCF method to these diffraction
measurements produced 3-D electron
density and strain distributions with
spatial resolutions of 30 nm and strain
accuracies of 1 x 104, At the lowest
pressure of 0.8 GPa, strain within the

nanocrystal was relatively low. At 1.7
GPa, a sharp corner formed in the
nanocrystal, accompanied by an in-
creased level of strain. At all higher
pressures, both the pronounced cor-
ner and strain were significantly re-
duced.

These findings, involving a single
nanocrystal, stand in stark contrast to
earlier high-pressure studies using
powder x-ray diffraction, which employs
large numbers of nanocrystals. While
powder diffraction methods indicated
that nanocrystal strain rises with pres-
sure, this single-nanocrystal study actu-
ally demonstrates that low strain levels
accompany these higher pressures.
The scientists hypothesize that the dis-
parity arises from the inter-nanocrystal
effects inherent in powder diffraction.

The researchers envision that
CXDlI, augmented by the MCF method,
will be applied to experimental condi-
tions beyond the confines reported
here, such as imaging nanocrystals at
ultra-high pressures, in the terapascal
range (1 terapascal = 1,000 GPa). An-
other expected research avenue in-
volves applying these same methods to
larger objects and with an even higher
spatial resolution, as typified by the
new field of ptychography, which aims
to solve the diffraction-pattern phase
problem by interfering adjacent Bragg

reflections coherently and thereby de-
termine their relative phase.
— Philip Koth
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THE DYNAMIC COMPRESSION SECTOR
AT THE ADVANCED PHOTON SOURCE

Over the past year, the Dynamic
Compression Sector (DCS) located at
APS Sector 35 has made a transition
from concept to reality with the con-
struction of four in-line experimental
stations (Fig. 1) and a laboratory office
module (LOM). The DCS is a National
Facility that is funded by the Depart-
ment of Energy’s (DOE’s) National Nu-
clear Security Administration (NNSA) in

support of its Stockpile Stewardship
Science Mission. This first-of-a-kind
user facility is being developed through
a partnership between Washington
State University and the APS, in strong
collaboration with NNSA laboratories,
Department of Defense laboratories,
and other institutions. The DCS will pro-
vide a unique experimental capability
that will be dedicated to time-resolved
(~nanosecond resolution), multi-scale
x-ray measurements in dynamically
compressed materials.

Understanding the real-time, atom-
istic-level response of materials under
extreme dynamic conditions is central
to fundamental science frontiers in nu-
merous fields and to advanced technol-

Fig. 1. Sector layout
A. First optics enclosure (beamline optics)
B. Special-purpose experiments

C. Laser-shock enclosure

D. Impact facilities (single-stage launcher)
E. Impact facilities (two-stage launcher)

ogy. To address this key scientific need,
the DCS will couple a variety of dy-
namic compression platforms to a
state-of-the-art undulator beamline at
Sector 35. The APS is ideally suited for
these measurements due to its high
brightness and its unique storage ring
fill patterns, in which adjacent hard x-
ray pulses are separated in time by
minimum of 2.8 to hundreds of
nanoseconds.
Dynamic com-
pression experiments
will utilize both x-ray
diffraction and imag-
ing measurements,
simultaneously with
continuum measure-
ments, to observe
time-dependent
changes in materials
subjected to a broad
range of stress ampli-
tudes (~5 GPa to
>200 GPa) and time-durations (~10
nsec to ~1 ps). For example, as a
shock wave propagates through a ma-
terial, time-resolved x-ray diffraction will
measure changes in crystallographic
properties while time-resolved, high-
spatial-resolution, phase contrast imag-
ing will be employed to obtain a
sequence of spatially resolved images.
A crucial element of the DCS ex-
periments will be an area detector ca-
pable of capturing a series of images
(diffraction patterns) generated by con-
secutive x-ray pulses. Initially, scintilla-
tor-based indirect-detection detectors
will be deployed that are optimized for
the APS storage ring 24-bunch mode fill
pattern, and are capable of recording

Far left: The 35-ID-D impact facility. Center: Bren-
dan Williams (left) and Erik Zdanowicz testing an
impact driver at Washington State University. Right:
The exterior of the DCS laboratory /office module.

four frames per experiment with a mini-
mum interframe spacing of 153.4 nsec.

The 35-ID-E and 35-ID-D research
stations will contain a two-stage, light-
gas gun (2SLGG) and a single-stage
gas gun (SSGGQG), respectively (Fig. 1).
These impact launchers will be
mounted on motion control systems to
precisely align samples to the x-ray
beam in both position and angle. The
35-ID-C station will house a laser-shock
facility and the 35-ID-B station will be
used for special-purpose and non-sin-
gle-event experiments. Continuum diag-
nostics, such as laser interferometry
(e.g., Velocity Interferometry System for
Any Reflector and Photonic Doppler Ve-
locimetry) to measure shock wave his-
tories with nanosecond and
sub-nanosecond resolution, will be
available in all four stations.

The DCS took beneficial occu-
pancy of its LOM in October 2013 and
began to configure the space with the
infrastructure needed for on-site sample
characterization and experimental com-
ponent fabrication. In the upcoming
year, the DCS looks forward to installa-
tion and commissioning of x-ray optics
in 35-ID-A; the SSGG and 2SLGG in-
stallation in the 35-ID-D and 35-ID-E
stations, respectively; and design/devel-
opment of the laser in 35-ID-C. Com-
missioning experiments will commence
in the first run of 2014 and continue
throughout the year. A revolver undula-
tor, a new device that allows switching
between two magnetic lattices, with pe-
riods of 27 and 30 mm will be installed
during the third APS run in 2014.

Contact: Yogendra M. Gupta,
ymgupta@wsu.edu



X-RAY TOPOGRAPHY OF THREADING
IN ALUMINUM NITRIDE

Wide bandgap (WBG) semicon-
ductors are essential to our technology
future [1]. Power electronics made with
WBG components overcome the upper
limits on temperature, frequency, and
voltage that apply to silicon-based elec-
tronics and can help to eliminate up to
90% of present-day power losses in
electric conversion. They are foreseen
as essential for the future development
of electric vehicles, industrial motors,
laptop power converters and inverters
for connecting wind turbines, and solar
panels to the power grid [1]. A wide
bandgap also makes them ideal for ul-
traviolet (UV) detectors that must be
blinded from visible light in the solar
spectrum, so-called “solar-blind detec-
tors.” Another application is to UV laser
diodes. These applications, in general,
require single-crystal material, and de-
vice performances are degraded by
crystalline defects such as dislocations.
Dislocations are also deleterious for re-
liability and lifetimes of devices. X-ray
topography is a potent and non-inva-
sive technique for imaging dislocation
arrays in crystals, and work to charac-
terize dislocation arrays in aluminum ni-
tride, a WBG semiconductor, by means
of x-ray topography has been carried
out at the APS by researchers from
Stony Brook University. Their work was
published in a recent paper [2].

The waurtzite lll-V nitride binary
compounds of indium nitride (InN), gal-
lium nitride (GaN), and aluminum ni-
tride (AIN) have bandgaps of 1.9 eV,
3.4 eV, and 6.2 eV, respectively. They
form a continuous range of compounds
useful for optoelectronic sources and
detectors at UV wavelengths, much like
the 1lI-V arsenides and IlI-V phosphides
are useful at visible and infrared wave-
lengths [3]. Heteroepitaxy is a widely
applied technology for device fabrica-
tion, but because lattice parameters do
not match those of readily available
substrates (e.g., sapphire), mismatch
dislocations in epitaxial layers occur.
Consequently, single-crystal boules of
I11-V nitrides are much desired to pro-
vide substrate wafers, and crystal
growth of lll-V nitride boules is an im-

portant technological effort. The melting
temperature of InN, GaN, and AIN also
follows an upward progression, with a
melting temperature of AIN in excess of
3000° C. Such a high melting point is
problematic for crystal growth from the
melt [4]. This dilemma is finessed by
the technique of physical vapor trans-
port (PVT). For PVT, powdered AIN is
sublimed in one chamber and trans-
ported with gaseous N, to a second
chamber that is held at a temperature
that is approximately 1000° C lower [4].
The AIN studied at APS beamline 1-BM
was grown by PVT from an AIN seed
placed in the growth chamber.

A remaining technological empha-
sis is to grow crystals with very low dis-
location densities. Dislocation densities
need to be low so that devices fabri-
cated on wafers cut from boules
achieve an optimum performance. A
readily applied method to characterize
threading dislocations is to etch the
surface to reveal etch pits. But one
cannot determine the orientation of the
displacement vector that characterizes
the dislocation this way [2]. The dis-
placement vector of a dislocation is de-
termined by schematically making an
atom-to-atom circuit around a region of
crystal that contains the dislocation.
Without the dislocation this circuit
would be closed, but because of the
dislocation there is a displacement vec-
tor between start and end. This is the
displacement vector that characterizes
the dislocation. However, a novel tech-
nique was able to determine the entire
displacement vector for threading dislo-
cations [2]. This technique combines
grazing incidence x-ray topography
with ray tracing simulations. Disloca-
tions thread along the c-axis of the
wurtzite crystal structure. There are six
possible types of threading edge dislo-
cations (TEDs) and two possible types
of threading screw dislocations (TSDs).
With grazing incidence x-ray topogra-
phy, accompanied by ray tracing simu-
lations, for the first time it was possible
to sort out which of these possible dis-
locations were prevalent in the PVT-
grown material [2]. TEDs were found to

DISLOCATIONS

Fig. 1. Monochromatic x-ray topographic image for

the (1 1 -2 4) reflection in grazing incidence show-
ing a TED array along the <1 -1 0 0> direction
[2]. Three edge dislocations are schematically de-
picted in red. This image was obtained at XSD
beamline 1-BM of the APS.

occur in arrays of two kinds: 1) oriented
along <1 -1 0 0>, and 2) oriented along
<11 -2 0>. The most prevalent was
type 1). This characterization of the line
defects occurring in PVT-grown AIN
provides a bench mark against which
future improvements in crystal quality
can be judged. Contact: Al Macrander,
atm@aps.anl.gov
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A NEW MULTILAYER-BASED GRATING FOR
HARD X-RAY GRATING INTERFEROMETRY

new kind of x-ray multilayer grating that could open a pathway for

high-sensitivity, hard x-ray phase contrast full-field imaging of large

samples has been developed by researchers at the National Insti-
tutes of Health, Argonne, and Pennsylvania State University. The device pro-
duced phase-contrast images of vascular structures in a mouse kidney
specimen (Fig. 1) that rival those obtained with magnetic resonance imaging
[1]. Such soft-tissue structures were previously invisible to conventional at-
tenuation-based x-ray imaging methods.

Fig. 1. An image of the phase shift in the mouse kidney,

from a Bonse-Hart interferometer built utilizing the new
micro-multilayer grating, provides a projection view of the
blood vessels. From Han Wen et al., Nat. Commun. 4, 2659,
(November 5, 2013). © 2013 Macmillan Publishers Limited.
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The new grating (Fig. 2), with an
ultra-small period and theoretically un-
limited depth-to-period ratios, is based
on a multilayer thin-film-deposition
technique utilizing an anisotropic wet-
etched staircase on an off-cut silicon
(Si) wafer as the substrate. It has a
very small grating period that is equal
to the bilayer thickness of the multi-
layer. It also features a large area of
the whole staircase with thousands of
steps.

The multilayer grating consists of
an array of micro-gratings of multilayer
sitting on the floor of steps of a stair-
case Si substrate. The grating period
equals the bilayer thickness, and the
grating area covers the whole staircase
with thousands of steps.

Details of fabrication processes
were published in the Journal of Micro-
mechanics and Microengineering [2].
The paper has been selected for inclu-
sion in the Highlights 2012 collection of
the journal, based on referee endorse-
ment, novelty, scientific impact, and
broad appeal.

Grating-based interferometry for x-
ray phase-contrast imaging has ad-
vanced rapidly thanks to its potential for
better image contrast and lower radia-
tion dose over conventional absorption
radiography and computed tomogra-
phy. Phase-contrast imaging is hun-
dreds of times more sensitive than
conventional x-ray imaging techniques
based solely on absorption contrast. It
is especially useful for imaging soft tis-
sue with hard x-rays from synchrotron
light sources like the Advanced Photon
Source.

Gratings are used to diffract an in-
cident x-ray beam into two beams that
pass through a sample and produce an
interference pattern at the detector



Multilayer stacks

Incident x-rays

Fig. 2. The multilayer
grating consists of an array
of micro-gratings of multilayer sit-

ting on the floor of steps of a staircase Si

substrate. The grating period equals the bilayer
thickness, and the grating area covers the whole stair-

case with thousands of steps. From Susanna K. Lynch et

al., J. Micromech. Microeng. 22, 105007 (2012).
© 2012 IOP Publishing Ltd.

plane. Variations of the refractive index
in the sample lead to a relative differ-
ence in the path length, or phase delay,
between the interfering beams, which is
detectable as a shift of the fringe pat-
tern. Additionally, random scattering of
the beams in the sample reduces their
mutual coherence, resulting in de-
creased amplitudes of the interference
fringes. A grating interferometer is thus
able to detect both x-ray refraction and
diffraction in the sample.

A small grating period, which splits
and diffracts light into several beams
travelling in different directions, will lead
to a larger separation between the dif-
fracted beams and thus higher interfer-
ometer sensitivity.

Hard x-rays have great penetration
power. The interferometer gratings re-
quire a sufficient thickness to produce
the desired phase shift and absorption.
Traditional hard x-ray gratings are fabri-
cated using lithography processes; the
grating period is relatively large, and
the attainable aspect ratio of the grating
is limited.

Multilayer gratings can easily solve
the aspect ratio problem. The layers
can be as thin as a few nanometers,
and the grating can be sliced to many
millimeters. However, if a flat substrate
is used, the limited height of a single
multilayer stack (<50 pm) precludes
full-field imaging of large samples.

The new grating with multilayers
grown on a staircase substrate, on the
other hand, promises both large area

detection and small, dense periods.
With each stair surface supporting a
multilayer as a micro grating and an x-
ray beam shining through the layers at
an oblique angle to the substrate and
parallel to the layer surfaces, the result
is a large-area transmission-grating
array with small grating periods. This
method enables large-area imaging
with unprecedented resolution.
Multilayer grating wafers were suc-
cessfully fabricated at the Advanced
Photon Source deposition lab. A 200-
nm-period multilayer of tungsten/silicon
(W/Si) bilayers was grown on a 20-mm
x 20-mm Si staircase substrate with a
28° blaze-angle. The fabricated multi-
layer grating has a depth-to-period ratio
of more than 100:1. The multilayer
thickness matches the stair height so
that the continuity between adjacent
micro-gratings is achieved. A nitride
layer was coated before multilayer dep-
osition so that the backside of the Si
substrate could be etched away after
deposition to reduce x-ray attenuation.
The major portion of the multilayer was
parallel to the stair surface with a mini-
mal amount on the sidewall. The sam-
ple was tilted during multilayer
deposition so that the stair surfaces
faced the target. Deposition collimators
were used to direct the coating flux.
Good uniformity of the multilayer was
achieved using a profile-coating tech-
nique with specific masks made for
each sputter gun. A protective epoxy
layer was spun onto the multilayer sur-

face after the multilayer was deposited.

Slit diffraction patterns and contact
radiography images obtained at XSD
beamline 2-BM-B of the APS demon-
strated successful intensity modulation
by the new grating of a 25-keV x-ray
beam. Contact radiography showed in-
tensity modulation at a 200-nm period.
The slit diffraction pattern showed 69%
of the beam energy diffracted into the
11 and higher diffraction orders. For
comparison, a perfect absorption grat-
ing diffracts 50% of the beam energy,
while an ideal T phase shift grating with
no absorption loss diffracts 100% of the
beam energy.

This method opens a pathway for
compact x-ray systems to deliver the
full benefit of phase contrast to a broad
range of applications, such as high-
sensitivity x-ray microscopy of pathol-
ogy specimens that are opaque to
optical microscopes, pre-clinical imag-
ing of animal disease models, and non-
invasive detection in industrial and
material science areas.
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AROUND THE APS

BorLAND OF ASD AwARDED ACFA-IPAC’13 PrizE

FOR ACCELERATOR SCIENCE ® Argonne physicist Michael D.

Borland has been awarded the Asian
Committee for Future Accelerators
ACFA-IPAC’13 Prize for recent, sig-
nificant contribution to the field of ac- -
celerator science. Borland, who is the h
Associate Division Director in ASD,
was cited for “his original contribu-
tions in creating the program ele-
gant [ELEctron Generation ANd
Tracking], and the SDDS [Self-De-
scribing Data Sets] platform, which
has marvelous impact on the design
and analysis of circular accelerators,
energy-recovery linacs, and free-
electron lasers [FELs]. Using elegant, he predicted, for the
first time, the coherent synchrotron radiation-driven micro-
bunching instability in FELs that triggered an active on-going
field of research.” elegant is used by physicists around the
world in the design and operation of storage rings, short-wave-
length FELs, and other accelerator-based facilities. With ele-
gant, accelerator physicists can carry out easily performed
simulated experiments that mimic those one might perform on a
real accelerator. SDDS offers access to a suite of about 70
generic data processing and display tools that can be used, to-
gether with scripting languages like Tcl, to compose customized
postprocessing commands. This permits, for example, users of
elegant to perform an arbitrary number of similar simulations
without additional effort in postprocessing. The prize was pre-
sented during the Awards Session at the Shanghai International
Convention Center during IPAC'13 on May 16, 2013. The ACFA
was formed to strengthen regional collaboration in accelerator-
based science. In particular, ACFA seeks cooperative ways to
facilitate efficient utilization of existing human and material re-
sources, bring up scientists of the next generation, and encour-
age future projects in Asia and to make recommendations for
them to governments. Contact: borland@aps.anl.gov

—

Harkay of ASD Elected American Physical Society

Fellow  Katherine Harkay has been elected to Fellowship in

the American Physical Society. Harkay,
of the Accelerator Operations and
Physics Group in ASD, was cited for
“significant contributions to the under-
standing of the physics of electron
cloud effects and the experimental in-
vestigation and understanding of col-
lective effects, as well as for playing
leading roles in development of photo-
cathodes and superconducting undula-
tor technology." Among the
professional accomplishments leading
to her Fellowship, Harkay was (with
Richard Rosenberg, then of ASD, now
with XSD) the first to characterize the electron cloud distribution
in a positron storage ring using retarding field analyzers (RFAs)
designed by Rosenberg. Through their many collaborations,
RFAs are now a standard electron cloud diagnostic in high-en-
ergy storage rings, and play a key role in benchmarking elec-
tron cloud simulation codes. Contact: harkay@aps.anl.gov

USPAS ACHIEVEMENT IN ACCELERATOR PHYSICS

AWARD TO KIM OF ASD * Argonne Distinguished Fel-
low Kwang-Je Kim of ASD was the recipient of the presti-
gious 2013 U.S. Particle
Accelerator School (USPAS) Prize
for Achievement in Accelerator
Physics and Technology. Kim was
presented with the award for "... a
life-time of leadership in beam
physics and for significant theoreti-
cal contributions improving our un-
derstanding of photocathode
electron guns, synchrotron radia-
tion and free- electron lasers, and
for his work educating young sci-
entists." The USPAS prize honors
individuals by recognizing their
outstanding achievements over the full range of accelerator
physics and technology. The prizes are awarded on a com-
petitive basis without bias to race, sex, and/or nationality.
Two USPAS achievement prizes are awarded every two
years; this year one of the prizes, awarded to a young sci-
entist under 45 years of age, went to Jean Luc Vay of
Lawrence Berkeley National Laboratory. The awards were
presented at the 2013 North American Particle Accelerator
Conference held in Pasadena, California. Contact:
kwangje@aps.anl.gov

VON DRrEELE OF XSD RECEIVES
HANAWALT AWARD ® Argonne

Senior Physicist Robert B. Von
Dreele of XSD was awarded the
prestigious Hanawalt Award by the
International Centre for Diffraction
Data (ICDD) "For his insight,
courage and creativity in bringing
powder diffraction to the macro-
molecular community." Von
Dreele’s research focuses on the
development of x-ray and neutron
powder diffraction and its applica-
tion to a wide variety of scientific problems. He pioneered
the General Structure Analysis System program suite for Ri-
etveld analysis, an exceptionally valuable method for struc-
tural analysis of nearly all classes of crystalline materials
not available as single crystals. He has been using the Ri-
etveld Method since 1972. His current research is in further
extensions of protein powder diffraction including investiga-
tion of crystal growth, phase transformations, radiation
damage, and exploring possible routes to de novo protein
structure determination from powder data. The Award was
presented on August 7, 2013, during the Plenary Session of
the 62nd Annual Denver X-ray Conference. The J.D.
Hanawalt Award is named for Professor J. Donald
Hanawalt, whose pioneering work in the 1930s led to the
development of the pair distribution function database struc-
ture and search/ match procedures still in use today. The
award is presented every three years for an important, re-
cent contribution to the field of powder diffraction.

Contact: vondreele@aps.anl.gov



NATIONAL SCHOOL ON NEUTRON AND X-RAY SCATTERING ® AUGUST 10-
24 » The main purpose of the National School on Neutron and
X-ray Scattering is to educate graduate students on the utiliza-
tion of major neutron and x-ray facilities. Lectures, presented by
researchers from academia, industry, and national laboratories,
include basic tutorials on the principles of scattering theory and
the characteristics of the sources, as well as seminars on the
application of scattering methods to a variety of scientific sub-
jects. Students conduct short experiments at Argonne's APS and
Oak Ridge's Spallation Neutron Source and High Flux Isotope
Reactor facilities to provide hands-on experience for using neu-
tron and synchrotron sources. The target Audience is graduate
students attending North American universities majoring in
physics, chemistry, materials science, or related fields. The
school is jointly conducted by Argonne's Communications, Edu-
cation and Public Affairs Division; Materials Science Division;
and the APS; and Oak Ridge National Laboratory's Biology and
Soft Matter, Chemical and Engineering Materials, and Con-
densed Matter divisions. Contact: nxschool@dep.anl.gov

DATA COLLECTION TO STRUCTURE REFINEMENT AND BEYOND * JUNE 18-26
* Organized with the National Institute of General Medical Sci-
ences and the National Cancer Institute Structural Biology
(GM/CA) facility at the APS, the course is intended mainly for
graduate students and postdoctoral researchers in the area of
structural biology from across the globe. In some cases, assis-
tant-professor-level applicants can be accepted. The school is
designed for applicants with reasonable expertise in crystallog-
raphy and experience with the CCP4 suite. The purpose of the
school is to address specific problems that the applicants face
while collecting diffraction data, and while solving and refining
novel structures. Applicants with crystals for data collection or
with already collected data are given strong consideration, al-
though these are not mandatory requirements. Several of the
leading protein crystallography software developers from around
the world present lectures and tutorials on their software and are
available to help with problems during hands-on sessions of the
workshop. Contact: rsanishvili@anl.gov, garib@ysbl.york.ac.uk,

ronan.keegan@stfc.ac.uk

REVEALING THE PHYSICS OF NUCLEI, ATOMS, AND MOLECULES WITH PAST,
PRESENT, AND FUTURE FACILITIES ® APRIL 19 ¢ This symposium
brought together international experts in atomic, molecular, op-
tical, and nuclear physics to discuss how a broad variety of sci-
entific facilities, including heavy-ion accelerators, synchrotron
storage rings, and free-electron lasers have been exploited to
solve a wide range of problems in those fields. The speakers
discussed highlights of such past research revealing structures
and dynamics of atoms, molecules, and nuclei as well as ongo-
ing research and suggestions for opportunities with future facili-
ties. They showed how a variety of novel experimental
techniques were developed to explore the newly accessible pa-
rameter space generated by new facilities — the cumulative ef-
fect being an evolution of scientific thinking and problem
selection. Contact: young@anl.gov

PARIS-EDINBURGH CELL WORKSHOP 2013 * MAY 23 - 24 * A new pro-
gram utilizing the Paris-Edinburgh Cell (PEC)-type large-volume
press has been developed at the HP-CAT 16-BM-B beamline at
the APS. A range of techniques have been integrated for physi-
cal property measurements with the HP-CAT existing multi-angle,
energy-dispersive, x-ray diffraction capability for structure meas-
urement, to promote comprehensive studies of structure-prop-
erty correlations in liquids. These include white x-ray radiography,
ultrasonic velocity, and falling sphere viscometry techniques. The
integrated facility now allows users to make simultaneous ob-
servations of the macroscopic phenomena as direct manifesta-
tion of the microscopic structure. The new instrumental setup
provides a unique opportunity for characterization of liquid and
amorphous solid materials at high pressures and high tempera-
tures using synchrotron white x-rays. The Paris-Edinburgh Cell
Workshop 2013 is an outreach to potential users in earth sci-
ence, materials science, physics and chemistry, especially to stu-
dents, post-doctoral, and young researchers. Emphasis was be
on hands-on trainings for those who are interested in using the
PEC in their current and future research. A series of talks and a
poster session were held to address the current status and po-
tential opportunities in this field.

Contact: pecworkshop2013@hpcat.aps.anl.gov



THE 2013 APS/CNM/EMC USERS MEETING

p——

Nobel Laureate Brian Kobilka (main photo and inset) gave the keynote address at the 2013 users meeting.

The 2013 meeting of U.S. Depart-
ment of Energy user facilities at Ar-
gonne (officially the 2013 APS/CNM/
EMC Users Meeting) was held jointly
by the APS, the Center for Nanoscale
Materials, and the Electron Microscopy
Center on May 6-9. More than 625 at-
tendees representing 42 different coun-
tries took in 20 different workshops,
plenary sessions, and satellite meet-
ings; more than 160 posters at the
poster session; 54 exhibitor companies;
and a Nobel Prize winner giving the
keynote address.

The meeting, with the theme
“Building on Success: Focus on the Fu-
ture,” was opened by Pamela Focia
(Northwestern Univ.), Chair of the APS
Users Organization (APSUQ) Steering
Committee. Argonne Director Eric
Isaacs welcomed the participants and
introduced The Honorable Bill Foster
(11th Congressional District of lllinois)
and the Honorable Daniel Lipinski (3rd
Congressional District of lllinois). Fos-
ter and Lipinski represent districts that
each claim part of Argonne and both
gave enlightening talks on the role of
scientific research in furthering the na-
tional interest.

In his keynote address, Professor
Brian K. Kobilka (Stanford Univ. School
of Medicine), co-winner, with Robert J.
Lefkowitz (Howard Hughes Medical In-
stitute and Duke Univ. Medical Center),
of the 2012 Nobel Prize in Chemistry,
discussed the G-protein-coupled recep-
tors research that earned them the

Prize. Much of that research was car-
ried out by Kobilka and his team utiliz-
ing the National Institute of General
Medical Sciences and National Cancer
Institute Structural Biology (GM/CA-
XSD) facility at the APS (see “The 2012
Nobel Prize in Chemistry: Shining a
Bright Light on G-Protein-Coupled Re-
ceptors,” by Janet Smith, Scientific Di-
rector of GM/CA-XSD; and Robert
Fischetti, GM/CA-XSD Associate Divi-
sion Director and Group Leader, in APS
Science 2012, page 6, http://www.
aps.anl.gov/Science/Reports/). As APS
Director Brian Stephenson said in his
introduction, “Kobilka's work demon-
strates the best of what basic research
can achieve: the willingness and ability
of APS scientists to remove roadblocks
so that research demonstrates the best
of what light sources can provide.”

The cross-facility meeting themes
included: “Driving Discovery: Visualiza-
tion, Data Management, and Workflow
Techniques;” “Nanoscale Imaging of
Next-generation Materials;” and “Push-
ing the Boundaries of Energy Technol-
ogy: Materials Design for Battery
Applications.” APS plenary sessions in-
cluded Peter Abbamonte (Univ. of Illi-
nois at Urbana-Champaign) on
“Whither Inelastic X-ray Scattering?;”
Mark Stalzer (Caltech) on “Trends in
Scientific Discovery Engines;” Jay
Schuren (Air Force Research Lab.) on
“Changing the Paradigm for Engineer-
ing Design by Merging High Energy X-
ray Data with Materials Modeling;” Paul
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Pamela Focia, APSUO Chair, opened the 2013

user meeting.
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Argonne Director Eric Isaacs welcomed the at-
tendees on behalf of the Laboratory, and in-
troduced U.S. Representatives Bill Foster, (Ill.
11th) and Daniel Lipinski (lll. 3rd).

G. Evans (Univ. Wisconsin—Madison)
on “Opportunities for Picosecond Sci-
ence in the APS Upgrade;” and the in-
vited student talk by Christopher M.
Dettmar (Purdue Univ.) on “Second
Harmonic Generation for Monitoring X-
ray Damage.”

Contact: Susan White De Pace,

swd@aps.anl.gov




2013 APSUO COMPTON AWARD TO BORLAND, EMERY, GALAYDA, AND MONCTON

APS Associate Laboratory Director Brian Stephenson (left)

with the 2013 Compton Award winners: (left to right) John
N. Galayda, David E. Moncton, Louis Emery, and Michael

D. Borland.

Top-up operation of synchrotrons
has substantially improved both the in-
tensity and the quality of x-ray beams
for experiments at light sources. The
APS Users Organization (APSUQ)
2013 Arthur H. Compton Award pre-
sented at the 2013 APS/CNM/EMC
Users Meeting to Michael D. Borland
(Argonne), Louis Emery (Argonne),
John N. Galayda (SLAC National Accel-
erator Laboratory), and David E. Monc-
ton (MIT) recognized the recipients'
visionary leadership and technical inge-
nuity in introducing top-up operation to
the synchrotron radiation community.
Top-up is now used in most third-gener-
ation light sources worldwide and is in-

tegral to the design of new facili-
ties such as the Diamond Light
Source (UK) and the National
Synchrotron Light Source Il at
Brookhaven National Laboratory.

Top-up addresses the loss of
stored electron beam, or current,
in a storage ring. In the original
APS operating modes, current
was injected every 12 h and then
decreased 35% between injec-
tions, causing the x-ray intensity
to decrease as well, resulting in
thermal errors and intensity varia-
tions that often limited the length
of an experiment and lost x-rays
during injection. With top-up, injection is
done every 2 min, the current drops
only 1%, thermal and intensity tran-
sients are minimal, and x-ray production
is never interrupted.

In their respective roles as Director
of the APS and Director of ASD, Monc-
ton and Galayda identified the critical
developments for implementing and
verifying top-up operation and advo-
cated for it to users. Borland, a member
of ASD, carried out a massive tracking
study of the injection process, co-opting
many employee workstations after
hours. Emery, also a member of ASD,
did analytical studies of top-up safety as
an independent confirmation, and led

APS AWARD FOR EXCELLENCE IN BEAMLINE SCIENCE TO ILAVSKY

—

Jan llavsky

The inaugural Award for Excellence
in Beamline Science at the Advanced
Photon Source was presented at the
2013 APS/CNM/EMC Users Meeting to
Argonne Physicist Jan llavsky, an XSD
beamline scientist working in partner-
ship with ChemMatCARS at APS Sec-

tor 15. The award recognizes
llavsky's work in creating the
world-leading APS ultra-small-
angle x-ray scattering (USAXS)
facility for the exploration of ma-
terials-based phenomena in
pure and applied science.

Under his direction,
USAXS has evolved from a
“niche” technique to a main-
stream capability enabling fore-
front research in static
microstructure relationships as
well as dynamics. Areas include
nanoparticle formation, growth, aggre-
gation, and stabilization; correlation of
microstructure and properties in thermal
barrier coatings, xerogels and aerogels,
fuel cells, elastomeric materials and su-
peralloys; and dynamics of particle in-
teractions in inaccessible time and size
ranges.

the technical effort to implement quiet,
automated top-up, overseeing major im-
provements to many APS accelerator
systems. Borland and Emery also col-
laborated to reduce the electron beam
emittance (a measure of beam size)
from about 8 nm to about 3 nm, em-
ploying top-up to compensate for the at-
tendant lifetime reduction.

The impact of top-up has been im-
portant across the spectrum of the APS
research program. Protein crystallogra-
phy and extended x-ray absorption fine
structure experiments have particularly
benefited from stable beam intensity.
Data collected soon after the implemen-
tation of top-up mode provided crucial
information for solving ribosomal struc-
tures, work that was recognized with
the Nobel Prize in Chemistry in 2009.
The reduction of systematic errors has
been important for low-count-rate ex-
periments, such as inelastic and mag-
netic scattering. Finally, top-up allows
the APS to offer unique operating
modes (such as 24-bunch and hybrid)
that would be impossible without the im-
provements made to the injection
process.

Contact: Susan White De Pace,

swd@aps.anl.gov

The Award for Excellence in Beam-
line Science at the Advanced Photon
Source is intended to recognize beam-
line scientists who have made signifi-
cant scientific contributions in their area
of research or instrumentation develop-
ment and have promoted the user com-
munity in this area.

This award is conferred each year
on an active APS beamline scientist, re-
gardless of employer or rank. It may
recognize a career of meaningful, sus-
tained contribution; a body of recent im-
portant work; and/or a single work of
particular importance. Potential nomi-
nees are limited to full-time beamline
scientists at the APS with at least half of
their time spent on user operations or
instrument development.

Contact: Susan White De Pace,

swd@aps.anl.gov
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X-RAY AVAILABILITY AND RELIABILITY

In fiscal year 2013* the APS x-ray source continued to function
as a highly reliable delivery system for synchrotron x-ray beams
for research. Several factors support the overall growth in both
the APS user community and the number of experiments carried
out by that community. But there is a direct correlation between
the number of x-ray hours available to users; the success of the
APS experiment program; and the physicists, engineers, and
technicians responsible for achieving and maintaining optimum
x-ray source performance. Below are definitions of important
measures for the delivery of x-ray beam to users (latest data
shown graphically).

Storage Ring Reliability: A measure of the mean time between
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. At the APS, this threshold is 50 mA.

APS storage ring reliability (MTBF), fiscal years 1999-2013.

§

APS funding levels, fiscal years 2003-2013.
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X-ray Availability: The number of hours that the beam is available
to the 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 the users to open their shutters, and there is more
than 50-mA stored beam in the storage ring.

APS x-ray availability, fiscal years 1999-2013.
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* While the highlights in, and title of, this report cover calendar year 2013,

data on accelerator performance and user statistics are measured on the
basis of fiscal years.

Number of APS publications, calendar years 1998-2012, as of 5.1.14.
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For lists of APS publications see http://www.aps.anl.gov/Science /Publications/

Deposits in Protein Data Bank from research at the APS,
calendar years 1998-2012, as of 5.1.14.
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APS users by institution type, fiscal year 2013.

U.S. academic inst, 204

U.5. other, 3
=== Foreign industry,4
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Foreign academic inst., 170
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\U.S. pvt.researchinst, 19

\_u.s. govt-funded

agencylinst., 31

U.S. industrial firm,
75

\ \_U.S. medical echool, 48

Foreign other, 51

APS users by source of support, fiscal year 2013.
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APS users by user type, fiscal year 2013.
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APS users by experiment subject, fiscal year 2013.
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APS users by institutional geographic distribution, fiscal year 2013.
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TyrpicAL APS MACHINE PARAMETERS

LINAC
Output energy

Maximum energy
Output beam charge
Normalized emittance
Frequency

Modulator pulse rep rate

Gun rep rate
(1-6 pulses, 33.3 ms apart every 0.5 s)

Beam pulse length
Bunch length

PARTICLE ACCUMULATOR RING
Nominal energy

Maximum energy

Circumference

Cycle time

Fundamental radio frequency (RF1)
12th harmonic RF frequency (RF12)

RMS bunch length
(after compression)

INJECTOR SYNCHROTRON (BOOSTER)

Nominal extraction energy
Injection energy
Circumference

Lattice structure

Ramping rep rate
Natural emittance

Radio frequency

STORAGE RING SYSTEM
Nominal energy

Circumference

Number of sectors

Length available for insertion device
Nominal circulating current, multibunch
Natural emittance

RMS momentum spread

Effective emittance

Vertical emittance

Coupling

Revolution frequency

Radio frequency

Number of bunches

Time between bunches

RMS bunch length

RMS bunch length of 16 mA in hybrid mode

375 MeV

450 MeV
1-3nC

10-20 mm-mrad
2.856 GHz

30 Hz

2-12 Hz

8-15ns
1-10 ps FWHM

375 MeV
450 MeV
30.66 m
500 ms
9.77 MHz
117.3 MHz
0.34 ns

7.0 GeV
375 MeV
368.0 m

10 FODO cells/
quadrant

2Hz

69 nm-rad (actual)
92 nm-rad (nominal)
351.930 MHz

7.0 GeV
1104 m

40

50m

100 mA

2.5 nm-rad
0.096%

3.1 nm-rad
0.040 nm-rad
1.5%
271.554 kHz
351.930 MHz
24 to 1296
153t02.8 ns
40 ps to 22 ps
50 ps

APS SOURCE PARAMETERS

UNDULATOR A (28 INSERTION DEVICES [IDs])
Period: 3.30 cm
Length: 2.1 m in sectors 16, 21, 23, 24, 34; 2.3 m in Sector 6;
2.4 min others
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/mradzlmm2/0.1%bw):
4.1x10" (2.4 m), 4.0 x 10" (2.3 m), 3.3 x 10" (2.1 m)
Source size and divergence at 8 keV:

Z,: 276 ym Zy: 11 pm

X, 12.7 prad (2.4 m), 12.8 prad (2.3 m), 12.9 prad (2.1 m)

X, 6.7 prad (2.4 m), 6.8 prad (2.3 m), 7.1 prad (2.1 m)

2.30-cm UNDULATOR (3 IDs IN SECTORS 1, 11, 14)
Period: 2.30 cm
Length: 2.4 m
Minimum gap: 10.5 mm
Biax/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/mradzlmm2/0.1%bw): 6.9x 10"
Source size and divergence at 12 keV:

2,276 ym ZV: 11 um

X0 12.3 prad Iy 5.9 prad

2.70-cm UNDULATOR (4 IDs IN SECTORS 3, 12, 14)
Period: 2.70 cm
Length: 2.1 min Sector 12; 2.4 m in others
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):
57x10'9 (2.4 m), 4.7 x 10" (2.1 m)
Source size and divergence at 8 keV:

Z,: 276 um Ey: 11 um

Z:12.7 prad (2.4 m), 12.9 prad (2.1 m)

I, 6.7 yrad (2.4 m), 7.1 prad (2.1 m)

3.00-cm UNDULATOR
(8 IDs IN secToRrs 12, 13, 16, 21, 23, 30, 34)
Period: 3.00 cm
Length: 2.1 min sectors 12, 13, 16, 21, 23, 34; 2.4 m in Sector 30
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/mm?2/0.1%bw):
4.8x 10" (2.4 m),3.9x 10" (2.1 m)
Source size and divergence at 8 keV:

Z,: 276 um I 11 um

Z,:12.7 prad (2.4 m), 12.9 prad (2.1 m)

£, 6.7 prad (2.4 m), 7.1 prad (2.1 m)



APS SOURCE PARAMETERS

3.50-cm SMCo UNDULATOR (SECTOR 4)
Period: 3.50 cm
Length: 2.4 m
Minimum gap: 9.75 mm
Bax/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/mradz/mm2/0.1%bw): 3.7 x 101°
Source size and divergence at 8 keV:

Z,: 276 ym EY: 11 pm

L, 12.7 prad Iy 6.7 urad

3.60-cm UNDULATOR (SECTOR 13)
Period: 3.60 cm
Length: 2.1 m
Minimum gap: 11.0 mm
Brax/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/mradzlmm2/0.1%bw): 2.8x10"
Source size and divergence at 8 keV:

2,276 um D 11 um

2 12.9 prad ZY.: 7.1 prad

5.50-cM UNDULATOR (SECTOR 2)
Period: 5.50 cm
Length: 2.4 m
Minimum gap: 14.0 mm
Bmax/Kmax: 0.965 T/4.96 (effective; at minimum gap)
Tuning range: 0.64-7.0 keV (1st harmonic)
0.64-25.0 keV (1st-5th harmonic)

On-axis brilliance at 4 keV (ph/s/mrad2/mm?2/0.1%bw): 1.7 x 1019
Source size and divergence at 4 keV:

Z,: 276 um Ey: 11 ym

T 13.9 prad Zy.: 8.8 prad

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

Kinax: 2:73 (effective; at max. currents)

Bpax: 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/mrad?/mm?/0.1%bw): 1.4 x 1019
Linear horizontal polarization mode:

Max. current: vertical coils 47.6 A

Kinax: 9-39 (effective; at max. current

Bpax: 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/mrad?mm?/0.1%bw): 1.1 x 10'°
Linear vertical polarization mode:

Max. current: horizontal coils 50.3 A

Kinax: 3-86 (effective; at max. current)

Bpax: 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/mm?/0.1%bw): 1.1 x 1019
Fast polarization switching not required
Source size and divergence at 2 keV:

%, 276 ym Ey: 13 um
2,0 13.9 prad DI 8.8 prad

APS SOURCE PARAMETERS

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)

Bpax: 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/mrad?mm?2/0.1%bw): 3.1 x 108
Linear horizontal polarization mode:

Max. current: vertical coils 0.40 kA

Kinax: 2-85 (effective; at max. current)

Bax: 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/mradz/mm2/0.1%bw): 2.3x 1018
Linear vertical polarization mode:

Max. current: horizontal coils 1.60 kA

Kmax: 3-23 (effective; at max. current)

Bnax: 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/mradz/mm2/0.1%bw): 2.3x10"8
Switching frequency (limited by storage ring operation): 0-0.5 Hz
Switching rise time: 50 ms
Source size and divergence at 2 keV:

L0276 um Zy: 12 um
X0 16.7 prad 2y.: 12.7 prad

SCUO SuPERCONDUCTING UNDULATOR (SECTOR 6)
Period: 1.60 cm
Length: 0.34 m
Gap: 9.5 mm (fixed)
Max. current: 650 A
Bimax/Kmax: 0-774 T/1.15 (effective; at maximum current)
Tuning range: 17.5-26 keV (1st harmonic)
17.5-100.0 keV (1st-5th harmonic, non-contiguous)

On-axis brilliance at 87.5 keV (ph/s/mradzlmm2/0.1%bw): 5.3 x 10"
Source size and divergence at 87.5 keV:

2,276 pum Zy: 11 um

2, 12.3 prad Iy 5.8 prad

APS BENDING MAGNET
Critical energy: 19.51 keV
Energy range: 1-100 keV
On-axis brilliance at 16 keV (ph/s/mradz/mm2/0.1%bw): 54x10'5
On-axis angular flux density at 16 keV (ph/s/mrad2/0.1%bw): 9.6 x10™
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:

292 um Zy: 31 um

Z,: 6 urad Ey.: 47 prad
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ON THE FRONT COVER: Clockwise from top: A high-energy x-ray diffraction
pattern from a single grain of icosahedral rare-earth-cadmium quasicrystal,
taken with x-ray beam from the APS superconducting undulator at X-ray
Science Division (XSD) beamline 6-ID-D and used on the cover of Nature
Materials; see page 32. The structure of the bacterial enzyme NDM-1, de-
termined af the Structural Biology Center Collaborative Access Team beam-
line 19-ID-D; see page 122. A close-up of the levitation stage and a levitated
sphere (solid, not liquid - i.e., before melting) in the XSD 6-ID-D research sta-
fion, used to track the evolution of atomic order in PdZr, liquid as it cools to-
ward the glass fransition temperature; see page 72. A three-dimensional
tfomographic reconstruction of a Pristine Vertebral Ossicle imaged at the
GSECARS 13-BM-D beamline; see page 154.

ON THE BACK COVER: Clockwise from top: Overlay of the distribution of el-
ements calcium, iron, and zinc in the Medicago truncatula root nodule,
from data obtained at XSD beamlines 2-ID-E and 8-BM-B; see page 104. Flu-
orescence maps obtained at the Center for Nanoscale Materials/XSD 26-
ID-C beamline, showing the correlation of zinc oxide pigments (labeled Zn)
and iron (Fe) impurities in the house paint “Ripolin blanc de neige,” originally
sold in France in the early 20th century and used by Pablo Picasso in some
of his artwork; see page 10. X-ray diffraction patterns obtained at XSD
beamlines 11-BM-B, 20-BM-B, and 34-ID-E, showing the crystal lattice struc-
ture of three types of light-emitting nanoribbons; see page 62.

COVERS BACKGROUND: The interior of the APS storage ring. An Undulator
A, source of the APS high-brightness x-rays, is at left. The electromagnets
and other instrumentation utilized for circulating electrons at nearly the
speed of light can be seen at right. For a color version of this photo see
page 205.
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