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Summary

TheWilliam R. Wiley Environmental Molecular Sciences Laboratory (EM SL)
isanational user facility that contains state-of-the-art instrumentation and
expert resources availablefor use by researchers from academia, industry,

and the national laboratory system. Thefacility is supported by the U.S.
Department of Energy's (DOE) Biological and Environmental Research
Program, but the research conducted within the facility benefits many funding
agencies, including other branches of DOE, the National Institutes of Health,
the National Science Foundation, and the Department of Defense.

EMSL's missionisto serve as a national scientific user facility that providesa
collaborativeenvironment for discovery and technological innovation in pursuit
of the nation's most difficult and critical scientificchallengesin the molecular
and environmental sciencesby:

* providing an integrated problem-solvingenvironment of scientificexpertise,
advanced instrumentation, and computational resources to scientists
engaged in physical, chemical, and biological research

* engaging interdisciplinary and multi-institutional scientificteamsto bring
an integrated set of resources to bear on complex scientific problems

* educating students and scientists to meet the demanding multidisciplinary
research challenges of the future.

EM SL requires the continued funding and support of its stakeholders and
clients to continue to grow its mission, build its reputation as a sought-after
national user facility with cutting-edge capabilities, and attract high-profile
userswho will work to solve the most critical scientific challengesthat affect
DOE and the nation. In thisvein, this document has been compiled to
providethese stakeholders and clientswith a review document that provides an
abundance of information on EMSL's history, current research activities, and
proposed future direction. Thisdocument contains the following sections:

* Section 1 provides an overview of EMSL's vision and future direction,
including research highlightsthat support EM SL's signaturescientific themes.

* Section 2 providesan overview of the history of EM SL and its relationship
to DOE and the Pacific Northwest National Laboratory —on whose
campus EM SL resides.

* Section 3 introduces EM SL's management structure and its Science
Advisory and User Advisory committees.

* Section 4 discussesthe capabilitiesof EMSL's six research facilitiesand
three support organizations, and provides highlights of the cutting-edge
research performed during the last seven years at each facility.
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* Section 5 providesan overview of EMSL's user outreach plan and the tools
that drive user administration.
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* Section 6 provides an overview of EM SL user demographics and statistics
of the types of publicationsand patents that result from user collaborations.

* Section 7 provides details on EMSL's operations budget.

In addition, aCD is provided that contains appendicesdetailing the roles,
responsibilities, accountabilities, and authorities of EM SL management;
descriptions of EMSL's research facilitiesand support organizations; the major
equipment housed in EM SL ; resumes and bios of key EM SL staff; testimonials
provided by past and current usersof EM SL ; alist of users and associated
projects; alist of publicationsgenerated by EM SL research; and alist of patents
received as aresult of EM SL research.



PNNL Director's Statement

Welcometo the William R. Wiley Environmental Molecular Sciences
Laboratory and Pacific Northwest National Laboratory. Your participationin
the EM SL review is greatly appreciated, and | have no doubt that your feedback
and ideaswill help usto makethis facility even more productiveand dynamicin
the yearsahead.

EMSL is aremarkableresearch facility. But beyond its many capabilities and
the exciting scientific discoveriesthat have emanated from itslaboratories,

EM SL has had a profound — perhaps revol utionary —impact on the whole of
Pacific Northwest National Laboratory. 1n aredatively short time, EMSL has
helped transform PN N L from alaboratory conducting highly regarded project
engineering work to an outstanding science organization. W e see evidence of
thisin our publications and external recognition. For two years running, our
staff members have produced approximately 700 publications annually, with a
substantial number of those papers appearing in pre-eminent journals. We also
have received validation of our science through a growing number of prestigious
awards and professional society appointments and recognition.

This trend will continue. | envision EM SL and its resourcesserving as the core
around which PNNL will perfect our new and innovative approach to research—
systems science. Systemssciencewill integrateour strengthsin physical, chemical,
and biologica sciencesat the molecular level and across broad space and time
scales, utilizing advancesin computing, modeling, and engineering. | am
confident that this methodology will shorten the path from discovery to solution
and address needsin thefields of energy, the environment, and national and
homeland security.

W e have taken stepsto position EM SL for this excitingfuture. | changed our
organizational structure so that the director of EM SL now reportsto my office.
| believe thiswill strengthen the connection between PNNL five research
directoratesand EM SL, while also cultivating collaborativeinteractions.
Additionally, we arein the process of launching multi-institution scientific
Grand Challengesin membrane biology and biogeochemistryat EM SL. These
special research projects not only respond to the vision of our customers at the
Department of Energy's Office of Science, but | believe they are going to spark
some exciting breakthroughs. The Grand Challengeswill certainly help PNNL
and EM SL foster aclimate of innovation that will benefitall future work.

Again, welcome and thank you for your efforts. Through your contributions of
time, energy, and insight, you are helping to ensure that EM SL fully livesup to
itsgreat promisein serving the Department of Energy, the nation, and the world.

PNNL Director Dr. Len Peters

ENVIRONMENTAL MOLECULAR SCIENCESLABORATORY
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EMSL Director Dr. Allison Campbell
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EMSL Director's Statement

Since opening the doors of the William R. Wiley Environmental Molecul ar
Sciences Laboratory in 1997, we have made extraordinary progresstoward
achieving our vision as the U.S. Department of Energy's premier national
scientific user facility. In the past seven years, our scientific staff and users have
been recognized nationally and internationally for their significant contributions
to addressing challenging scientific problems. W e haveforged new scientific
frontiers by organizing avibrant and diverse user community and building new
technical capabilitiesthat support the molecular science basisfor new knowledge
in post-genomichiological research, catalysis, environmental materials,
chemistry, and biology. Additionally, we continue our commitment to the
education of students and scientists through robust undergraduate, graduate, anu
postdoctoral research programs.

Our successis attributed to our commitment to three " signature” characteristics
of EM SL as anational user facility:

1. The ability to integrate theory, modeling, and simulation with world-class
experimental capabilities.

2. Innovative research and development teams that bring technology and
conceptsfrom many disciplinestogether to create integrated research tools
and methodol ogiesfor new scientific challenges.

3. A collaborative mode of operation that promotes strategic partnershipsto
unite the strengths of EM SL with those of our users home institutions,
effectively leveraging these national investments.

Looking forward, we will focus on the nation's most important and challenging
scientific problemsviaEMSL’s Scientific Grand Challenges and Collaborative
Access Teams, which capitalize upon EMSL’s unigue problem-solving
environment, assets, and capabilities. Wewill push EMSLs strategic capabilities
to new frontiers and create a transparent and supportive user environment to
meet the challengesof multidisciplinary research. 1n this century, science

and technology will be unified as never before, requiring a systems approach

to problem solving and application. Our combination of world-class minds,
methods, and capabilities uniquely positionsEM SL to deliver answersto the
questionsthat matter most to the science community and the nation.

Dr.AllisonA. Campbdll
Director

William R. Wiley Environmental Molecular Sciences L aboratory
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AION aluminum oxynitride

AMP adenosine monophosphate

AMT accurate mass and time

CARS coherent anti-Stoke Raman scattering
CAT Collaborative Access Team

CCSEM/EDX controlled scanning el ectron microscopy with energy
dispersed analysisof x-rays

CPMAS cross-polarization, magic-angle spinning

CrON chromium oxynitride

DAGK diacylglycerol kinase

DFT density functional theory

DNAPL dense nonaqueous phaseliquid

DOE U.S. Department of Energy

Ecce Extensible Computational Chemistry Environment

EMSL William R. Wiley Environmental Molecular
Sciences Laboratory

ELDOR electron doubl e resonance

ENDOR electron nuclear double resonance

EPR €electron paramagnetic resonance

FPGA field-programmabl egate array

FSAM fluorinated self assembled monolayer

FTICR Fourier-transformion cyclotron resonance

GATools Global Array Tools

GFP green fluorescence protein

GGA generalized-gradient approximation

HRTEM hi gh-resol ution transmission el ectron microscopy

MBE molecular beam epitaxy

MOCVD metal organic oxide chemical vapor deposition

MS/MS tandem mass spectrometry
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NESG
NMR
NUC
NWChem
PETSc
PNNL
PMAP
QCPMG
RTK
SAM
SAMMS
SEM
SIC
SIMS
SSNMR
STOMP
TEM
TMD
TPD
TRAPDOR
TRLFISM

TRLFS
TOF
XPS
XRD

Northeast Structural Genomics Consortium

nuclear magnetic resonance

natural uranyl-bearing calcite

Northwest Chemical Computation Software

Portable Extensible Toolkit for Scientific computation
Pacific Northwest National Laboratory

plasma membrane-associated protein

Quadrupole Carr-Purcell Meiboom Gill

receptor tyrosine Kinase

self-assembled monolayer

self-assembled monolayerson mesoporous silica
scanning electron microscopy

self-interaction correction

secondary ion mass spectrometry

solid-state nuclear magnetic resonance

Subsurface Transport Over Multiple Phases (computer model)
transmission electron microscopy

transmembrane domain

temperature programmed desorption

transfer of population by double resonance

time-resolved laser-induced fluorescenceimaging
spectromicroscopy

time-resolved laser-induced fluorescence spectroscopy
time-of-flight
x-ray photoel ectron spectroscopy

x-ray diffraction
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1
EMSL's Vision and Future Direction

1.1
EMSL's Vision

The William R. Wiley Environmental and Molecular Siences Laboratory (EMSL)
isthe sought-after leader in developing solutionst o conplex challengesd national
importance. Zhrough multidisciplinary collaborations wi th an engaged, proactive user
community; expert scientistsand szqff; and Sate-of-the-art signaturecapabilities, we
will deliver accderated, leader ship-dass accomplishments.

EMSL's missionisto serve as a national scientific user facility that providesa
collaborative environment for discovery and technol ogical innovation in pursuit
of the nation's most difficult and critical scientific challengesin the molecular
and environmental sciencesby:

* providingan integrated pr oblem-solvingenvironment of scientific
expertise, advanced instrumentation, and computational resourcesto
scientistsengaged in physical, chemical, and biological research

* engaginginterdisciplinaryand multi-institutional scientificteamsto
bring an integrated set of resourcesto bear on complex scientific problems

* educating studentsand scientiststo meet the demanding multidisciplinary
research challenges of the future.

EMSL's strength and uniqueness as a national user facility isin providing

a systems science approach and a problem-sol vingenvironment to bear on
complex scientific problems. This approach is accomplished through our three
signature characteristics:

1. Theintegration of theory, modeling, and simulation with world-class
experimental capabilities.

2. Innovative research and devel opment teams that bring technology and
conceptsfrom many disciplinestogether to createintegrated research tools
and methodologiesfor new scientific challenges.

3. A collaborativemode of operation that promotes strategic partnershipsto
unite the strengths of EM SL with those of our users homeinstitutions,
effectively leveraging these national investments.

EM SL researchisfocused around scientific themesin the followingareas. More
detail on these scientificthemes, and an example highlight of work performed at
EM SL in each theme, are provided below:

Outlook Review = Vision

* Biogeochemistry and Subsurface Science
* Interfacial Chemistry and Catalysis

ENVIRONMENTAL MOLECULAR SCIENCES LABORATORY
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* Structure/Dynamics of Biomolecules and Biomolecular Complexes
* Biochemical Pathways

= Aerosol Chemistry

* Spectral Signatures and Trace Detection.

Paradigm Shift

Theearly yearsin EMSL's evolutioninvolved building its reputation as a national
scientific user facility. This meant developing and establishing leadership-class
instrumentation and capabilities, using those capabilitiesto build ascientific
reputation, and establishing arobust user program. Today, EM SL has
succeeded —it iswidely recognized for its cutting-edge capabilities, world-class
science, and thriving user program.

Critical scientificchallenges that affect our nation have arisen during the 21st
Century; these challenges require a more concerted systems science approach

to problem solving and scientificdiscovery. In response, EM SL isfocusing on
these challenges through a set of Scientific Grand Challenges and Collaborative
Access Teams (CATs) (discussed in detail in Sections 4.3 and 4.4), which will
push EMSL's strategic capabilities to new frontiers and create a transparent and
supportive user environment needed to meet the challenges of multidisciplinary
research. This requiresa paradigm shift from predominantly single investigator
user projectsto research teams highly focused on large scientific problems. To
enhance EMSL's impact and create an integrated problem-solving environment,
efforts must be focused around the scientificstrengths of EM SL staff and
resident users.

To achieveitsvision, EM SL has adopted a set of strategic goalsto keep its
researchersand users focused and refreshed in order to successfully address high-
impact scientificchallenges:

1. Establish distinctive science signatures

2. Focus on the nation's most challenging scientific problems within
EMSL's scope

3. Maintain EMSL's strategic capabilitiesat the scientific forefront
4. Enhance EMSL's facilitiesto support world-class science.

Goal 1: Establish Distinctive Science Signatures

Thesix research areas outlined below highlight potential scientific themes that
represent EM SL's strengths and areas where the user facility has achieved
considerablerecognition. Additionally, these areas are the mechanisms for
engaging EMSL's senior resident usersin helping to drive scienceforward. Each
theme will be stewarded by senior scientistswho will help establish the scientific
focus and the capabilitiesthat will be needed in support of the scientific theme,
and who will help to build a user community of prestigious scientists.

Each subsection below describesthe scientificdriversand EMSL's nichein each
scientificarea. |1 n addition, science highlights are provided in section 1.2 that
illustrate EMSL's capabilitiesin the scientifictheme area.
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These themes are currently under development and may change somewhat in
™ the coming year as EM SL fully developsits strategic plan. All proposed themes
u will bevetted through the U.S. Department of Energy (DOE) — the sponsor of
EMSL —aswell as EM SL's Science Advisory Committee.

| Scientific Theme 1: Biogeochemistry and
Subsurface Science

Chemical processesin soil and subsurfacesystems regulate the extent and

rate of contaminant migration and transformation, fluxes of carbon and other

- bioessential elements, chemical speciation as acontrol on bioassimilationand
uptake, and overall environmental reactivity. For thisreason, thestudy of seil and

e subsurface chemical processesiscrucial to varieus DOE misson areas, including
i environmental restoration, actinidechemistry, carbon sequestration, global
atmosphericdynamics, and tik development of ‘green” technologies.
=
EM SL has been a national leader in various aspects of soil and subsurface science Ef'etﬁtéorf)tj:;ﬁ Eggﬁ’:}%ﬁ!g‘;ﬁ?&?”rs
= during the past decade, with research that hasfocused on 1) the biogeochemistry pseudomonas aeruginosa
- of mineral (oxide/clay)-microbe systems; 2) reaction processes at the mineral-
water interface; and 3) thermodynamic and molecular models of actinides,
= mineral surfaces, bacterial membranes, and high-ionicstrength systems.
- Unique capabilitiesin computation and spectroscopy place EM SL in astrong
L position to address various fundamental scienceissuesof future importanceto

DOE. EMSL’s competitive nick isin elucidatingmolecular-level reactionsat
- mineral and microbe interfacesthrough molecular modeling and spectroscopy, and
t k n validating zheir contributionto reactivity at tik macroscopicscaleand in

N natural material sthrough experimentationand computation.

I

[ Scientific Theme 2. Interfacial Chemistry and Catalysis

o Asin all catalyst research, afundamental understanding of the chemical reaction Nanoporous MgO film synthesized
mechanismsthat occur on the catalyst surface, including an identification of using Reactive Ballistic Deposition
the catalytic sitesdirectly involved in the rate-limiting elementary processes,

. iscritically important to rationally develop improved catalystsand catalytic
processes. EMSL'scapabilitiesin surface science (synthesis, characterization,and

= modeling) provide a competitive nicheto addressthefundamental aspects of the
ckmical reaction mechanism@}hat occur on the catalystsurface, particularlywith

o

respectto oxide-basedcatal ystmaterials. These capabilitiesare founded upon a
world-class program in condensed-phaseinterfacial chemistry and are coupled
with facility and expert resources unigue to DOFE’s national |aboratory system
that allow basic research resultsto be applied to programs aimed at catalyst
material and process development.

State-of -the-art computational methods of chemistry, solid-statephysics,

and materialsscience are used to interpret experimental resultsand design
new materialswith favorablecatalytic properties, with the goal to provide
insight at the atomic level of the interaction of solidswith adsorbed molecules
and the behavior of catalyticsites. Furthermore, EM SL's nuclear magnetic
resonance (NMR), electron spin resonance, and spectroscopiccapabilities
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have great potential for directly providing afundamental characterization of

the relationship between structure and reactivity of heterogeneous catalysts.
Understanding how chemicalsinteract at the surfacesof catalyst materials

isthe key to converting energy into chemicalsand viceversa, and can be

applied to developingindustrial and environmental solutions. Further, DOE’s
environmental and energy mission can be impacted through devel opment of catalyst
material sandprocessesfor efficient use offossilfuels, automobilecatal yticconverter
devices, green chemistryuse o CO;, andproduction of value-added chemicals and
fuelsfrom biobasedfeedstocks.

Scientific Theme 3: Structure/Dynamics of Biomolecules
and Biomolecular Complexes

A molecular-scaleunderstanding is required for a science-to-sol utionsapproach
to biological systems. EMSL'suniquecapabilitiesin imaging technology,
computationalmodeling,and bioinformaticsenablean enhanced molecular-level
understanding o the underlyingphysical ,chemical, and biol ogical processesby
allowing researchersto visualize the structures, processes,and i nter actionsof
thesemoleculesin detail. These capabilitieswill contribute to an understanding
of thelinks among structures, dynamics, and functions of complex biological
moleculessuch asDNA and proteins, and the behavior of the cells containing
these molecules. Experimental methods include high-field solution and
solid-state NM R, pulsed electron paramagnetic resonance (EPR), optical

WILEY-LISS

“Superbug” protein. The

resistance of D. radioduransto and laser spectrometry, molecular and cellular imaging, and molecular

radiation and to other DNA- theory. Development and application of novel imaging techniques enable the
?(?msglicg ﬁgi?fj;ﬁ;{pﬂtihfimd study of selected metabolic pathways (cellular signaling pathways) and the

number of ..Survei”anze a?]d effectsof perturbations in live cellsin moredetail than was possible before.
housecleaning" enzymes called Understanding structure-function relationshipsisimportant, asit wouldprovide
Nudix hydroylases. The NMR a meansto begin understanding molecularprocessesin environmental remediation,

structure of the Nudix hydrolase
DR0079 was featured on a recent
cover of Proteins. Shown is a

wasteprocessing,and human health.

e s el il e Scientific Theme 4: Biochemical Pathways
ofa generic substrate (r_]ucle05|de
and diphosphate, atomic colors) One critical fundamental scienceissue—a better understanding of biochemical

and hydrated, divalent metal . . o .
cationyion (pink) to the solution pathways—is required for gaining a molecular-level understanding of how

structure of DRO79. cellswork. Thisiscritical if microbial systems are to be engineered to be more
effectivefor bioremediation, carbon sequestration, or other environmental uses.
Itisalsocritical for the effectiveidentification of biomarkers and signatures.
Biomolecular signatures and biomarkers— such as a set of expressed proteins,
metabolites, and/or lipidsin an organism—when examined together, present
aunique pattern of molecular change that identifies an exposure or response
to a specific environmental exposure or environmental stress. EMSL'snichein
thisareaisitshigh-throughput proteomics capability centered around high-jield
mass spectrometry,high-jieldN M R microscopy capabilities,and computational
methods, which allow researchersto gain a deegper understandingof these
biochemicalpathways. EMSL's High-Performance Mass Spectrometry Facility
isaleader in the development and application of new toolsfor measuring and
modeling protein abundances and/or modificationsas afunction of organism
development, perturbation, and/or environmental stress. EMSL's High-Field

Outlook Review = Vision
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M agnetic Resonance Facility provides unique toolsfor probing biomolecular
structures and dynamics. Bioinformatictoolsfor large-volume mass
spectrometry data manipulation and higher-order data visualization suitable
for computational biology model testing and validation, aswell as new toolsfor
the analysisof high-throughput proteomic data to abstract out gene and protein
networksand other biologica networks, are being developed to cultivate realistic
models of living cells. Technology developmentin concert with its applications
has provided arange of new insightsinto the proteins actually expressed by
organismsunder various conditions. Applicationsincludeunderstanding
anaerobicmicrobial metabolism, whichisdf directrelevancetothe DOE missons
in environmental stewar dship (contaminantbioremediation, microbial impacts
on global warming through production and sequestration of methane and carbon
dioxide); clean and secureenergy (methane and H: from wastesasalternative
energy sources);and basicscience (cyclingofcarbon, nitrogen, metals, and
radionuclides).

Scientific Theme 5: Aerosol Chemistry

measurements
the with

information

the

Scientific Theme 6. Spectral Signatures and
Trace Detection

The collection of high-quality, quantitative data associated with the detection

of nuclear, chemical, and biologica weapons manufacturing, storage, delivery,
and degradation in the environment is of vital importance to DOE and other
government agencies. Additionally, understanding how these threats can affect
ecosystem health and recovery from chemical, biological, radiation, and nuclear
threats and actsis of paramount importance. EMSL’s nicheisin thedevelopment

Clustering analysis of protein
expression changesin
Rhodobacter sphaerodies
grown under anaerobic and
photosynthetic conditions.
The cells were fractionated
into the inner and outer
membranes, the periplasm
and the cytoplasm. Such
analysis identifies groups of
proteins that are important
for understanding how

this microbe performs its
environmentally important
roles of metal reduction and
carbon sequestration.
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Electron energy loss spectroscopy
shows elemental maps of tar ball
including oxygenated rim.
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o world-class spectroscopy capabilitieswith uniqueinstrumentation for signatures
measurementscombined with extensive expertisein spectral data and its
interpretation. EMSL researchers use this capability to successfully demonstrate
that trace amounts of heavy moleculesin the vapor phase can be detected using
high-resolution solid-state lasers. Today, EMSL researchers have received
funding from DOE’s National Nuclear Safety Administration to develop a
spectral "library" that isdistributed to 60 to 80 U.S. government entitieswho

use the library as the definitive reference for chemical detection (http://nwir.pnl..
gov) Ongoing use of such equipment and capabilitiesby EM SL users and their
Pecific Northwest National Laboratory (PNNL) collaborators continues to drive
technology to new levels of performancein search of answersto fundamental
science questions. Additionally, EM SL scientistshave demonstrated the ability
to discriminate between bacterial growth media by anayss of metalssignatures
of bacterial spores. Identification and understanding of spectral signatures
supports DOE’s mission of enhancingthe capability to detect weaponsof mass
destruction, includingnuclear, chemical,and biological systems.

Goal 2: Focus on the Nation's Most
Challenging Scientific Problems within

EMSL’s Scope

EMSL’s problem-solving approach providesan

environment for large research activitiesthat users
could not accomplish elsewhere. A multifaceted
approach to a particular scientific problem can

be achieved by EMSLs usersdue to the ease

and flexibility in integrating experimental and
computational components of its corefacilities.
Additionally, staff quality and awillingness to
collaboratewith and assist users are key features that
distinguish EMSL as apreferred location for users
to pursue new or difficult scientific multi- or cross-
disciplinary investigations. -

Features:

To achieve thisgoal, EM SL is strengthening and focusingits user program
through Scientific Grand Challenges and science-driven CATs.

Scientific Grand Challenges

EM SL provides an environment and cutting-edge capabilities that enable teams
of usersto focus on important scientific challengesthat require a significant
fraction of EM SL resourcesfor considerableperiodsof #me. To facilitate

this environment, EM SL isimplementing Scientific Grand Challenges—
coordinated, multi-investigator research focused on resolving a major scientific
problem. 'lhese Scientific Grand Challengeswiill:

* Focuson critical milestonesin the advancementor use of science

* Support DOE mission areas
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* Be user driven
 Take full advantage of EMSL’s unique resources and technical expertise
* Increase the scientificimpact and robustnessof EM SL as a user facility.

"The scope of the scientific problemsto be addressed
will involve multidisciplinary teaming, and the
breadth of achallengewill be of such magnitude
that it cannot be addressed by any other existing
singlefacility or by any singleinvestigator. The
Scientific Grand Challengeswill require not only
the capabilitiesof EM SL, but possibly other DOE
user facilitiesand specializedinstrumentation and

capabilities at the participants homeinstitutions. | @ MEMBRANE BIOLOGY
They will also require significant management and vrorsTAL

coordination to meet their aggressive goals and are " CATALYSIS

expected to attract and involve users who are among "RIO SECURTTY

the best scientists in the world.

FAFROSOL CHEMISTRY

Currently, two Scientific Grand Challenges are
being conducted, onein biogeochemistry and the
other in membrane biology. Detailed discussionsabout these Scientific Grand
Challenges are provided in Section 4.3. Additionally, EM SL isworking

with DOE and its user community to define potential future Scientific Grand
Challenge themes, as shown to the right.

Science-Driven CATs

I n addition to EMSL’s Scientific Grand Challenges, the scientificimpact of
the user program increased by focusinggroupsof users on important scientific
problemsthat require asignificant fraction of the resourcesin EM SL for
considerable periodsof time. This effort is facilitated through the formation

of CATs, which are comprised of scientistswho use EM SL facilitiesand
capahilities to conduct funded programmatic research around focused science
themes. CATs provide a mechanismto attract and increase the number of
high-impact usersin afocused research area and to build new capabilitiesfor use
by the CATsand the user community at large. Participationin aCAT isopen
to members of the scientific community who can contribute significantly to the
scientific goals of the CAT. Many members of the user community may choose
togain accessto EM SL through aCAT rather than by standard user proposals
or other gateways.

EMSL isdeployingfour CATS:

* Structural Genomics: ThisCAT is carrying out structural genomics
research focused on high volumes of protein structure data and is testing the
feasibility of high-throughput, NM R-based structural genomics.

* Catalysis. ' ThisCAT providesan integrated experimental and theoretical
approach to obtai ning a molecular-level understanding of oxide-catalyzed
chemical transformations.
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= Analytical Mass Spectrometry: The general objective of this CAT isto
achieve afundamental understanding of the reaction kinetics and dynamics
of activating and dissociating complex molecular ions. 'These processesare
the scientific foundation for tandem mass spectrometry (MS/MS), one of the
most important analytical methods developed in the last century.

* Atmospheric Emissions: The purposes of this CAT are to create a unique
research capability with an international user base and to understand the
complex aerosol surface chemistries and its policy implications.

Details on each CAT are provided in Section 4.4.

Goal 3: Maintain EMSL’s Strategic Capabilities at the
Scientific Forefront

I n EMSLs intense user environment, key instruments are highly used, so
investments in upgrades for enhanced productivity, efficacy, or new capability
are strongly leveraged against the national investment in the user community.
Ongoing capital investments at EM SL for upgrading select systems under high
usein EM SL distinctive science signatures, Scientific Grand Challenges and
CAT research are needed to increase EMSL's productivity and scientific impact
and help establish even greater user participation. The establishment of an
annual inflation-adjusted capital budget of 4 percent of the replacement value
for EM SL equipment (~$100M) is needed so that EM SL capabilities do not
continue to fall behind their scientific usefulness. Thislevel of ongoing funding
is recommended by EMSL’s Science Advisory and User Advisory committees
and is consistent with the recommendations found in the Final Draft Report o
the Secretary d Energy Advisory Board's(SEAB) Task Force on the Future d Sdence
Programsat the Department o Energy, " Critical Choices: Science, Energy, and
Security" (October 13,2003). This level of funding represents approximately
15 percent of the annual EM SL operations budget (Iessthe allocation for the
Molecular Science Computing Facility supercomputer lease).

During the past several years, EM SL management has made several strategic
investment decisions relative to refreshment of the facility. By investing EM SL
resourcesin afocused manner in areas of its distinctive science signatures and
in areas of interest to D O E Office of Biological and Environmental Research
programs, and by leveraging the investment of other agencies, EM SL has been
able to make some progress toward refreshment.

Advanced Planningfor Capability Development

Thedriving force and focusfor generating new capabilitiesisin the
implementation of EM SL Scientific Grand Challenges, the deployment of
CATs, and EMSLs scientific themes. When possible, EM SL capital or
operations funding will be leveraged with programmatic resources. Beginning
in Fiscal Year 2004, EM SL allocated annually $600K of its operations budget to
strategic capability development (in addition to the capital equipment budget).




o

L everaging I nvestmentswith Other Agenciesand D OE Offices

Establishing partnershipswith other D OE offices and government agencies has
proven to be an effective means of refreshing instrumentation. For example,in
the past two years, the DOE Office of Science's Basic Energy Sciences Program
has cost shared with EM SL to devel op the following capabilities:

* Anapplied-fiedldM osshauer spectrometer that supports resident users
funded by the Basic Energy Sciences Program aswell as a host of external
usersinterested in the identificationand quantificationof iron (oxidation,
coordination states) in geochemical, soil, and materials sciences. Additionally,
thisinstrument represents a unique capability, as less than 5 percent of the few
existing Mossbauer laboratories possess an applied-field spectrometer.

* A photo-€electr onemission microscopeused for surface, interface, and
catalysisstudies. Leveraged funding ($250K capital from the Basic Energy
Science's Catalysis Program and $150K from EMSL's capital budget) was
used to procure thisinstrument. Thisinstrument providesan entirely new
capability for imaging surfaces of metal's, semiconductors, and thin filmson
the nanometer-length scale.

* A variable-temper atur e, ultr ahighvacuum, noncontact atomicforce
microscope/scanning tunnelingmicr oscope used for single-site surface
chemistry/catalysis studies. Leveraged funding ($275K capital from the
Basic Energy Sciences Program's Chemical Sciences Capital and $275K
from EMSL's capital budget) was used to establish this capability, which
alows researchers to develop afundamental scientific understanding of site-
specific chemistry in surface science and catalysis studies.

I n addition, EM SL has partnered with DOE’s National Nuclear Safety
Administration to enhanceits high-resolution Fourier transforminfrared
spectrometry capability with the procurement of a system for analyzing molecules
and clusters. Thesystem, purchased using leveraged funding ($150K of EM SL
capital budget and $150K from the National Nuclear Safety Administration),
provides updated capability and increased throughput and places EM SL's growing
infrared spectroscopy programs at the international forefront.

EM SL hasaso leveraged itsinvestmentsin its High-Field Magnetic Resonance
Facility viathe Structural Genomics CAT, which has provided a 600-MHz

N M R spectrometer with cold probethat will be availableto EM SL users. The
system was purchased with Battelle and National Institutes of Health funding.
Additionally, EM SL will invest $300K of capability developmentdollarsto
build a high-throughput system that will potentially increasethroughput by
three to four times.

Finaly, EMSL's world-classglobal proteomicscapability would not have been
possiblewithout very significantinvestments by other parts of the DOE Officeof
Biological and Environmental Research Program and other government agencies.
Aninitial EM SL investment established the user facility as aleader in the rapidly
developingfield of proteomics. However, to stay at the forefrontin thiscritical
field required continuousdevel opmentsin sample handling, mass spectrometry,
and data anaysisand management capabilities. This investment exceeded the
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funding the program was able to provide, 0 other funding sourceswere found.
These new fundswere then used to develop the Proteomics Research Information
Storage and Management data management/analysis System and most of the
sample-handlingprotocols, and to acquire sx of EMSL's eight ion trap mass
spectrometers (including all three of the newest linear ion trap systems) and two of
the three Fourier transformion cyclotron resonance (FT1CR) mass spectrometers.
I n addition, these other funding sources partnered with EM SL to develop the
newest FT1CR massspectrometer that currently constitutes EM SL's global
proteomicscapability.

Adopt a Best Practicefor Future Upgradesto the Molecular Saence
Computing Facility

The Molecular Science Computing Facility speciaizesin developingand
delivering science-driven computer architectures, software, and scientific
expertise. Future upgradeswill enablethefaciity to further expand into new
scientific areas, including systemsbiology, bioinformatics, climate modeling,

and subsurfacefate and transport modeling, while maintaining leadershipin
computational chemistry. High-performance computers have atypical life span
of three to four years, while computer performancetends to double every 18
months (Moore's Law). Given abudget of $9M per year, itis possble to deliver a
system that will enable competitivescience during the next 10 years. From Fiscal
Y ears 2000 to 2003, the Molecular Science Computing Facility demonstrated
that athree- to four-year lease-to-own procurement and deployment cyclewas
abest practicefor D OE scientific computing. EM SL has adopted this cycle by
documenting the science drivers, partnering with vendors, and delivering systems
every three to four years to keep the facility at the forefront of computational
science. | n addition, the science drivers also determine investmentsin theoretical
and computational methods to be developed in the software to enable usersto
make use of the high-performancecomputer resources.

Developa Renewal, Refreshment,and Retirement Plan and Timeline

Since EM SL's commissioningin 1997, the laboratory and its facilities have been
vital to thousands of external usersin pursuit of the highest-quality science.
Whilesome of the mgjor instruments have undergone upgradesduring EMSL’s
first Sx yearsof operation, many of the systemsrequire further upgradesor near-
term replacement. While not all instruments at EM SL need to be maintained
at the cutting edge, in order to maintain productivity and value to the scientific
community, many of the instruments must be able to address today's scientific
questionswith the appropriate sensitivity, selectivity, and resolution.

Using its Scientific Grand Challenges, CATs, and distinctive science signatures
as afocal point, EM SL is currently establishing a capital refreshment plan and
timeline that will illustrate the anticipated useful scientificlifetime for agiven
capability, estimate upgrade and/or replacement costs, and highlight the new and
emerging science enhancements that will result from refreshment. Additionally,
EMSL will identify capabilitiesare no longer needed to meet anticipated user
demand and will retire that instrumentation.



Goal 4: Enhance EMSL's Facilities to Support World-
Class Science

Increased Raised Floor for Expanded Computational Needs

EM SL plans to add approximately 4000 squarefeet of raised floor space to

its existing 5000 squarefeet. Current plans call for increasing archive storage
capabilities to approximately two petabytesby Fiscal Year 2009. This increaseis
necessary due to the large amount of data generated by EM SL's high-throughput
proteomicsresearch, which produces 10 gigabytes of datain asingle experiment,
and the Molecular Science Computing Facility, which can generate terabytes of
datain singlesimulations. Storage needswill increase as EM SL combinesimage
datawith computation and asit entersinto high-throughput image data anaysis
and management in support of its Scientific Grand Challenges.

Such increased storage needswill require as much as 60 additional rack locations,
or approximately one-third of the current 5000 squarefeet of floor space. The
planned expansionwill accommodatethis need and allow equi pment currently
occupyingother EM SL laboratory space to be consolidated in the central raised
floor space. A portion of the expanded floor space will also be used to build the
first phase of the next-generation computing hardwareto facilitate an orderly user
migrationwithout the need to dismantle part of the existing computing capability.

Machine Shop Enhancements

Machinistslocated in EMSL's machine shop partner closelywith EMSL's
Technical Leadsand scientific staff to design and fabricate instruments. Many
of the instrument enhancement and new capability devel opment activitiesthat
occur at EM SL are the result of items designed and constructed in EMSLs
machine shop.

Enhancements to EMSL's machine shop beganin 2004 and were completed in
2005. 'Theseenhancementsincluded:

» Adding approximately 600 cubic feet of floor space (from avacated adjacent
user shop)

» Acquiring three major pieces of excess machining equipment, with an
estimated value of $200K, from closed facilitiesin the Hanford Site's
300 Area

» Upgrading the ventilation system to accommodatethe exhaust from all
machine shop equipment, providing a cleaner working environment.

'I'he original EM SL machine shop was designed to accommodate one full-time
machinist. However, by 2004 the demands for machining soon increased to
the need for seven full-time staff members. At that time, EM SL employed four
full-time machinistswho were located in the EM SL machine shop and sent

out three full-time machiniststo work at other PN N L shops. When sending
machiniststo other PNNL shops, EM SL staff and userslost the one-on-one
working relationshipwith the machinist, resultingin alower-quality and non-
cost-effective product.
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The new enhancements to EMSL's machine shop are allowing the user facility to
add afifth machinist to its staff, resulting in greater use of the EM SL model on
its projects.

Radiological Work

EM SL anticipatesincreased emphasis and need for performing low-level

radiol ogical experiments for the D OE Office of Biological and Environmental
Research's Natural and Accelerated Bioremediation and Environmental
Management Science programs, the principal programmatic driversfor EMSL's
Biogeochemistry Scientific Grand Challenge. No radiological facilitiesare
currently availablein EM SL for dispersible radiol ogical samples.

Interfacial molecular scienceis a rapidly growing areathat has contributed
enormously to the understanding of the molecular processesthat can control the
geochemistry and biogeochemistry of natural systems. In thisregard, it hasthe
same potential to contribute to the understanding of the fundamental processes
controlling the fate and transport of radionuclidesin environmental systems

and to unraveling the fundamental bonding of actinides and other radionuclides
at theinterface of manmade materialsfor selectiveextraction or materials
fabrication. Making such molecular science capabilitiesavailableto awide range
of userswith an interest in radiochemistry is of importance to EMSL's and
DOE’s mission.

Currently, al radioactivesamplesthat are brought to EM SL must remain sealed
to satisfy PNINLs criteriafor volumetricrelease. Although this requirement

does allow certain spectroscopictechniques (e.g., laser fluorescence) to be used to
identify the molecular form of radionuclidesin certain bulk samplesin EM SL,

it greatly hinders or completely negates experiments that require in-sizu sample
preparation or the use of most molecular-level interfacial surface probes. The
sensitivity of these instruments to near-surface conditions (often tens to hundreds
of A) meansthat any attempt to probe a sealed sourcewith such instrumentation
only resultsin probing the sealing material.

Accessto specialized equipment for the study of radiological samples has been
decliningin this country for along time. 'Thus, establishment of laboratoriesin
EM SL for use by the scientific community in this areawill be a key feature. In
addition, providing training for the next generation of radiochemists and others
interested in nuclear science has long been the subject of numerous symposiaand
lectures. The radiochemical capacity in EM SL would represent one key DOE
capability that would provide these opportunities at minimal cost and still allow
contribution of high-quality scienceto areas of importance to DOE’s mission.

e
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1.2
Highlights that Support EMSL’s
Science Themes

1: Vision

1.2.1

Biogeochemistry and Subsurface Science
Electron Microscopy Evaluation of the Role
of Dissimilatory Metal-Reducing Bacteria
in Biomineralization Pathways

AC Dohnalkova,® CM Hansel,® YA Gorby,® and S Fendorf®

(a) Pacific Northwest National Laboratory, Richland, Washington
(b) Stanford University, Stanford, California

Figure 1-1

Bacterially assisted mineral transformation of ferrihydrite-coated sand in advective flow columns. (a)
Ferrihydrite at the starting point. (b) After 16 days of reduction, magnetite was the dominant phase.
(¢) Unstained cross section of secondary minerals surrounding bacterial cell (the membrane is shown
by an arrow). (d) Goethite needle-like crystals (Go), magnetite (Ma), nanocrystalline ferrihydrite (F)
Scale bar is 200 nanometers.

The importance of microorganismsin the biogeochemical cycling of iron iswell
recognized. Dissimilatory metal-reducingbacteria, which are ubiquitousin soils
and agquifers, couple the oxidation of organic matter or H 2 with the reduction of
various Fe(IIT) oxide phases to obtain energy for growth and function. They can
also catalyze Fe(I1I) reduction under anaerobic conditions, using crystalline and
poorly crystallineiron oxides as a terminal €lectron acceptor.

Microbially induced iron mineral transformationswere examined using
Shewanella putrefaciens, strain CN32, in an artificial groundwater mediumin
columns under advectiveflow conditions (Hansel et d. 2003) (Figures1-laand
b). In this experiment, columnswere filled with ferrihydrite-coatedquartz sand
inoculated with S pusrefaciens (initial cell density 108/mL). Lactate was added
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as an electron donor. Changesin microbial metabolism, agueous chemistry, and
solid-phase distributions were then monitored at time points until termination of
the column experiment at 16 days.

Transmission electron microscopy (TEM) and SEM were used for investigating
mineral association with bacterial cells, crystal size, morphology, and spatial
relationships. A specia TEM sample preparation protocol developed at

EM SL was used for the accurate preservation of both the biological and

mineral portion of the sample. To eliminate exposure of the anaerobic sample
to oxygen, the whole embedding procedure, aswell as the thin sectioning

on an ultramicrotome, was carried out in an anaerobic glove box (95 percent
argon, 5 percent hydrogen). Ultrathin sections of the material were studied
using aJEOL 2010 TEM operating at 200 kV coupled to an Oxford energy
dispersive spectroscopy system. Images were collected and analyzed using a
DigitalMicrograph™ (Gatan), with elected area diffraction patterns evaluated by
Desktop Microscopist (Lacuna) software.

Visual changesin the solid-phasewithin the column were evident: initial orange
ferrihydrite started turning brown, and further darkened over the course of

the experiment, asit was converted to predominantly goethite and magnetite
(Figures 1-1c and d). |n addition to spectroscopic methods, the presence of
goethite and magnetite was further confirmed by TEM and SEM, and the
spatial orientations and size of mineral particleswere also determined. Typical
needle-like structures of goethite crystals were predominantly associated with
the surface of ferrihydrite, but were also found coupled with microbial cell
surfaces. 1nfact, some bacterial cellsappeared completely encrusted in goethite,
most likely a result of electrostatic attraction between newly precipitated
goethite and the microbial surface. Magnetite, on the other hand, was mainly
associated with the ferrihydrite surface, and only rarely with the cell surface.
Thus, the bacterial cell isonly indirectly (by ferrous iron production) responsible
for goethite and magnetite formation. Although intracellular precipitation of
iron oxidesin S putrefaciens was recently reported (Glasauer et a. 2002), only
extracellular precipitation was observed in this experimental setup. Bacteria have
the ability to shed the mineral deposits from their outer membranesin order to
prevent surface passivation caused by mineral sorption. Bacteria appeared to
primarily serve as an Fe(II) source for the system; secondary mineralization was
confirmed as afunction of initial Fe(II) concentrations.

The mechanism of enzymatic reduction is not completely understood, and
the accountable protein functions are being intensively investigated using
several molecular biology techniques. Current and future studies will

include immunogold labeling at the electron microscopy level as a method for
determining localization of these proteins.

Citations

Glasauer S, S Langley, and TJBeveridge. 2002. "Intracellularlron Mineralsin a
Dissmilatory Iron-Reducing Bacterium." Sience295(5552):117-119.

Hansel CM, SG Benner,J Neiss, A Dohnalkova, RK Kukkadapu, and S Fendorf.
2003. "Secondary Mineralization Pathways|nduced by Dissimilatory Iron Reduction of
Ferrihydrite Under Advective How." Geochimica et Cosmochimica Acta 67(16):2977-2992.
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1.2.2

Interfacial Chemistry and Catalysis

NO, Adsorption of Ba0/Al,0;: The Nature
of Nitrate Species

JSzanyi,® JH Kwak,® DH Kim,® SD Burton,® CM Wang,® T Szailer,®
and CHF Peden®

(@ Pacific Northwest National Laboratory
(b) Environmental Molecular Sciences L aboratory

NOx storage-reduction catalysisis based on the ability of BaO to reversibly
form Ba(NO3)2 under lean engine operating conditions, and release the stored
NOx in the hydrocarbon rich catalytic cycle. 'l he storage of NO, on alumina-
supported BaO has been studied extensively in the past several years using
primarily vibrational spectroscopic techniques and temperature programmed
desorption (TPD). During thermal decomposition of the NO,-saturated BaQ/
A1203 catalysts, two distinct desorption features were commonly seen: at lower
temperature NO2 was observed to evolve only, while at higher temperature

the desorption of N O was accompanied by the evolution of O;. Despite the
significant efforts aimed at understanding the NO, storage-rel easeprocesses,
the origin of the two NOy desorption features observed in temperature
programmed studies has not been addressed. The results of this combined
Fourier-transform infrared spectrscopy, TPD and a1sN solid-state NM R study
reveals the formation of a unique Ba(NO3), monolayer strongly interacting
with the Al,O3 support, and upon decomposition releasesNO; only. BaO,

in excess of amonolayer, forms bulk-like Ba(NO3), in NO2 adsorption and
decomposes by releasing NO+140,. |n this study, we have shown for the first
time that NM R capabilities can be effectively used to characterize NO2 ions
(Janos et a. 2005a).

TPD spectra acquired after NO, adsorption at 300K for Al,O3, 8wt%, and
20wt% BaO/Al,O; catalysts are shown in Figure 1-2 ([NO] and [total NO,]
were measured by chemiluminescence; [NO;]-[total NO,]-[NO]). The

TPD spectrum from the NO,-saturated Al,O3 support shows only a broad
NO2 desorption feature between 523 and 873K. In the TPD spectrum of

the NO;-saturated 8wt% BaO/A1,0O3 sample two desorption traces are
observed; an NO2 feature with peak desorption rate at ~673K and an NO
peak with maximum desorption rate at ~775K (the desorption of NO is dways
accompanied by the evolution of O3). 'Ihe shape and the broadness of the NO;
desorption feature indicate that part of this traceis originating in desorption
from the A1,O3 support. Increasing the BaO coverageto 20wt% resultsin a
large increasein the intensity of the N O desorption trace. The NO2 desorption
trace shifts to a higher temperature (~695K), and the maximum N O
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Figure 1-2. TPD spectra form
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Figure 1-3. Infrared spectra
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desorption rateis seen at ~795K. Note the dramatic decreasein the ratio of the
amount of evolved NO,/NO with increasing BaO coverage. While only NO2
is desorbing from the pure A1203 support, the larger fraction of NO, desorbing
from the 20wt% BaO/A1,03 is NO. The observed desorption patterns cannot
simply be explained by the superposition of the TPD traces from the nitrated
Al1,03 support and Ba(NO3), formed in NO; adsorption. Aswewill show

in the discussion of the infrared and N M R results, there is no Ba(INO3),-free
Al,O3 surface present after NO2 adsorption in the 20wt% sample. Thus, all
the NO, desorbed in this sample (and most of them in the 8wt% sample) is
associated with the BaO storage material. However, the NO2 desorption
feature can not originate from bulk Ba(NO3), since that decomposes only
above 900K into NO and O; only. We propose that the NO2 desorption trace
from BaO/A1,O; samples originate from adsorbed nitrates on a monolayer

of BaO on A1;O3, while the NO is evolving from the decomposition of
crystalline Ba(NQO3); particles.

A seriesof Fourier-transform infrared spectra obtained form Al1,O3, 8wt%,
and 20wt% BaO/Al1,0O3 after NO, exposure at 300K isdisplayedin Figure
1-3. Infrared spectra recorded after heating the ssmples at 673K in an NO;
atmosphere for 10 minutes are also shownin the figure. Theinfrared features
observed are in accord with those reported previoudy for BaO/A1;03. On the
A1,03 support two types of nitrates are formed in NO2 adsorption: bridging
[1234, 1250 cm™! and 1595, 1620 cm™!] and chelating bidentate [1300cm™ and
1570 cm™] nitrates. On the 8wt% BaO sampleinfrared features representing
both bidentate (1300 and 1575 cm™1) and ionic (1300 and 1420-1480 cm™1)
nitrates are detected. Note that on the 8wt% BaO sample, nitrates adsorbed
onto the A1,O3 support can clearly be seen (shoulders at 1250 and 1600 cm™1)
aswell. Increasing the BaO coverageto 20wt% resultsin the nearly complete
disappearance of the Al;O;-related nitrate bands, while the intensities of the
ionic nitrate features increase significantly. 1n particular, there are prominent
increasesin the relativeintensities of the ionic nitrates relative to those of the
bidentate nitrates. Heating the aluminasupport at 673K for 10 minutesin
NO; atmosphere does not change the infrared spectrum of the nitrate species.
In the 8wt% BaO samplethe high temperature heating in NO2 atmosphere
resultsin avery large increasein the intensities of the bidentate nitrates (bands
at 1300 and 1574 cm™), while the doublet feature of ionic nitrates in the 1420-
1480 cm™! range seem to lose someintensity. In the 20wt% BaO/Al1,O; the
intensities of the ionic nitrates (1320 and 1420 cm™!) increase as aresult of the
high temperature anneal in NO,, while that of the bidentate nitrates decrease.
The almost compl ete disappearance of the alumina-related nitrate bands in this
samplefollowing the high temperature anneal in NO; is also noteworthy.

Theinfrared spectra presented above reveal that in room temperature NO,
adsorption, nitrate species are formed on both the alumina support, and on
the BaO particles. It is also evident that some of the A1,O3 support surface
isfree of BaO, even at arelatively high BaO coverage of 20wt%, it being
more pronounced at lower BaO coverages. Theinfrared spectra clearly show
that both bidentate (surface) and ionic (bulk) nitrates are formed in both
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BaO-contaning samples, and that the relative intensity of theionic nitrate
peaks increase with BaO coverage. Theinfrared results after the 673K
heating suggest that thereis redistribution of the barium-nitrates on the
alumina surface at high temperatures. A monolayer barium-nitrate forms
on the surface of the A1,O3 support, resulting in increased intensities of
the bidentate nitrates, and a concomitant decrease in the intensities of the
ionic nitrates in the 8wt% BaO sample.
However, at thislow coverage, this well-
ordered Ba-nitrate film is not covering
completely the entire A1,O3 surface, as
alumina-related nitrate bands are still
visible. The presence of ionic nitrates
indicates that at this BaO coveragethe
nitrate layer is not able to access the
entire alumina surface. In the 20wt%
BaO/A1,03; sample, the A, O3 surface
is almost completely covered with

this nitrate monolayer after the 673K
anneal in NO; and large barium-nitrate . .
particles grow on top of thisfilm. Note the very good correlation between
the intensity ratios of the bidentate/ionic nitratesin the infrared spectra, and
those of the NO2/NO peaksin the TPD spectra.

15N solid-state NM R spectra from the A1,O3, 8wt%, and 20wt% BaO/A1,0;
catalysts after 15NO,-saturation at 673K are displayedin Figure 1-4. On

the A1203 support, avery broad NM R feature is seen at 313 ppm chemical
shift (relative to the 1'NH4Cl). Two new peaks appear at 337 and 340.5 ppm
chemical shifts on both BaO/A1,03 samples, although with very different
relative intensities, and can be assigned to nitrate species. The NM R peak at
337 ppm chemical shift can be assigned to the nitrate monolayer covering the
Al,O3 support, while the 340.5 ppm peak represents crystalline Ba(NO3)»
particles. The changesin the ratio of the 337 ppm/340.5 ppm peak intensities
inthe NM R spectraisin linewith the increasesof theionic nitrate peaksin
the infrared spectra as the BaO coverageincreased form 8 to 20wt%. Itisaso
consistent with the TPD peak ratios of NO,/NO.

The morphology changes during the reaction processeswere studied by TEM
(Janoset a. 2005b). TEM image, collected with the same resolution, of the
A1203 support, and 773K -calcined 20wt%-BaO/Al1,03 material is displayed
in Fig. 1-5a (left). Energy dispersivespectroscopy analysis of the 20wt%-
BaO/Al1,0O3 catalyst confirms the even distribution of the barium-containing
phase on the alumina support. The two spots analyzed show practically the
same Aluminum/barium atomic ratios (83/17 and 82/18, respectively). TEM
images from a20wt%-BaO/Al,O3 sample after saturation with NO: at 673K
isdisplayedin Figure 1-5. The formation of Ba(NO3), crystalsduring NO2
uptake is evidenced by the appearance of dark spotsin the TEM images. 'This
processis further substantiated by the results of energy dispersive spectroscopy
analysis on selected spots of thissample. It isinteresting to note that we
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Figure 1-5. TEM images

of 20wt%Ba0/Al;03 after
calcinations at 773 K {left)

and after NO2 uptake 673 K
(right). Left: Energy dispersive
spectroscopy results:1. Bariuml
aluminum = 17/83; 2. Barium/
aluminum = 18/82. Right: Energy
dispersive spectroscopyresults: 1.
Barium/aluminum =12/88;

2. 12/89; 3. 29/71; 4. 7/93
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detected barium everywhere on the sample, not just at the placeswhere the
presence of Ba(INO3); crystallites are evident from the TEM images.

Citation

Szanyi J,JH Kwak, DH Kim, SD Burton, and CH F Peden. 2005. “NO; Adsorptionon
BaO/A120O3: 'The Nature of Nitrate Species.” Journal of Physical Chemistry B 109(1): 27-29.

Szanyi J, JH Kwak,J Hanson, CM Wang, T Szaler, and CHF Peden. 2005b.
" Changing Morphology of BaO/Al>,O3 during NO; Uptake and Release" Journal gf
Physical Chemistry B 109(15):7339-7344.
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1.2.3

Structure/Dynamics of Biomolecules and
Biomolecular Complexes

Structural Proteomics: Annotating the
Genome Using Three-Dimensional Structure

A Yee,® Bin Wu,® T A Ramelot,® JR Cort,® MA Kennedy,® and
C Arrowsmith®

(a) University of Toronto, Toronto, Canada
(b) Pacific Northwest National Laboratory, Richland, Washington

The three-dimensional structure of proteins reveals severa biochemical
properties and functions that escape prediction based only on primary sequence.
Structural proteomicsis agenome-wide scale structural biology. Our ongoing
structural proteomicsproject uses NM R spectroscopy as one of the methods for
obtaining the solution structure of proteins. Our laboratory at the University

of Toronto screens and makes samples amenablefor structure determination

by NM R spectroscopy. W e rely heavily on the advanced NM R capabilitiesat
EM SL for collection of triple-resonance NM R experiments. The structures of
ayeast protein and two ribosomal proteins from the archaea M ethanobacterium
thermoautotrophicum have recently been solved, bringing the total to 14 structures
solved so far in this collaboration.

Ribosomal Proteins S17E and S28E

Ribosomes are protein complexesrequired for protein synthesisin all
organisms. S17E and S28E are two of the 28 proteins that make up the 305
ribosomein archaea. The S28E is an all-f strand protein, while the S17E isan
all-a helical protein (Wu et a. 2003). Both proteins have very high sequence
homology to their human ribosomal protein counterpart. The structure of
these archaeal proteins providesagood template for modeling human proteins.
Figure 1-6 shows the solution structures of S28E, S17E and YHR087W
proteins as determined by NM R spectroscopy.

YHRO87W

YHRO087W is aprotein from Saccharomycescerevisiag, and it was annotated as
ahypothetical protein becauseit has no sequence homologues to any protein
of known function. Itsthree-dimensional structure revealed aresemblance
to adomain of the Shwachman-Bodian-Diamond Syndrome protein, a
human diseaseprotein. Further structure comparison of the two proteins
reveals common features that arelikely to be functionally important. Further
characterization based on this resemblanceis ongoing.

ENVIRONMENTAL MOLECULAR SCIENCESLABORATORY
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Figure1-6. Solution structures of

(from left to right) S28E, S17E, and
YHRO87W proteins as determined
by NMR spectroscopy.
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Citation

Wu B, A Yeg A Pineda-Lucena, A Semesi, TA Ramelot, JR Cort, JW Jung, A
Edwards, W Lee, M Kennedy, and CH Arrowsmith. 2003. "Solution Structure of
Ribosomal Protein S28E from Methanobacteriumzbermoautotrophicum.” Protein Sience
(12):2831-2837.

1.2.4

Biochemical Pathways

Accurate Identification of Peptides Using
Tandem Mass Spectrometry

K D Jarman,® W R Cannon,® K H Jarman,® A Heredia-Langner,®
T Malard,® and DJ Baxter®

(a) Pacific Northwest National Laboratory, Richland, Washington

(b) W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

I n recent years, gene sequences have been completed for awide array of
organism types—from single-cell bacteria to human. These genomes are the
culmination of world-wide collaborative efforts among academic institutions,
private industry, and government agencies. The net result has been the
generation of a historically unparalleled amount of publicly available data for
organism gene sequences. 'Thisinformation resource continues to grow as the
sequences of new organisms are completed. Putting this huge information
resource to practical use has brought the next layer of knowledge—proteomics—
increasingly to the forefront of biology.

Proteomics is the study of proteinsin awhole organism under a given set of
conditions. Proteins— themolecular "building blocks" in biological systems—
perform any number of special functions, allowing cellsto live, grow, and
react to their surroundings. Proteins are made by joining amino acid residues
(smaller molecular units) end-to-end in a particular order that is determined
by gene sequence. After proteins reach their final or functional form, they
are ready to interact with other proteins, substances inside or outside cells, or
genes. Because of their central rolein almost all of the processes required to
sustain life, understanding protein behavior is a key aspect of understanding
any organism's behavior.

To keep pace with the growing demand for proteomic data, high-throughput
methodol ogies have been devel oped which provide a" snapshot” of all the protein
contents of abiological sample. One such method is known astandem mass
spectrometry—or MS/MS. Proteins from biological samples being analyzed by
MS/MS arefirst digested with trypsin to produce smaller fragments (peptides),

-



_“_ ——— e

I

i

r

J

..}
s

N N

L

3 w3

3 &3 ©vi3 K3

| : Vison

which are then sorted by liquid chromatography el ution or some other method.
"These smaller fragments are then sent to the first stage of the MS/MS process,
in which the charge-to-massratio of the fragment is determined. 1n the second
phase of MS/MS, the population of identical peptides is broken with high-
energy beams, resultingin collection of small fragments representing the various
way's the peptide can be broken. Thesefragments are sent through a second mass
spectrometry stage, and all of their charge-to-mass ratios are obtained in one
dataset. The collectionof fragment masses can be thought of as afingerprint—a
profile of peak locationswhich is uniquefor each peptide. Developing methods
for accurately identifying peptides from thisfingerprint is the aim of M SCF
Computational Grand Challenge 9603 (Principal Investigator: W R Cannon).

Currently, peptides areidentified by creating hypothetical fingerprints of known
peptides. Thelist of known peptides can be any availableset of protein sequences
and identities. "Then for agiven spectrum (experimental fingerprint), the
similarity to all known peptides of the correct mass-to-chargeratio is cal cul ated,
and statistical methods are used to assess the confidencein each similarity score.

"Thispeptide identificationscheme has been implementedin asoftware
development project, called POLY GRAPH, on two high-performance
environments: 1) EMSL's 1960-processor Linux cluster supercomputer, and

2) Altixl, the PNNL Advanced Computing Center's 128-processor machine
manufactured by Silicon Graphics. | n both environments, the independent
nature of individual spectrum scoring has been exploited to achieve near-perfect
speedup. On EMSLs supercomputer, early benchmarksof POLY GRAPH,
shownin Figure1-7, scaled well to thousands of processors using a protein
databasewith 88,000 entries. Larger databases, such as the nonredundant
protein database (nr), may contain millionsof entries and must be distributed for
POLY GRAPH to function.

Development of the distributed database version of POLY GRAPH has resulted
in novel algorithms for managing this massve amount of datain both shared
memory and distributed memory architectures. This represents asignificant
development for capabilitiesin the growing field of data-intensive computing,
and allowsfor the solution of previoudy intractable problem sizes using high-
performance machines.

ThisEM SL Computational Grand Challenge and Pilot Project produced the
paper outlined in Heredia-Langner et a. 2004.
Citation

Heredia-Langner A, WR Cannon, KD Jarman, and KH Jarman. 2004. "Sequence
Optimization as an Alternative to de novo Andysisof Tandem Mass Spectrometry
Data" Bioinformatics, 20(14):2296-2304.
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Figure 1-7. Run-timeof
POLYGRAPH on EMSL’s
supercomputer

c
o
2
=
z
2
3
o
=
=
=]
=]
=
=




1: Vision

=
S
2
>
=
o=
>
7
(=4
x
S
=]
=
=
(=

Figure 1-8. The world map
identifies the locations of the
different mineral dust sources
used in this study. The four
samples are: (a) Saharan sand;
(b) coastal Saudi Arabian sand;
(c) inland Saudi sand; and

(d) China Loess.
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Aerosol Chemistry

Heterogeneous Chemistry of Individual
Mineral Dust Particles from Different
Dust Source Regions: The Importance of
Particle Mineralogy

BJKrueger,® VH Grassian,® JP Cowin,® and A Laskin(

(8 University of lowa, lowa City, lowa
(b) Pacific Northwest National Laboratory, Richland, Washington

(©) W.R. Wiley Environmental Molecular Sciences L aboratory, Richland,
Washington

Mineral dust aerosol makes up alarge fraction of the tropospheric aerosol mass
and thereforeimpacts the Earth's climate and the atmospheric environment

in several ways. First, mineral dust aerosol influencesclimate through direct
and indirect climate forcing by scattering and absorbing incoming solar
radiation and by nucleating clouds. Second, mineral dust aerosol influences
biogeochemical cycles as iron-containing minerals provide an important
nutrient for ocean life. "Third, mineral dust in the respirablesize rangeis
deleteriousto human health. Finally, mineral dust aerosol influencesthe
chemistry of the Earth's atmosphere by reducing photolysis rates of gas-phase
species due to the fact that dust can decrease the incident solar flux and through
heterogeneous chemistry.

Although mineral dust aerosol is often discussed as a single entity aerosol,
similar to sea salt, it should be immediately obviousthat thisis a poor
representation of the rich mineralogy and varying chemical composition of
thedust. Not only isthe mineralogy of the dust rich, it is also source specific.
"Thus, when atmospheric chemistry or global climate models represent mineral
dust aerosol as a size distribution with a single kinetic parameter for reaction
with a particular trace gas or asingle refractiveindex to model climate forcing,
the results of these calculations can be called into question. Here we present
acase study of the heterogeneous chemistry of mineral dust with nitric acid,
an important trace atmospheric gas. "The composition and corresponding
chemistry of individual particles were taken from four different dust sources.
"The map shown in Figure 1-8 identifies the source regions of these different
dust samples.

All sampleswereinitially analyzed using SEM/energy dispersed x-ray (EDX)
and computer-controlled SEM (CCSEM)/EDX prior to exposure to nitric
acid vapor. The sampleswere then transferred from the microscopeto aflow
reactor, where they were exposed to nitric acid vapor. After the exposure, the
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samples were transferred back to the microscope, where the same individual
particles were analyzed again in order to detect consequential changesin their
morphology and chemical composition.

'I'he dust samples show very different chemical composition and mineralogy
with respect to the other dust samples and each other. 'The SEM/EDX datain
Figure 1-9 demonstrate this point. Figure 1-9 showsan SEM image and five
elemental maps (calcium, magnesium, silicon, nitrogen, and sulfur) of different
particles from the coastal Saudi Arabian dust sasmple. Each of these particles
contains high levels of calcium. Two of the particles also contain large amounts
of sulfur. 'Ihe particles that contain sulfur (particleslabeled aand b) are
associated with gypsum. The two other particles (particleslabeled c and d) do
not contain significant amounts of sulfur and therefore are carbonate particles.
Nitrogen is not observed in any of the particles prior to exposureto nitric acid
vapor. After exposureto nitric acid, it isevident from the SEM image that
calcium particles that also contain sulfur do not change morphology upon
reaction. The nitrogen content of the calcium sulfate particles also does not
increase upon reaction, indicating that these particles are not reactive towards
nitric acid whereas the carbonate particles increasein nitrogen content.

These results show that by using individual particle analysis that allows

for imaging and chemical analysis, dust particle reactivity depends on the
mineralogy of individual particles. The carbonate component of the dust is
particularly reactive. Importantly, the resultsof this study indicate substantial
differencesin individual particle reactivity and therefore clearly show the need
toinclude dust mineralogy in atmospheric chemistry and climate models. This
work demonstrates the need to have adetailed assessment of the mineral dust
composition and its mineralogy in atmospheric models. These exciting results
are published in Krueger et al. 2004.

Citation

Krueger BJ VH Grassian,JP Cowin, and A Laskin. 2004. "HeterogeneousChemistry
of Individual Mineral Dust Particlesfrom Different Dust Source Regions The
Importancedf ParticleMineralogy." Atmospheric Environment 38(36):6253-6261.
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Figure 1-9. SBM image and
elemental mapping of individual
calcium-containing particles
(labeled a-d) of coastal Saudi
Arabian dust prior to and after
exposureto nitric acid at

38 percent RH.
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1.2.6

Spectral Signatures and Trace Detection
Mid-Infrared Versus Far-Infrared (THz)
‘Relative Intensities of Room-Temperature
Bacillus Spores

TJJohnson,® NB Valentine,® and SW Sharpe®
(a) Pecific Northwest National Laboratory, Richland, Washington

Recently, interest surged in the far-infrared or terahertz (THz) spectral

Figure 1-10. Composite mid- region. An advantageof working at these wavelengths, located between the
infrared and THz spectra of infrared and millimeter-wave regions, is that many synthetic materials are

B. thuringiensis ssp. kurstaki . . L.

and B. subtilis 49760from transparent, and although there are interferencesfrom rotational transitions
1800 to 30 cm-1. Those of water vapor, the transitions are relatively few at the very long wavelengths
regions where the polyethylene (i.e., <50 cm™). Work in the THz domain recently warranted great interest

substrate does not transmit

have been blocked out for with emphasis placed on both sensor devel opment (such as those focusing

clarity. Spectra were recorded primarily on technologies using pulsed laser sources and gated detectors) as

at 2 cm-1 resolution. Spectra well as signatures recognition-THz spectral signatures have been reported for
Egﬁ}?ﬁ?hvﬁ{gﬁg’;g;gémm explosives, nucleotides, DNA/RNA samples, organics, afew gas-phasesamples,
of a sample plotted directly and pharmaceutical swhose coatings are transparent in the THz region, thus
atop the mid-infrared spectrum allowing for mapping within atablet.

of the same sample.
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W e recently reported identification and discrimination of bacterial spores

using mid-infrared technologies. Certain gram-positivebacteria have the
ability to form spores, adormant state that is highly resistant to both chemical
and thermal extremes. Using both transmissiveand photoacoustic infrared
methods, we extended the mid-infrared studies for identifying vegetative
bacteriato include bacterial spores. Applying established chemometric methods
to our spectra, the data could be reduced to distinguish sporesfrom unknowns,
and also distinguish between sporesof similar Bacillus speciesand strains.

The present work compares the relative signal strengths of the mid-infrared to
the far-infrared signatures of spores, thus probing the possibility of using THz
signatures for clinical, analytical, or forensicapplications (Johnson et a. 2005).

Typical resultsfor bacterial spore absorbancespectra are shown in Figure
1-10for B. subrilis 49760 and B. thuringiensis subsp. Kurstaki. The data above
1900 cm! reveded little information other than the well-characterized C-H
stretches, and are therefore not discussed here. The strongest bands are the
protein Amide | and Amide II bands near 1657 and 1541 cm™1, respectively,
with nucleic acid and lipid skeletal modes seen at lower frequency. Of greater
interest is the lack of spectral signatures seen in the long wavelength regions
(wavenumbers<600 cm™). Each of the mid- and far-infrared spectrawas
recorded for the same sample on the same substrate. With the exception of
aweak 431 cm-1 band, no far-infrared signatures were found that are clearly
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associated with the sample. Although an exact spore count for the sampleis not

“ easily ascertained, an estimated spore count was between 108 and 1010.

The present data demonstrate that any THz signatures associated with the
room-temperature spectra of bacterial sporesare comparatively weak. Averaged
[] over 30 spectra and comprising five Bci | | us species, any THz signatures are
' 28.5 times weaker (based on p-p noise) than the 1657 cm™ Amide | band.
The lack of THz peaks makes conjecture asto their (non-) origin difficult.
I Others have reported DNA/RNA /nucleotide THz signals, but asporeis a
I complex containing thousands of chemical species. Smearing of large molecule
signatures may play arole, aswell as masking by spore-bound water molecules.
- I't may bethat the transition dipole moments for such large amplitude motions
M arefundamentally weak. We anticipate cooling the samples (e.g., 77 or 10 K)
would increase the intensity by narrowing the linewidths of the THz bands
1 as has been shown (10-110cm™) not only for short peptides, but also long
: chain retinal and DNA nucleotides. However, for many applications(e.g., first
responders), timeiscritical and precludes using cryogenic methods. Although
I other species may show stronger signatures, particularly at low temperatures,
] the present work may suggest alimited utility of the THz domain for the room
temperature detection of spores.
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Johnson TJ, NB Vdentine, and SW Sharpe. 2005. "Mid-Infrared Veasus Far-Infrared
(THz) Relative Intensitiesof Room-Temperature BacillusSpores” Chemical Review
Letters403(1-3):152-157.
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=
EMSL History
and Organizational Relationships

2.1
History of EMSL

The genesisof EM SL can be traced to 1986 when PNNL Director William R.
Wiley and a handful of his senior managers met to discusshow PNNL could
respond to the scientific challengesfacing the nation— particularly those related
to energy and the environment, which are critically dependant on fundamental
advancesin chemistry.

The resulting concept was that of acenter for molecul ar science research, located
at PNNL, that would bring together theoreticianswith expertise in computer
modeling of molecular processeswith experimentalistsfrom the physical and
lifesciences. Wiley and othersat PNNL, knowing the tremendous advances
that were occurring and would continue to occur in the ability of scientists

to characterize, manipulate, and create molecules, believed molecular-level
research would significantly contribute to solving challenges associated with
environmental cleanup, energy efficiency, health, and other important issues.
William R. Wilev This center would provide PNN L researchers and the nation with a user facility
equipped with the most advanced instrumentation availablefor molecular-level
chemistry.

Battelle Memorial Institute, which is headquartered in Columbus, Ohio, and
operatesPNNL for DOE, shared Wiley’s enthusiasm and approved funding to
establish the Molecular Sciences Research Center (whichwas to become EM SL
four yearslater). With these funds, PNNL made plansfor devel oping state-of -
the-art research programsin molecular science and for obtaining the equipment,
facilities, and scientistsand staff to support these programs.

D OE aso recognized EM SL as a natural extension of PNNL's mission. With
the facility's location determined and environmental mission established,

PN N L was authorized by D OE in October 1993 to proceed with the project.
Construction beganinJuly 1994. The facility was dedicated in Wiley's honor in
October 1996, afew months after he unexpectedly passed avay. Construction
was completedin August 1997, and EM SL opened on October 1,1997, for full
operationsas DOE’s newest national scientificuser facility.

Outlook Review = History
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DOE and PNNL Organizational Structure

EMSL is a national user facility supported by the DOE Office of Biological and
Environmental Research, an arm of the Office of Science. Within the Office of
Biological and Environmental Research, EM SL falls under the responsibility

of the Environmental Remediation Sciences Division. Figure 2-1 showsthe
organizational relationshipof EMSL (highlighted in yellow) with DOE.

Figure 2-1. Organizational Relationship of EMSL within the DOE Office of Science.

Huaclewr Phyeics

In 1993, EMSL's project team,
led by PNNL Director William R.
Wiley (center, holding plaque),
celebrate approval to proceed
with construction of EMSL

EM SL is a stand-alone organi zation within the organizational structure of
PNNL (seeFigure2-2). Asshownin thefigure, EMSLs Director reports
directly to the PNNL Laboratory Director.

Figure 2-2.
Organizational Relationshir, of EMSL within PNNL

Pagific Northwest
National Laboratory
Operated by Battelle for the
1S Department of Energy
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3
EMSL Organizational Structure
and Governance

3.1
EMSL Management

Asshownin Figure 3-1, EM SL management is comprised of a Director, an
Associate Director for Scientific Experimental Resources, and an Associate
Director for Scientific Computational and User Resources. An Operations/
FacilitiesM anager reports directly to the EM SL Director and is responsible

for the safety, space, and operational aspects of EM SL activities. Reporting to
the Associate Directors are 10 EM SL Technical Leads, who are responsiblefor
the equipment/resources, staff, and user programswithin their assigned groups.
Finaly, two external advisory committees, the Science Advisory Committee and
the User Advisory Committee, are assembled to provide expertise and direction
to EM SL management.

Figure 3-1.
EMSL Organizational Structure (Including Advisory Committees)

wentific Computational and Us

Gordan A. Anderson, Acting Ass
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301 01
EMSL Director

The primary role of the EM SL Director isto overseethe activities of the
Associate Directors, and to work with the advisory committeesto design and
implement EMSLs strategic plan and vision. The EM SL Director is ultimately
responsiblefor all aspects of EM SL's environment, safety and health program
aswell as stewardship of the user program. Additional detailsof the EM SL
Director's roles, responsibilities, accountabilities, and authorities are provided in
Appendix A.

3.1.2
EMSL Associate Directors

EM SL is assigned two Associate Directors: onefor Scientific Experimental
Resources, and another for Scientific Computational and User Resources. 'lhese
AssociateDirectors providedirect oversight of EM SL facilitiesand staff, and are
responsiblefor working with the EM SL Director to implement EMSL's strategy,
security, safety, and user programs. Additional detailsof the EM SL Associate
Directors roles, responsibilities, accountabilities, and authoritiesare provided in
Appendix A.

313
EMSL Operations Manager

The EM SL Operation Manager is primarily responsiblefor managing EMSL's
environment, safety and health policy and procedures aswell as facilitating space
and the operational aspects required for staff and usersto undertake scientific
endeavors. Additional detailsof the EM SL Operations Manager's roles,
responsibilities, accountabilities,and authorities are provided in Appendix A.

314
EMSL Technical Leads

The EM SL Technical Leads are the frontline managerswho are responsible
for the daily operationsof EMSL's user program and facilities, such as
approving/rejecting user proposals, assigning staff to assist users with research,
and maintaining facilities. Additional details of the Technical Leads roles,
responsibilities, accountabilities,and authoritiesare providedin Appendix A.
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3.2
EMSL Advisory Committees

"The Science Advisory Committee and User Advisory Committee are
independent bodies charged with providing objective, timely adviceto the
leadership of EM SL. Both committees report to the EM SL Director. The

EM SL operations budget funds both advisory committees and is provided by the
EMSL Director.

3.2.1
Science Advisory Committee

'The Science Advisory Committeeis responsiblefor the following activities:

* Performing periodic reviews of the scientificimpact posed by elements
of the EM SL user program. These elementsinclude the newly formed
CATs, ScientificGrand Challenges, requests for proposals, and unsolicited
proposal's (open access).

* Providing advice on long-range plans, priorities, and strategies to more
effectively addressthe scientific aspects of EMSLs user program. ‘This
includesbalancing all ocation time among the elements of the user program
(e.g., CATs, Scientific Grand Challenges) and identifying potential new
capabilitiesor scientific areas of research.

* Providing advice on the appropriate levels of funding and time allocation
to develop the aforementioned plans, priorities, and strategies and to help
mai ntain the appropriate balance among competing elements of EM SL .

* Providing advice to EM SL leadership on avariety of scientific and technical
aspects, as requested by the EM SL Director. The Science Advisory
Committee may seek outsideinput or expand to include ad boc memberswho
can provide specific expertise in technical areas under discussion.

* Serving as D OE client advocates.

"The nature of the goalsand purposes of the Science Advisory Committee
requiresit to be ongoing and dynamic. The committee meets a minimum of
once per year, with membership of approximately 20 individual s appointed by
the EM SL Director.

Subcommittees of the Science Advisory Committee may be formed to provide
recommendationswith respect to particular matters related to committee
responsibilities. Ad Aoc members external to the Science Advisory Committee
may be appointed to ensure the competency necessary to conduct the
subcommittee's business.
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3.2.2
User Advisory Committee

The User Advisory Committeeis responsiblefor the following activities:

* Providing advice on how to facilitate the effectiveuse of EMSL. This
includes advocacy for user interests aswell as recommendationsfor
integrating the various demands on EM SL equipment and staff resourcesto
optimize use and impact.

* Providing adviceon priorities and strategiesto effectively addressthe
multiple missionsof EM SL. Thisincludesexploring new paradigms for
instrument use and user activity associated with EMSL's broad-based and
often unique instrumentation resources.

* Advocating and promoting effective communication between EM SL
leadership and the user community to help facilitate mutual understanding
in support of achieving maximum impact by EM SL users.

"The User Advisory Committeeis comprised of twelve members and includesat
least one experienced user in each of the six major researchfacilitiesof EM SL.
Nominations for committee membership are solicited from EMSL’s Technical
Leads and Associate Directors. The User Advisory Committee isresponsible

for recommending to the EM SL Director the appointment of potential new
members, and the EM SL Director appoints the committee membersand selects
the committee chair. 1n general, committee appointments are madefor aterm of
threeyears, with the potential for re-appointment to one additional term. Ad Aoc
subcommittees of the User Advisory Committee may be established to focuson
specific areas requiring concentrated effort.

I n order to secure continuity in committee activity, appointmentsare staggered so
that one-third of the appointmentsis made at the beginning of each calendar year.

"The User Advisory Committee meets two times ayear at approximately six-
month intervals. Every effort is made to schedule one of these meetingsin
conjunction with the annual Users Meeting at EM SL to encouragedirect
contact between the committee and the broader user community. Additional
meetings of the committee or any subcommittees may be scheduled as needed to
provide timely advicein support of optimizing EM SL effectiveness.
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EMSL Science and Research Capabilities

Since opening EM SL, research has focused principally on

1) developing a molecular-level understanding of the physical,
chemical, and biological processesthat underlie the most
critical environmental issuesfacing DOE and 2) devel oping the

computational and experimental toolsrequired todo so. A key
attribute of EMSL's researchis aclose coupling of experimental
and computational researchtoyield insights not attainable by
computation or experiment alone.

Research at EM SL is conducted using the resources contained
in the six research facilitiesdiscussed in thissection. EMSL's
scientific staff continually push the development of new

1V : Science

capabilitiesas part of their research efforts, whichis then
translated to the user program. Additionally, EMSL's staff
reputation and the scientific challenges being addressed at

the user facility attract a significant number of usersand
collaboratorsto the facility. This synergy enablesEMSL's staff
and users to address complex and high-impact scientificissues.

4.1
EMSL Facility Descriptions

EM SL housessix research facilitiesthat are available, either individually

or in combination, for research by usersfrom industry, academia, and other
national laboratories. Additionally, EM SL houses an Instrument Devel opment
Laboratory and Computing and Networking Servicesand User Outreach and
Support groups. Each facility contains state-of-the-art instrumentation and
highly skilled staff who work in an interdisciplinary manner to support user
research activities.

This section provides asummary of the research facilities and support groups
within EM SL, and highlights some of the critical science performed at each of
these facilities. More detailed facility descriptions are provided in Appendix B.

I n addition, Appendix C provides alist of the cutting-edge scientificinstruments
that are housed in EM SL and are availablefor use, and Appendix D provides
the resumes and biographies of key facility staff. Finally, Appendix E provides
testimonials by facility from past and current users, which support EM SL asa
leading national user facility.

ENVIRONMENTAL MOLECULAR SCIENCES LABORATORY

EMSLs research directions link to
specific missions within DOE and
other government agencies
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411
Chemistry and Physics of Complex
Systems Facility

'I'he Chemistry and Physicsof Complex Systems Facility fosters fundamental
research in the natural sciencesto provide the basisfor new and improved energy
technologies and for understanding and mitigating the environmental impacts of
energy use and contaminant releases.

Representative Research Activities

'I'his facility possesses particular capabilities and expertise that support user
research involving preparation and spectroscopic analysisof molecular clusters;
high-resolution imaging of biological samplesand studies of cellular processes,
including DN A damage and repair and low-dose radiation processes; ultra-fast
and non linear optical spectroscopies; ultra high-resolution spectroscopy for
measurements of electronic and geometric structures and dynamics; surface and
interface structure; chemical reaction dynamics and kinetics; ion-molecule traps
and storage technology; and specialized chambers, instruments, and models for

Research at EMSL's Chemistry
and Physics of Complex Systems

Facility includes laser desorption chemical reactivity and analysisof atmospheric species, including aerosols.
experiments to investigate the

effects of electronic excitation on Research at this facility underpins the fundamental understanding of chemical
crystalline materials. transport and reactivity in the condensed phase. It addresses the underlying

uncertaintiesin thermal and non thermal (i.e., radiation) chemistry, interfacial
molecular and ionic transport, and other processesin complex natural and
human-made systemsrelated to energy use, environmental remediation, waste
management, and understanding biological responsesto environmental stresses.
Onefocusison structures and processes of molecular and nanoscale systems

in complex environments, such as condensed phases and interfaces. Research
guides the development of new materials and approaches for clean and efficient
energy use.

Another central feature of the Chemistry and Physics of Complex Systems
Facility is the development of innovative experimental methods with broad
applications to research in the natural sciences. Two examples of innovative
methods developed by users and staff of thisfacility include 1) the detection
and monitoring of trace atmospheric species, including gaseous and particul ate
matter, and 2) the study of biological processesimportant in the environment
and health, including imaging of live cells to observe the reaction dynamics
of functioning biological systemsin real time, advancing the understanding
of protein-protein interactions and DNA damage and repair using single-
molecule spectroscopy, and studying cellular responses to low-dose radiation
using novel instrumentation
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Research Capabilities
* High-intensity and high-sensitivity surface chemistry systems
* Systemsfor thermal and non thermal interfacial chemistry research
* Single-moleculeand non linear imaging microscopy systems

T » Systemsfor molecular-scale synthesis and characterization of model
materials

* Environmental scanning electron microscope

* Reaction mechanismsat solid, liquid, and gasinterfaces
* High-energy processes at environmental interfaces

* Cluster models of the condensed phase

* Ultrasensitive and environmental analysis.

Recent Upgrades

- — . . . Photo-emission electron
I n November 2004, a new photo-emission electron microscope wasinstalled in the microscope, installed at EMSL's

- Energetic Processes Laboratory of the Chemistry and Physicsof Complex Systems Chemistry and Physics of Complex
Facility. Theinstrument is capable of imaging nanoscale surface structures by Systems Facility.
) imaging el ectron emissionsinduced by ultraviolet and laser light sources. The
- microscopewill be applied to surface science studiesof individual nanostructures

and catalyticsites on specially designed metal, semi-conducting, and metal-oxide
substrates. Since these sites are of nanometer dimension, the highest-resolution
instrument availablewas selected. |t usesinherently low-aberration magnetic

lens elementsto achieve the highest theoretical and practical resolution. The new
instrument will be combined with the ultrafast laser sources at the facility to study
femtosecond dynamical processes using unprecedentedspatial resolution.

High-Resolution Fourier Transform Spectrometer

A Bruker 125-high-resolution Fourier transform spectrometer wasinstalled in

August 2004 in the High-Resolution Infrared Spectroscopy L aboratory of the

Chemistry and Physicsof Complex Systems Facility. This spectrometer was

custom configured for an ultimate spectral resolutionof 0.0012 cm™! and can

cover a10 to 45,000 cm™ spectral region. Theinstrument boastsall digital

. electronics, with each detector equipped with its own analog digital converter for
improved performance. The spectrometer can be used with a host of accessories
for handling gas, liquid, and solid samples.

Future Direction

I n 2005, the Chemistry and Physicsof Complex Systems Facility will focuson
performing high-impact science and expanded i nstrument capability devel opment
~ to support research related to chemical transport and reactivity in the condensed
phase, molecular processes, aerosol characterization, and biological imaging. This
research will support the PN N L Biogeochemistry Scientific Grand Challenge as
. well asthe EM SL Scientific Grand Challenge in Membrane Biology.
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Facility Staff

Roy E. Gephart
Technical Lead
(509) 376-1421
roy.gephart@pnl.gov

Christine C. Montgomery
Administrative Secretary

(509) 376-9867

chri sti ne. nont goner y@nl . gov

Stephan E. Barlow
Chief Scientist
(509) 376-9051
se.barlow@pnl.gov

Kenneth M . Beck

Senior Research Scientist
(509) 376-9152
kenneth.beck@pnl.gov

"ThomasA. Blake

Senior Research Scientist
(509) 376-8974
ta.blake@pnl.gov

Key Staff

John L. Daschbach
Senior Research Scientist
(509) 376-2467
john.daschbach@pnl.gov

Gary Holtom

Chief Scientist

(509) 376-5331
gary.holtom@pnl.gov

MartinJ. ledema

Senior Research Scientist
(509) 376-6039
martin.iedema@pnl.gov

Alexander Laskin

Senior Research Scientist
(509) 376-8741
alexander.laskin@pnl.gov

Key staff, in addition to those listed above, include Alan Joly.
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Soft-Landing of Peptide lons on Self-
Assembled Monolaver Surfaces

J Alvarez,® RG Cooks,® JH Futrell,® SE Barlow,© andJ Laskin(®

(@ Purdue University, West L afayette, Indiana
(b) Pecific Northwest National Laboratory, Richland, Washington

(© W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

Soft-landing of ions on surfaces (deposition of intact ions) is a process

that occursin collision of low-energy ions (<10 eV) with carefully selected
semiconductivesurfaces. Soft-landing experiments have been reported for
small closed-shellions (Miller et al. 1997), oligo-nucleotides(Feng et al.
1999), and, most recently, for multiply protonated proteins (Ouyang et .
2003). Most of these experiments utilized self-assembled monolayer (SAM)



i®
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surfacesor liquid surfaces(Wu et a. 2000). SAM surfacesfacilitate efficient
dissipation of theinitial kinetic energy of theion, prevention neutralization by
charge reduction or proton transfer, and minimize ion-molecule reactions on
the surface.

Mass-sel ected peptide ions produced by electrospray ionization were deposited
onto fluorinated self-assembled monolayer (FSA M) surfaces by soft-landing
using a FT 1 CR mass spectrometer specially designed for studying interactions
of largeionswith surfaces. Analysisof the modified surfacewas performed

in situ by combining 2 keV Cs* SIMSwith FTICR detection of the sputtered
ions. Regardlessof theinitial charge state of the precursor ion, the SIM'S mass
spectraincluded asingly-protonated peptide ion, peptide fragment ions, and
peak characteristic of the surfacein all cases. 1n some experiments, multiply-

protonated peptide ionsand [M+Au]* ions were also observed upon SIMS
analysis of modified surfaces.

As previously reported for small organic ions, multiply-charged peptide ions
can retain charges (typically converting to singly charged ions) when deposited
into selected organic monolayer surfaces, such as SAM surfaces. The SAM
surfacesare effectivein reducing neutralization of the peptide ions by proton
transfer. Charge retention of soft-landed ionswas found to dramatically
increasetheion yieldsobtained during SIM S analysis. Wefound that a
significant number of soft-landed peptide ions retained their charge on the
surface even after its exposure to laboratory air, which allowed us to conduct ex
situ characterization of modified surfacesusing aTOF-SIM Sinstrument. 'The
comparison of TOF-SIM S spectra obtained from an FSAM surface modified
by soft-landing and a surfacewith the same amount of peptide deposited by
electrospray provided further support for the presence of preformed ions on the
former surface.

Wefurther explored the effect of the initial kinetic energy of the ion on soft-
landing by exposing the same surfaceto the ion beam of varying kinetic energy
for the same time duration to eliminate possiblevariations between different
surfaces. 'lhe buildup of the peptide signal was monitored as a function of time
(Figure 4-1). If the kinetic energy had no effect on the amount of peptide that
can be deposited onto an FSAM surface, we would expect to obtain alinear
increasein signal as afunction of time. The deviation-fromlinearity of the
plot shown in Figure 4-la suggeststhat the efficiency of soft-landing decreases
with collision energy. Indeed, the soft-landing efficiency obtained from the
first derivativeof the plot decreaseswith collision energy as shown in Figure
4-1b. 'lhis decreasecan be rationalized by the corresponding decrease in the
Langevin capture cross section shown as asolid linein the figure.

Citations

FenBB, DSWunschel, CD Massdon, L Pasa-Talic, and RD Smith. 1999. "Retrievel
o DNA Using Soft-Landing after Mass Andysishy ESI-FTICR for Enzymatic
Manipulation." Journal of the American Chemical Society 121:8961-8962.

Miller SA, H Luo, S] Pachuta, and RG Cooks. 1997. "Soft-Landingdf Polyatomic
lons & Fuorinated Saf-Assembled Monolayer Surfaces™ Sience275(5305):1447-1450.
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Ouyang Z, Z Takats, TA Blake B Gologan, AJ Guymon,JM Wiseman, JC Oliver, V]
Davisson, and RG Cooks. 2003. "Preparing Protein Microarraysby Soft-Landing of =
Mass-Sdected lons." Science 301(5638):1351-1354.
Wu K, MJledema, and JP Cowin. 2000. "lon Transportin Micdle-LikeFilms. Soft-
Landed lon Studies" Langmuir 16(9):4259-4265. -
b L Helium Diffusion through H;0 and D20 ~
3 08 wmlm . .
Pl AL s Amorphous Ice: The First Observation of a
e I I UV : ™~
bul /M J1 W™ | Lattice Inverse Isotope Effect
s of f & W
z M '," . f'? "F; \‘Lﬁ* % 1 JL Daschbach,@ GK Schenter,® P Ayotte,© RS Smith,® and BD Kay® =
w8 RN R N
60 70 80 90 10 110 (& W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Tomperatire {K) Washington
) (b) Pacific Northwest National Laboratory, Richland, Washington s
Figure 4-2. The temperature-
programmed desorption of (c) University of Sherbrooke, Sherbrooke, Quebec, Canada
helium-implanted amorphous
solid water [H20 (circles)and -
2D j(()), S@&am]z%popﬁ%mi'ttgrzo’ In general, if a heavier isotope is substituted for an atom directly involved in
of amorphous solid water. aprocess, the ratefor that process usually becomesdower. For example, in a
The lines through the data for reaction that involvesthe breaking of a bond containing a hydrogen atom, the ™
Arrhenius fits using a kinetic substitution of deuterium will normally result in adecreasein the reaction rate.
hopping model. The data clearly . L . N
show that helium diffuses more Thus, through aseries of selective isotopic substitutions, one can learn about
rapidly through D20 than H0. the microscopicdetails of achemical reaction. The decreasein the rateis the -
result of alower zero-point energy in the reactant well of the heavier isotope.
A lowering of the zero-point energy means alarger energy barrier to reach the
transition state and thus alower rate. -
Recently, researchersfound that the diffusion rate of helium through amorphous
solid water is strongly dependent on the isotopic composition of the amorphous
solid weter lattice (Figure4-2). Further, the lattice isotopeeffect isthe "inverse” s
of anormal isotope effect, in that diffusionisfaster in the heavier (D,O) isotope
lattice. Thisisthe first observation of an isotope effect for diffusionin asolid
where the isotopic mass change occursin the nominally static lattice. The .
explanationfor thisinverseisotope effect comesfrom transition state theory used
S to calculate the diffusion rate of helium between theice-likecages. While the
_EJ helium/D;O system lattice does have alower zero-point energy in the reactant -
A well (heliumin anice-likecage), there is agreater lowering of the zero-point =
; energy at the transition state (helium in a hexagonal water ring), and the net
o resultis an overall lower barrier for helium diffusionin D,O thanin H,O. This o
q>,| effect, termed a"tight" transition state, iswell known for the inverse primary
_': isotope effect observed in hydrogen/deuterium diffusionin palladium and in
8 crystallineice (Figure 4-3). -
g In both of these cases, the isotope effect is due to changesin the mass of the
diffusing species. I n the present case, the isotope effect arises predominantly
-
-
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from vibrational zeropoint energy differencesassociated with the frustrated
- rotational modes of the H20 (D>O) moleculescomprising the water lattice.
- 'I'he magnitude of the secondary isotope effect is a sensitive probe of angular
anisotropies in the helium-water interaction potential, and the experimental data
" provide an excellent test of the accuracy of the water/water and helium/water
potentials.
L
Citation
B DaschbachJL, GK Schenter, P Ayotte, RS Smith, and BD Kay. 2004. "Helium
Diffusion through H20 and D20 Amorphouslce Observation of aL attice Inverse
- |sotope Effect.” Physical Review Letters92(19):198306.
-4
_ Radiation Induced Genomic Instability
“ and Non-Targeted Bystander Effects
- Induced by the Electron Microbeam
]
M Sowa Resat® and WF Morgan(®
.
(d W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
- Washington
~ (b) University of Maryland, School of Medicine, Baltimore, Maryland
)
= Ionizing radiation induces many forms of DN A damage, both directly by
energy absorption and indirectly by producing highly reactivefree radicals. In
- recent years, it has become evident that radiation also induces delayed genomic
instability, defined as an increased rate of genetic alterations in the genome of
» progeny of irradiated cells multiple generations after theinitial insult. Delayed
o effects include chromosomal rearrangements and aberrations (chromosomal
instability), micronuclei, gene mutations, microsatellite instability, changesin
al ploidy, and decreased plating efficiency. Many of these effects appear to be
o mediated by nontargeted effects occurring in cellsthat were not traversed by an
ionizing particle.
| | lonizing radiation initiates the instability phenotype either directly by hitting
- thetarget cell or indirectly viathe secretion of solublefactors or cell-to-cell gap
_ junction-mediated communication from an irradiated cell to a nonirradiated
cell (Figure4-4). Onceinitiated instability can manifest in the progeny of that
o cell during clonal expansion and is measured by multiple endpoints. Cell clones
showing induced instability can also exhibit persistently elevated levels of reactive
1] oxygen species, which in turn can stimulate changes in gene expression and/or
) protein/enzyme levels. 'lhe combination of increased reactive oxygen speciesand
subsequent altered cellular homeostasis provide protracted stimuli perpetuating
~ instability over time. Some unstable clones also generate soluble cytotoxic factors
1 such that media from unstable clonesis|ethal when transferred to nonirradiated
cells. 'lhis " Death Inducing Effect” resultsin the induction of DN A double
" strand cleavage rapidly after transfer to recipient cells, leading to chromosome
L
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Radiation
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Increased cell killing ~
(apoptosis)

v
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Multiple subpopulations of genomicall

Figure 4-4. Schematic
representationof radiation
induced genomic instability.
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changes, micronuclei formation, and ultimately cell death. The

majority of exposed cellsdie by apoptosisthat might result in

lytic products from these dead and dying cells, contributing to

the Death Inducing Effect and perpetuating instability over time.
The end result is a heterogeneous population of cells containing
multiple genomically rearranged subpopulations resulting from
clonal expansion of aradiation-initiated cell. The phenotypes of
radiation-induced genomic instability are similar to those described
for tumor cells.

Investigating potentially rare events, such asinduced instability

occurring in cells that have survived exposureto ionizing radiation,
demands an assay technique that can rapidly and reliably screen very large
numbers of cells. We have developed such an assay that uses agreen fluorescence
protein (GFP)-based homologous recombination substrate. A plasmid vector,
pCMV-EGFP2Xho, which carriestwo GFP direct repeatsislinked to an SV40
promoter-driven neo gene. One copy of GFP, drivenby aCM YV promoter, was
inactivated by a+5 frame-shift mutation that created an X4ol site; the second
copy had awild-type coding sequence but lacked a promoter (Figure4-5). This
plasmid was transfected into human RK O cdlls (p53*/%).

GFP" cédllscan be converted to GFP* directly by radiation-induced homologous
recombination, in which case all cellswithin acolony would be GFP+. Similarly,
pre-existing GFP* cells, if unchanged, will producea GFP* colony, or they can
be convertedto GF P by avariety of processes, including point mutageness,

or induction of small- or large-scale deletions. 'These uniform GFP* or GFP~
coloniesreflect astable GFP substrate. However, if radiation induces delayed
instability at the GFP substrate, thiswill be reflected as mixed GFP*/~ colonies.

We are currently using this GFP-based assay to investigate potential
nontargeted, bystander-likeeffects aswell aslow-doseirradiation using EMSL's
electron microbeam. Wewill compareinduced instability as measured with the
GFP reporter construct with our well-establishedbaseline data for instability
observed cytogenetically.

Toward the Solution Synthesis of the
Tetrahedral Auyg Cluster

HF Zhang,®b) M Stender,® R Zhang,© C Wang,© JLi,© and LS Wang(b)
() Washington State University-Tri-Cities, Richland, Washington
(b) Pacific Northwest National Laboratory, Richland, Washington

(9 W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

"Thediscovery of C60 in the gas phase and its subsequent bulk synthesis provide
classical inspiration and a prototypical example. However, it is generally believed
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that few other stable gaseousclusters may be assembled into bulk materials
because of cluster-cluster interactionsleading to agglomeration. Indeed, no

o cluster-assembled materials have been synthesized on the basis of stable gaseous
clustersother than the fullerenes, despiteintensive experimental and theoretical

=~ efforts.

ad Recently, we reported that a20-atom gold cluster possessesatetrahedral (Tg)
structure with aremarkably large highest occupied molecular orbital-lowest

| unoccupied molecular orbital energy gap, suggesting that it would be highly

- chemically inert and may have novel optical and catalytic properties(Li et al.
2003).

Here, we report the observation of the tetrahedral Auzo cluster in solution,
ligated with triphenyl phosphine (PPh;) ligands, and its confirmation by
- theoretical calculations. The current work presents a successful synthetic effort
directly guided and motivated by agas-phaseobservation, validating the gas-
phase-to-condensed- phase approach for the discovery of cluster-assembled
nanomeaterials.

. . Figure 4-6. HRTEM image of
w Because of potential cluster-cluster agglomeration, Auzy must also be protected tr{g‘gynmesized gold-phgsphine

by ligandsin order to be used as abuilding block for cluster-assembled materials. nanoparticles. The arrow points

B T o maintain the unique structural and electronic propertiesof the Ty Auazo, the

ligands must be carefully chosen. "Thiol ligands strongly interact chemically
with gold and would alter the electronic structure of the Tq Auzo. Preliminary
theoretical calculationsrevealed that the Auzo(PR3)4 (R = H, Ph) complexes
indeed possess high stability. The high-resolution transmissionelectron
microscopy (HRTEM) imagein Figure 4-6 showsthat the soluble samples
contained gold nanoparticleswith diametersaslarge as 3 nm, but the majority
of the particles have diameters of lessthan 1. nm. We further characterized the
sample using a high-resolution FT1 CR mass spectrometer, which was accurately
calibrated and equipped with an electrospray ionization source. A careful
examination of the mass spectrum reveaed doubly charged ions corresponding
to Auyo clusterswith eight and seven PPh; ligands. To obtain structural
information for the Auzo(PPh;3)s?* cluster, we conducted collision-induced
dissociationexperimentsin the FTICR cell. 'Theseresults, shown in Figure
4-7, suggest that the tetrahedral core of Auy isintact in the PPhs-coordinated
clusters. Thisis consistentwith our initial expectation and calculationthat the
four apex sites of Auy are the most reactivesites that bind strongly to the four
PPh; ligands.

"Thecurrent experimental and theoretical results suggest that Ty Auzo clusters
coordinated with phosphineligands may be obtained in bulk quantity. Itis
expected that by increasing the size of the ligands, one can synthesizethe Tg
Auy clusterswith only the four apex sites coordinated. "These clusters may be
promising catalysts with the highest surface area and well-defined surface sites.

These exciting results are featured in and on a recent cover of theJournal 6

fysicd Gemstry B (Figure 4-8).

to one possible Auyp cluster.

Rolative intensity

Figure 4-7. Collision-induced
dissociation of Auzg(PPh3)g2™.
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Figure 4-8. This research was
featured on the cover of the
journal of Physical Chemistry B.
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Citations

LiJ, X Li, HJ Zhai, and LSWang. 2003. “Auzo: ATetrahedra Cluster." Sience
299(5608):864-867.

Zhang HF, M Stender, R Zhang, C Wang,J Li, and LSWang. 2004. "Toward the
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Laser Control of Product Electronic State:
Desorption from Alkali Halides

KM Beck,® AG Joly,® NF Dupuis,© P Perozzo,d WP Hess,® PV Sushko,®
and AL Shluger(®

(& W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

(b) Pacific Northwest National Laboratory, Richland, Washington
(©) University of California, Santa Barbara, California

(d) Mary Baldwin College, Staunton, Virginia

(e) University College London, United Kingdom

I't has been demonstrated that surface selective laser excitation and ultrasensitive
atomic desorption techniques can be used to study the behavior of electronically
excited alkali halide surfaces (Hesset al. 2002; Joly et al. 2003). A sequence

of photo-induced processes involving the excitation, self-trapping, and
decomposition of surface excitons produces surface F centers (halogen vacancies
that trap an electron) and desorbed hyperthermal halogen atoms. Further, the
decomposition of the surface exciton leadsto desorption of a mixture of ground-
and spin-orbit excited halogen atoms.

'Ihrough our experimental and theoretical collaborative effort, we have
determined that, if the values of the surface exciton energy and the halogen
spin-orbit splitting are known, the halogen atom electronic state distribution and
yield could be controlled using tunable laser excitation. For KC1, we found that,
by tuning the excitation laser photon energy across the absorption threshold,

the relative CI* yield could be made to vary from near zero to 80 percent, thus
dramatically confirming the exciton model and our laser control approach. A
similarly large range also was obtained for NaCl. W e achieved these results by
determining and exploiting the shift between surface and bulk exciton bands and
by using photon energies less than those necessary to produce significant bulk
absorption or reaction.

Figure 4-9is aschematic diagram of bulk and surface energy levels.
Significantly, the spin-orbit splittingin alkali chloridesissmall (AE ~ 0.1eV)
so both the I's2 and I'y/; exciton states are located within the lowest absorption




feature at room temperature (Figure 4-9a). Furthermore, in comparison, the
shift between the surface and bulk excitonislarge (> 0.5 V). 'Thesetwo factors
constitute the requirements for laser control over the halogen atom electronic
state distribution.

The Cl and CI* velocity profiles, from a NaCl (100) surface at room temperature
irradiated at 7.5 eV, are shown in Figure 4-10. To generate the velocity profile,
the Cl-atom yield is plotted as afunction of the delay between pump and probe
lasers. 'The velocity profiles can then be converted to kinetic energy distributions
by applying the appropriate Jacobian transform (Figure 4-10, bottom graph)
(Beck et al. 2001).

Figure 4-11 (top graph) displays relative spin-orbit yields measured for room
temperature KCl, as afunction of photon energy, and Figure 4-11 (bottom
graph) showsthe available datafor KI. One can clearly see astrong differencein
behavior between the chlorides and the larger Z halides.

W e also have successfully measured the hyperthermal atomic emissionfrom
hydrothermally grown CaCl; crystals and KBr powders, so these results are not
confined to alkali halide singlecrystals. Our model and technique appear to be
as genera as hyperthermal emission due to surface exciton decay.

Citations

Beck KM, AG Joly, and WP Hess. 2001. "Evidencefor the Surface Excitonin KBr
Via Laser Desorption." Physical Review B 63(12):125423, 1-6.
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High-Resolution Infrared Spectroscopy and
Molecular Structure of Sulfur Trioxide:

The v; and 2v; Bands of 32q16y3» 32618(),
3451603’ and 3451803
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Figure 4-10. Top: Velocity
profiles for Cl and CI*
following irradiation of room
temperature NaCl at 75

€V. Bottom: Kinetic energy
distributions for Cl and CI*.
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Figure 4-11. The relative CI*
yield, ®CI* =100 x [C1*¥]/
([CI]+[CI*}), for NaCl. Left: The
relative hyperthermal I*. Right:
The relative Br* and I* yield
ranges from near zero to <15
percent from KBr and K.
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Figure 4-12. High-resolution
infrared spectra corresponding
to various v3 fundamental
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During the past severd years, we have been engaged i n a comprehensive study

of the high-resolution spectroscopy of SOs, including all four symmetric top
isotopomers formed by 325, 345, 160, and 18O (Chrysostom et al. 2001; M aki

et al. 2001; Barber et a. 2002; Barber et a. 2003a; Barber et al. 2003b). The
initial work focused on the god of resolvingthe rotational fine structure of the vi
Q-branch coherent anti-Stoke Raman scattering (CARS) spectrum of 3251603
at an instrumental resolution of 0.001 cm™ (Chrysostom et al. 2001). This
attempt wasonly partially successful, in that the K- but not the J-structure was
resolved. More interesting, however, was the observed splitting of the Q-branch.
Thissplitting wasinitially attributed to a Fermi resonance interaction between
the vi and 2v;4 vibrational levels but, even with the inclusion of the somewhat
more remote2v; level, it wasfound to be impossibleto reproduce the details

of the observed spectrum without resorting to moreinfrared measurements.

An andysis of the high-resolution (from 0.0015 cm™ to 0.0025 cm™) infrared
spectrum of the hot band transitionsfrom the v, and v4 levels to the states 2v»
@L=0),v2 +v4 (1= 1), and 2v4 (1 = 0, +2) wasfound to be necessary since these
levels strongly interact via Fermi resonance and indirect Coriolisinteractions
with thev: levels. The molecular parametersthat resulted from this work
enabled the simulation of thev; CARS spectrum with a near-perfect match with
the observed one (Barber et al. 2002). In addition, the high-resolutioninfrared
spectraof the v, vs, va, and 2v; bands of 3251603 (M aki et al. 2001) have been
presented and, most recently, for 3451605 the v, and v, bands have been analyzed
(Barber et a. 2003a) and the interaction of combination and overtonelevels of v,
and v4 with thev; state has been evaluated (Barber et a. 2003b).

Our most recent results (Sharpe et a. 2003) present asystematicstudy of the vs
and 2v; infrared bands of the four symmetric top i sotopomers3251¢Q;3, 3451603,
3251803, and 345180;. The observed v; and 2vs bands are shown in Figures 4-12
and 4-13, respectively, for the four isotopomers. Aninternal coupling between
thel=0 (A1) and /= £2 (E) levels of the 2v; stateswas observed. Thissmall
perturbation resultsin alevel crossing between |£-/|= 9 and 12, in consequence
of which the band origins of the A", | = 0 dark states could be determined to a
high degree of accuracy. For example, the parent isotopic species, 3251603, vy (1
= +2) = 2777.87142(7) cm! and vy (1 = 0) = 2766.405(17) cm1 for the 2v; state
and vo = 1391.52025(3) cm™! for the v; state. The paper reports ground- and
upper-staterotational, centrifugal distortion, and Coriolis coupling constants
for the four isotopomers. The vibrational anharmonicity constants (yB3; +y33B),
(€33 +¥33C), 133, and x33 are also reported. The spectroscopic constants for the
center-of -masssubstituted species32S160; and 3451603 vary only dightly, as

do the constantsfor the 3251803, 3451805 pair. The S-O bond lengths for the
vibrational ground states of the species 3251603, 3451603, 3251803 and 3451803,
are, respectively, 141.98199(1), 141.979 38(6), 141.972 78(8), and 141.969 93(8)
pm, where the uncertainties, given in parentheses, are two standard deviations
and refer to the last digits of the associated quantity.

.
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Using the CARS facility at Oregon State University and the high-resolution

Fourier transform infrared spectrometer at EM SL, we have been able to extract

- extraordinary spectroscopic detail from sulfur trioxide, making this the most
thoroughly understood nonlinear polyatomic molecule.

|
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Despite the enormous activity involving live-cell imaging using fluorescent =
| | materials and the continuing improvements in methods and instrumentation, -g_
iw anumber of characteristic problemsremain that limit the quality of g
three-dimensional images in long-duration imaging. These problems are -
in fundamentally related to the physics of the organic chromophoresthat are §
) usually employed, and appear in theimages as photobleaching or photo-induced =
damage to the cells. T o resolvethese problems, we areinvestigating several o
"
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Figure 4-14. 5. oneidensis bacte-
ria, labeled with green-fluorescent
protein, are imaged by two-pho-
ton fluorescence (green channel).
The red channel isa CARS image
of hydrous ferric oxide. Thisim-
age slice shows the bottom of a
large hydrous ferric-oxide particle
with the bacteria growing in a
thin layer between the material
and the glass cover slip.

Figure 4-15. ZnO micropar-
ticles placed on a cover slip.
The image at the upper left
shows green fluorescence, and
the image at the upper right is
the CARS signal. The lower-left
image is a bright field image
and the lower-right image is a
composite. A 5-y scale bar is
shown, along with a vertical
reference.
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technol ogiesinvolving multiphoton microscopy methods, including CARS and
two- and three-photon excitation of fluorescence. Metal oxides, in theform

of submicron particles (microscale) or sub-100-nm particles (nanoscale), are
resistant to photobleachingbut require engineering to avoid particle aggregation,
and these nonfluorescent species require new nonlinear optical methods for
detection. But severa metal oxides, particularly several forms of iron oxide, have
specia relevanceto bacterial growth, especially in anaerobic conditions.

We are particularly interested in the role of iron oxidesin anaerobic metabolism
of Shewanella oneidends an organism capable of reducing metal oxides. 'This
capability potentially could be used to stabilizetoxic or radioactivesoluble oxides
in the aqueous subsurface, thereby rendering them insolubleand reducing their
hazard. A number of imaging technologies can be used, with various resolutions,
but in general, there is a need for a high-sensitivity, high-resolution method that
can be used to image live bacterial cultures. An exampleof theimage quality
that can be obtained quickly (a few seconds per high-resolution image dice) is
given in Figure 4-14, which shows the simultaneousimaging of fluorescent-
labeled S oneidensisand the ferric-oxide substrate. Optical imagescan be
produced in closed optical cellsto control oxygen levels, with controlled flow and
nutrient characteristics, for long time durations.

The materials science community has been interested in the nonlinear optical
‘propertiesof iron oxides for at least the last decade, although the measurements
involvedifferent detection techniquesother than the CARS method (Hashimoto
et a. 1996). The nonlinear optical susceptibility X®) is the largest of all
inorganic oxides reported to date, although other metal oxides have properties
that are useful and may be valuable for bio-imaging.

Another metal oxide of interest is ZnO, an n-type semiconductor analogous to
the II-VI materials used in quantum dots, such as CdS. The relationship between
the fluorescence propertiesand sizes of these materials are widely known in
guantum dot studies (Parak et a. 2003), and the sensitivity of the fluorescence
to thelocal environment is widely considered to be a problem that can be

solved through engineering. We are more interested in using the fluorescence
propertiesof ZnQO as aprobe of the local environment, particularly to report the
concentrationsof small chemical speciessuch as nutrients and metabolitesthat
are not visibledirectly, but which play an important rolein the devel opment of
biofilms. An exampleof the imaging capabilityis shownin Figure 4-15.
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Laboratory Studies of Atmospheric
Processing of Sea Salt

B Finlayson-Pitts,® A Laskin,® D Gaspar,® and JP Cowin(

(@ University of California, Irvine, Caifornia

(b) W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
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Heterogeneous chemistry of atmospheric aerosol affectsboth the gas-phase
chemical balance of the atmosphere and the physicochemical properties of
individual particles. Changesin the propertiesof individual particles, such as
size, shape, composition, and hygroscopicity, will alter aerosol optical properties
and thus may impact the Earth's climate.

A team of researchersfrom EM SL and the University of California at Irvine
(Figure 4-16) has examined how sea salt particlesoverwhelmingly dominate the
aerosol composition in the marine boundary layer in remote and coastal urban
regions. The waysin which sea salt aerosol impact atmospheric processes such as
climate forcing, heterogeneous atmosphericchemistry, and cloud formation are
of particular interest in atmosphericscience.

Previous studies (Knipping et a. 2000) of the reaction of deliquesced sodium
chloride particleswith hydroxyl freeradicas (a mgor atmoépheric oxidant)
showed that the Cl; generated was far greater than that expected from

uptake of OH into the particlesand oxidation of chlorideionsin the bulk
liquid. A reactionof OH with CI at the air-water interface as a key part of

the mechanism was proposed to explain that observation. However, direct
measurements to detect changes of the particle composition were not performed
in those experiments.

The project at EM SL investigates experimentally the mechanisms of the
reactionsof sodium chloridewith O3 and OH. Thiswork uses EMSL's state-of -
the-art CCSEM/EDX and TOF-SIM S analytical techniquesto searchfor the
production of NaOH in individual particles, which presumably should be formed
viathe proposed air-water interface mechanism. Initial experimentshave been
completed and more experimentsand analysisis ongoing.

The SEM imagesin Figure 4-17 are of sodium chloride particles before and
after exposureto OH radicals. Formation of the reaction product recrystallized
on the particle surface can be easily seen. It is believed that additional
experiments (currently underway) using CCSEM/EDX and TOF-SIM S
techniques would allow determination of elemental and molecular composition
of the reaction product.

ENVIRONMENTAL MOLECULAR SCIENCES LABORATORY

Figure 4-16. Barbara Finlayson-
Pitts (left), University of California
at Irvine, worked with EMSL
researchersAlex Laskin (center)
and Dan Gaspar (right) to
understand the heterogeneous
chemistry of sea salt at the single
particle level.

Figure 4-17. SEM images of
sodium chloride particles
exposed to ~107% molecules/
cm3 OH at 80 percent relative
humidity: before exposure
(upper panel) and after
exposure (lower panel)
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Strontium Migration and Co-precipitation
at Columbia Basin Basalt/Caliche
Interfacial Regions
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Carbonate minerals are componentsin the soil and vadose zone of severd
DOE sites, such asthe Hanford Sitein Richland, Washington. Because they
can form rapidly and are highly reactive, carbonates may be extremely effective
in attenuating transport of toxic metalsand radionuclidesby severa uptake

Figure4-18. The x-ray mechanisms, including co-precipitationand adsorption. |n contrast to the
microprobe technique used here tive behavior sh hvdroxid dd ineral ti tak
allows the direct fluorescence SorP s avior shown by many e llent ear? =2/ m”?er S_’ S0 l\_/e e
mapping of CaZf constituents of dissolved metalsonto calcite usualy resultsin co-precipitation. This has
at the basalt/caliche interface important implicationsfor the long-term retention of contaminants, since metal
over the 820- 350- micron species are incorporated into the bulk, rather than solely at the surface of the
region above. Sample stepping . L . .
size was maintained at 2.0 crystal, and bulk dissolutionis necessary for their re-releaseto fluids.
microns over this 19-hour scan. ) o )
Concentrationsrange from black "Throughout the vadose zone of the Hanford Site, which isdominated by
(min.) to white (max.). siliciclastic sediments, pedogenic calcification has resulted in the extensive
occurrenceof carbonate as coatings on grains, as disseminated particles, and
as thick and extensive, buried calichelayers (Slate1996). Where carbonate
Y coatingsexist, they arelikely to be moreimportant than the substrate grains
= in controlling uptake of contaminants. Release of highly alkalinity tank waste
g into the vadose zone, combined with agenerally low soil moisture content,
" is expected to promote periodic precipitation of calcium carbonate, and high
> pH conditions shou so favor sorption on existing calcite. Preliminary
3 H conditions should also f t sting calcite. Prel
'5 characterization of the caliche underlying a tank wastelocation at the Hanford
oz Siteindicates that *9Sr2+ radionuclides are strongly associated with calcite.
-
8 A variety of co-precipitation studies have been conducted for divalent metal
5 specieswith calciteand aragonite, with many corresponding to seawater
< chemistry conditions. Principal trends have been reviewed by Mucci and
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Morse (1990) and Rimstidt et al. (1998). A significant observation is that
transition and post-transition metals (divalent cobalt, zinc, manganese, iron, and
cadmium) typically show highly compatible incorporation behavior for calcite
(i.e., K>1), whereas alkaline earth metals (divalent magnesium, strontium,

and barium) areincompatible (K<1). Thereis, however, avery significant
finding among the co-precipitation studies that have assessed the influence of
crystallization rate on uptake behavior; specificaly, incompatibility diminishes
with increasing growth rate (e.g., Lorens 1981; Morse and Bender 1990).
Consequently, under conditions of rapid growth, such as might be expected in
the soil and vadose zone as aresult of periodic wetting and drying, uptake of
incompatible (aswell as compatible) contaminant species by co-precipitation
may be significant for calcite.

' he companion synchrotron-based techniques microx-ray fluorescence (sometimes
called x-ray microprobe) and micro-x-ray absorption spectroscopy, which offer
micron-scale element mapping combined with x-ray absorption spectroscopy, are
ideally suited for determining spatial heterogeneity of contaminants on natural
sampleswith variouslevelsof information about speciation.

Naturally occurring strontium near the basalt/caliche interfacial region affords
an opportunity to investigate how divalent metal leaching and co-precipitation
may occur within the calichelayer. Our primary focusis the heterogeneity of
contaminant uptake and retention on natural caliche and coatings from Hanford
Site samples.

Extensive fluorescence mapping hasindicated (asshown in Figures 4-18

and 4-19) that the primary characteristic found in the caliche overlayer isa
heterogeneous strontium content with calcium. A co-precipitation process that
could account for natural strontium migration and incorporation in"Hanford
formation" basalt depositsis consistent with these findings.

Carbonate minerals (particularly calcite) are important componentsin the soil.

I n contrast to the sorptive behavior shown by many oxide and clay minerals,
sorptive uptake of dissolved metals onto calcite usually resultsin co-precipitation.
Extensive mapping of natural strontium deposits near the basalt/caliche
interface viax-ray microprobeindicates hetergeneous calcium and strontium
concentrations-"wherethere is calcium, there is strontium." This implies a co-
precipitation mechanism for natural strontium migration and incorporation in
caliche. Since metal species areincorporated into the bulk, rather than solely

at the surface of the crystal, this hasimportant implications for the long-term
retention of contaminants. Uptake of incompatible divalent contaminant species
by co-precipitation appears to be significant for calcite.
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Figure 4-19. The fluorescence
signal of Sr2* was gathered
simultaneously over the same
region as in Figure 4-18. The
heterogeneous nature of

the calcium and strontium
fluorescence signals apparent
in these extensive images may
be evidence of co-precipitation.
Concentrations range from black
(min.) to white (max.).
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Figure 4-20. Soft-landing ions.
At the left, ions are deposited
at 1 eV onto prepared cryogenic
films of glassy organic, water,

or mixed/composite films. At
right, thermal and field-induced
ion motion is followed via work
function changes A¢ as the film
is warmed. A¢ scales as the
average ion height in the film.
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Figure 4-21. Proton orderingat
interfaces. The left panel shows
a square two-dimensional lattice
cartoon of ice on a substrate,
where a strong substrate-water
interaction propagates water
alignment throughout the

bulk film. At right is the more
realistic situation, where the
second-layer defects permit no
bulk alignment.
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Soft-Landed lon Study of Water
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Water is one of our most fundamentally important materials. We created a
unique soft-landing ion sourcewith ionic processesin water as a mgjor goal.

One obvioustarget was proton transport in water ices. | n the processof our
studies, we also set out to confirm some fundamental properties of water ices
(crystalline or amorphous) that standard monographs on water suggest are well
understood. Wefound our studies gave some significant surprises, forcing re-
assessment of some basic water properties. Resultsin recent past yearsinclude

1) theimmobility of protonsin crystalline water ice (failure of the Grotthus
tunneling mechanism); 2) proton-ordered water ice; 3) field-dependent motion of
D-defectsin water ice; and 4) dielectric relaxation in amorphousice. The newest
two results are discussed below.

The soft-landing ion sourceis a unique, very-low-energy ion beam that produces
mass-sel ected, aqueous-type molecular ions at 1 V. ‘This"chemist's ion beam”
can gently land ionson or in solvent filmsto recreateionic interfaces with
unprecedented control, and was built in collaboration with Professor Barney
Ellison at the University of Colorado, Boulder.

Applications of the soft-landing ion beam typically follow the approach seen

in Figure 4-20. Composite solvent films of thickness from afew to thousands
of monolayersthick arefirst grown atemperatures too low for solvent diffusion
to occur. Then ions are deposited, and more solvent can then be added. Upon
warming, the ions can move by their attraction to the substrate due to their
collectivefield and ion mobility.

Proton Orderingat the Water-Metal | nterface

Water icein itsfamiliar form (Icel, either hexagonal or cubic) iswell ordered,
both with respect to the oxygen positionsand in that all hydrogens are
hydrogen-bonded to the oxygen of neighboring molecules, as schematically
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shownin Figure 4-21. But thisstill alowsan infinity of water dipole orientation
patterns. 'lhus, iceis normally proton-disordered, even at 0 K, dueto the
sluggish ability of the molecules to re-orient. Note from Figure 4-21that if a
strong preferencefor hydrogen up (or down) occurs at either interface, onewould
expect this to align the entire growing bulk film, as has been claimed by the
groups of Somorjai and Shen (U. Cal. Berkeley), and Toennies (Max Planck,
Gottingen). Our recent work examined thisissue, and our contradiction of

their conclusionswas featured in arecent Nature”Newsand Views' (Bramwell
1999). Our most recent work used careful measurementsof the work function
change (without ions added) to give the net molecular dipolealignment in each
monolayer of the ice from the first through thousands. We confirmed recent
theoretical work by Witek and Buch (1999), which concludesthat the hydrogen
bonding rules are broken in the second water layer (Figure 4-21), permitting
equal amounts of up/down hydrogens. Only afeeble alignment tendency of the
vacuum interfaceto orient the hydrogens down persists after the third monolayer
(2to 0 percent, dependingon T).

Amorphous \Nater: Liquid Above 135 K?

M uch controversy surrounds amorphouswater, in the struggle to reconcile
diverging propertiesof supercooled water above 240 K, and amorphousice
from 135 K through its crystallization near 157 K. The glass temperature of
amorphouswater has usually been identified as 135 K. We used ion mobility

as a probe of any liquid-like nature of amorphouswater above 135 K, and also
Krdiffusionin thewater. Figure 4-22 showsdatafor an amorphouswater film
at one of many conditions of field strength and film thickness. Wefound no
evidencefor any ion mobility that would be expected for liquid water above
135 K. Kr diffusion aso showed no evidencefor liquid-like diffusion above 135
K, thoughit did offer evidencefor lateral surface diffusion of water on water,
commencing aslow as 80 K. W e propose a new picture of amorphouswater: We
identify 228 K as the true glass temperature of amorphouswater, and 135 K as
a proton disordering temperature. This reconcilesthe propertiesof supercooled
and amorphouswater in asimple way.
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Figure 4-22. Amorphous

waterlhydronium ion. 1000

monolayers of amorphous

200 220

water ice was annealed to 125

K during hydronium ion dosing.
Shown is the subsequent film
voltage (descendingcurve)as T
isincreased at 0.2 K/s. Voltage
changes due to dielectric constant
changes are seen at 130 and 160
K and, due to film desorption,
near 190 K. The other curve
shows water vaporization rate

and crystallization, which is

complete by 157 K.
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41.2
Environmental Spectroscopy and
Biogeochemistry Facility

"The Environmental Spectroscopy and Biogeochemistry Facility focuseson
environmental molecular science and applicationof the fundamental concepts of
physical chemistry to the study of chemical reactionsin heterogeneous natural
materials, with an emphasis on soil and subsurfacesystems. Facility staff, along
with other PNNL staff, form a multidisciplinary research team with expertise
in chemistry, mineral physics, geochemistry, soil chemistry, microbiology,
hydrology, and environmental engineering.

Representative Research Activities

Researchin the Environmental Spectroscopy and Biogeochemistry Facility
involves material s characterization, aqueous- and solid-phase speciation and

Multifluid flow and transport reaction/kinetic measurements, analytical environmental chemistry, molecular
cell in EMSL's Environmental and and thermodynamic geochemical process modeling, and intermediate-scale
SRR AL reactive-transport studies. Representativeresearchincludes

Research Capabilities

* Laser-induced time-resolved fluorescence spectroscopy and imaging
spectromicroscopy, fluorescencelifetime measurement, laser photoacoustic

spectroscopy, infrared-Raman spectroscopy/microscopy, and avariety of lasers
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* Near-mid-far Fourier-transforminfrared spectrometer/microscope
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* Mossbauer and EPR spectrometers

* Scanning tunneling and atomic force microscopes
* Multifluid flow/transport cells

* Geochemistry molecular modeling software

* General analytical equipment.

Recent Upgrades

PressureMonitoring Flow Cell

A pressure monitoring flow cell was designed and constructed for usein the
Environmental Spectroscopy and Biogeochemisty Facility's Subsurface Flow
and Transport Experimental Laboratory. The cell is equipped with severa
monometer ports to measure the buildup of gas pressure. Initial experiments
performed with this new instrument will examinethe fate and transport of
nitrogen gas produced in siz» by indigenous nitrate-reducing organisms.

M ossbauer Laboratory

'l'he Mossbauer L aboratory was rearranged to eliminate the possibility of creating
magnetic field effects when a future applied-field M ossbauer spectrometer is
installed in the proximity of existing spectrometers. To facilitatelaboratory
rearrangement, two cryostats, along with electronics, sources, computers, and
data acquisition systems, were ordered and installed; framing systemsfor all

the M ossbauer spectrometerswere designed and installed; and framing and
shielding were optimized to alow for installation of permanent radiation
shielding. 'Ihe laboratory now contains four M ossbauer spectrometers: one
room-temperatureinstrument, two 4.2-K instruments, and one 10-K instrument.
'Ihe new cryostatsallow variabletemperature studies to be performed aslow as
4.2 K, whichiscritical to characterizing speciation, mineralogy, and magnetic
properties of iron-containing nanoparticles.

Optical Microsoope

A Nikon TE-2000U inverted optical microscopewas purchased and integrated
with a SpectraPhysics MOPO-730 nanosecond laser system and an Acton-
Research MicroSpec 2156i spectrograph fitted with a Roper Scientific Research
intensified charge coupled device detector. Currently, thissystemin the
Environmental Spectroscopy Laboratory is being tested for cryogenicfluorescence
studies of heavy metal radionuclides, such as uranium, europium, and curium,
which are present in contaminated sedimentsat the Hanford Sitein Richland,
Washington. 'l his optical microscopesystem can potentially be used to perform
time-resol ved fluorescenceimaging and to subsequently acquire time-resolved
fluorescence spectra of specificareas of interest on the fluorescenceimage.

Ultrafast Laser

A picosecond diode-pumped Nd:YAG laser wasinstalled at the Environmental
Spectroscopy Laboratory. Thelaser providesan output of 2 watts of 532-nm pulses

The pressure monitoring flow
cell has several monometer
ports to measure the build-up
of gas pressures.
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small-scale flow cell. A water
soluble dye (green) tracer test
was conducted to evaluate the
horizontal flow field of the
newest intermediate scale flow
cell in EMSL's Subsurface Flow
and Transport Laboratory. The
flow cell was packed with two
zonesthat have lower hydraulic
conductivities to demonstrate
how the water will wrap around
or bypass the regions of lower
conductivity. Asthe solution
flowed from left to right, the dye
moved faster in courser sand
and slower in the two different
finer sands.
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at arepetition rate of 76 M H z and apulsewidth of 12 psec. The output can be used

to synchronoudly pump a cavity-dumped dye-laser, providingtunable picosecond e
pulsesin the visble (560to 760 nm) and near-ultraviolet (280 to 380 nm) regions

through second harmonicgeneration. This |aser combination can be used to

measure luminescence lifetimes by couplingwith either the Hamamatsu streak -
camera (providingatime resolution of approximately 10 psec) or the time-correlated

single photon counting system (providingatime resolution of approximately

50 psec). Current experimentsusing thislaser system involve measuringthe
fluorescencelifetimesof doped inorganic nanoparticles.

Future Direction

I n 2005, the Environmental Spectroscopy and Biogeochemistry Facility will

participatein the new EM SL Biogeochemistry Scientific Grand Challenge,

which will involvescientist interaction in the areas of fluorescence spectroscopy;

imaging microscopy (atomicforce, scanning electron, and transmission

electron microscopy); and molecular modeling. | n addition, the capabilities

of the facility's M ossbauer Laboratory will also be used for researchin the .
Biogeochemistry Scientific Grand Challenge aswell as EMSLs new CATs. The

facility plans to develop the foll owing capabilitiesduring the coming year that

will help support this Scientific Grand Challenge and CATs. -

L aser-Induced Breakdown Spectroscopy/Detection

This emerging analytical capability offers the prospect of in sizu, rapid,

highly sensitive, and selective detection and analysis of natural and manmade
materials. Such acapability will be developed and used for in sizu investigation
of nanoparticulates, such as aerosols and nanocolloids, and for possibleremote
chemical analysis of contaminantsin hostile environments. Recently, the
development of laser-induced breakdown spectroscopy and detection-based
techniques has surged, partly because of the availability of more compact

and reliable solid-state lasers, broadband high-resolution spectrometers,

and sensitive detectors. Theintrinsic similarities noted between laser-

induced breakdown spectroscopy and detection and the current laser-induced
fluorescence techniques, in combination with the currently availablelaser
systems, detection systems, and expertise in the Environmental Spectroscopy
Laboratory, offer an ideal starting point for developing these new and cutting-
edge capabilitiesat EM SL.

Low-TemperatureApplied-Field Mosshauer Spectromet Yy

The M ossbauer spectrometerslocated at EM SL are primarily used to identify,
characterize, and quantify Fe(III)-oxides and iron-containing claysin pristine
and contaminated soilsand sediments. | n addition, they are also used to

study mineralization associated with dissimilatory bacterial reduction of these
Fe(I1T) oxides and iron-containing clays. While Mossbauer spectrometers

alone are not adequate to fully characterize iron in other systemsof interest

[e.g., biotransformed Fe(111) in reduced sediments, such as sediments from

the Hanford Site and Oak Ridge Reservation], an applied-field (magnetic)

M ossbauer spectrometer coupled with low temperature would provide researchers
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with this ability, along with the capability to characterize iron for applicationto
catalysts, magnetic materials, and nanoparticles.

Small-ScaleFlow Cell

Many experimentsin the Environmental Spectroscopy and Biogeochemistry
Facility's Subsurface Flow and Transport Experimental Laboratory do not
require the use of larger intermediate-scaleflow cells. A smaller (50-cm)
chlorinated solvent-resistant flow cell would alow researchersto conduct
multiple experimentsin the timeit would take to pack asinglelarger flow cell.
The new flow cell would offer increased flexibility to run an intermediate-scale
experiment under multiple conditions more efficiently and would also allow
researchersto test ideas and determine experimental parameters before" scaling
up" to the larger flow cells.

Facility Staff

Nancy S. Foster-Mills Ravi Kukkadapu
Technical Lead Senior Research Scientist
(509) 376-1343 (509) 376-3795
nancy.foster@pnl.gov ravi.kukkadapu@pnl.gov
Kim Korenkiewicz, ThomasW. Wietsma
Administrative Secretary ResearchScientist

(509) 373-0765 (509) 376-6588

ki m kor enki ew cz@nl . gov wietsma@pnl.gov

Paul L. Gassman
Research Scientist
(509) 376-7972
pl.gassman@pnl.gov

Key Staff

Key staff, besides those listed above, includeJames E. Amonette, EricJ. Bylaska,
Alice Dohnalkova, Andrew R. Felmy, Eugene S. |Iton, Timothy F Johnson,
Alan G. Joly, Chongxuan Liu, Robert Oor, Martinus Oostrom, Odeta Qafoku,
Joy D. Rosscup, Kevin M. Rosso, ZhemingWang, and John M. Zachara.
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Figure 4-23. The four sloping

Removal of DNAPL from a Layered
Porous Medium by Means of Vapor
Extraction Enhanced by Desiccation and
Water Table Reduction

JH Dane,® M Oostrom,® and TW Wietsma©

(& Auburn University, Auburn, Alabama
(b) Pacific Northwest National Laboratory, Richland, Washington

layersfrom top to bottom (©) W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
consisted of a fine, a coarse, a .
fine, and a coarse material. The Washington

initial simulated DNAPL spill is

the red sphere.

Figure 4-24. Once the DNAPL

Vapor extraction isan in sizu soil-cleaning processdesigned to removevolatile
organic compounds from the unsaturated (vedose) zone of soil. Some of the

more commonly occurring volatileorganic compounds that have contaminated

soil and ground water are the dense nonagueous phase liquids (DNAPLs)
trichloroethylene, perchloroethylene, and carbon tetrachloride. These
contaminants can occur in theliquid phase asfree, residual, and/or trapped; in the
solid phase by means of adsorption, especialy to organic matter; in the aqueous
phase when dissolved; and/or in the gas phase.

Any remediation treatment stands to benefit from a proper analysis of theliquid
and gaseous flow regimesand their fatein the subsurface environment. "The model
must, however, give atrue description of all physical, chemical, and biological
phenomena. ‘Therefore, models must be continuously tested by comparing their

reached the first fine layer, it resultswith quantitative data obtained during controlled experiments that mimic
started to spread to the left real situations. Based on some of our knowledgegaps and desire to enhance
U IEN G o our understanding of DNAPL fatein the environment and subsequent cleanup

ends. When the DNAPL hit the L . -
course material (second layer) activities, we formulated the following objectives (Oostrom et al. 2004):

on the right, the solution moved

through it.

Outlook Review = Science

* Investigate the infiltration and redistribution of aDNAPL in avariably
saturated, layered porous medium by means of an intermediate-scale
experiment.

* Remove the non-trapped DNAPL present in the vadose zone by means or
wet vapor extraction.

* Removetrapped DNAPL from the vadose zone and that present in the
saturated zone by reducing the water table level and employing dry vapor
extraction.

* Model the processesof thefirst three objectives using the computer model
STOM P (SubsurfaceTransport Over Multiple Phases) and compare
numerical and experimental results.

To perform the experimental part, four sloped layerswere embedded in an
otherwise mainly homogeneous porous medium. From top to bottom, these

APRIL 2005



layersconsisted of afine, acoarse, afine, and acoarse materia (Figure 4-23).
The purposeof thislayeringwasto obtain aclear picture of DNAPL behavior
at sloped interfacesof materialswith different pore sizesand consequentlywith
different hydraulic propertieslike permeability and displacement pressures.
The layerswere also thought to affect any remediation efforts. To mimic aresal
situation, the materialsfor the layerswere obtained from the Hanford Sitein
Richland, Washington.

Figures 4-23 through 4-26 show aseries of four time-elapsed photos taken of

the experiment. Initially (Figure 4-23), the DNAPL infiltratedvery much as a
sphere, similar to the infiltration of water from a point sourceinto dry soil. Once
the DNAPL reached thefirst finelayer, it started to spread to theleft and to the
right, edging over both ends (Figure 4-24). During the subsequent redistribution,
the DNAPL continued to move straight downward on the left side of the flow cell
(high ends of the layers), but followed a moreintriguing path at the lower ends.
Thefirst coarse layer, which was unsaturated, accepted the DN A PL after some
spreading occurred at the boundary, again indicating that the DNAPL moved as
awetting fluid in the unsaturated zone. Onceit had entered the first coarselayer,
the DNAPL moved straight downward (Figure 4-24), aresult of the diminished
capillary action of the bigger pores. Astime progressed, the DNAPL on the left
side had reached the capillary fringe (saturatedzone) and apparently was under
enough pressureto displace the water (Figure 4-25). Meanwhile, on the right sde
of the layers, the free DNA PL had moved through the coarselayer, accumulated
on top of the second finelayer, and started to flow down the boundary until it
spilled over the edge (Figure 4-25). It then started to spread somewhat on top of
and moveinto the second coarse layer (unsaturated).

Aswith thefirst coarse layer, the DN A PL moved subsequently straight through
and entered the underlying finer material without much dday. TheDNAPL again
affected the surfacetension of water, because the capillary fringeon the right sde
had a so started to collapse (Figure 4-25). Thefinal DNAPL distribution, for
which we assumed static equilibrium, is shownin Figure 4-26. 1t clearly shows
the collapse of the capillary fringe, which was attribution to a reduction of the
surfacetension of water caused by DNAPL diffusionin theliquid phase.

During theinfiltration and initial redistributionof aDNAPL in an unsaturated
porous medium, itsflow isso rapid that the best possibleway of documenting

its behavioris by obtaining photos (Figure 4-23 through 4-26). However,

once static equilibrium of both water and DNA PL had been obtained, gamma
radiation attenuation was used to determineliquid saturationsat 1150 more or less
evenly distributed locations. Additional gamma-radiation scans were obtained

to quantify the removal of carbon tetrachlorideduring the vapor extraction
procedures. Thegammadata and analysis of the extracted vapor sampleswill be
modeled using STOM P to compare numerical and experimental results.

Citation

Oostrom M, JH Dane, and TW Wietsma 2004. "Removd of Carbon Tetrachloride
from aLayered PorousMedium by Meansaof Soil Vgoor Extraction Enhanced by
Desiccation and Water Teble Reduction.” Vadose ZoneJournal (in press).
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Figure 4-25. On the right side,
the DNAPL continues to move
downward in a stair step pattern:
spreading across the fine material
then down, moving through the
course material, spreading across
the fine material then down, and
then moving through the final
course material. The collapse of
the capillary fringe was evident
on both the right and left sides
near the DNAPL.

Figure 4-26. Near the final
DNAPL distribution, the full
collapse of the capillary fringe
was observable, which was
attribution to a reduction of
the surface tension of water
caused by DNAPL diffusion in
the liquid phase.
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Calculated multipiet structure for the free U** ion
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Figure 4-27. Theoretical
uranium 4f x-ray photon
spectroscopy for the free u#tion
(top graph), and for the free ust
ion (lower graph).
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A Theoretical and Experimental
Investigation of X-ray Photo Electron
Spectra for Cr and U

ESIlton,® and PS Bagus(®

(a) Pacific Northwest National Laboratory, Richland, Washington
(b) University of North Texas, Denton, Texas

W e have devel oped relativistica initio modelsfor the 2p and 3p (Bagus et

a. 2004a) spectraof chromium ionsin embedded CrOg clustersof varying
symmetry. The modelsfor chromium 2p predict the relative energies of the
multiplets, but morework is required before relative intensities can be cal culated.
I n related work, we discovered a new atomic, manybody effect that significantly
improves comparison of theory for manganese 3swith experiments (Bagus et al.
2004b). We coined the term ‘frustrated auger configuration,' or FAC, to provide
an abbreviated description of the effect. We also have begun to investigate the
influenceof bonding environment on the 4f spectra of uranium ions. Theoretical
modelswill help to determine the uniquenessof spectral features for uranium
(1V), uranium (V), and uranium (V1) that help identify uranium oxidation
states. For example, theoretical multiplet and satelliteintensities and energiesfor
the uranium 4f lines of the free U4+and U5+ ions have been calculated (Figure
4-27). Comparison of the calculated spectrum for U4+with aspectrum for UO,
indicatesthat intra-atomic effectsarefirst order. However, inter-atomic effects
appreciably decrease the multiplet splitting. Further, theory does not predict the
7-eV satellite that is diagnostic of U4+in UO,. Thisfindingis consistent with
experimental evidencefor an inter-atomic origin of this satellite.

Citations

Bagus PS, ES|lIton, axd JR Rustad. 2004a. “Ligand Feld Effectsfor the 3p
Photodl ectron Spectracof Cr2O3.” Physical Review B 69(20):205112.

Bagus PS, R Broer, and ES IIton. 2004b. "A New Near Degeneracy Effect for
Photoemissionin Trangtion Metas." Chemical Physics Letters394(1-3):150-154.
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Cryogenic Laser Induced U(VI)
Fluorescence Studies of a U(VI)
Substituted Natural Calcite: Implications
to U(VI) Speciation in Contaminated
Hanford Sediments

Z Wang,® JM Zachara,® JP McKinley,® SC Smith,® and SM Heald®

(@ Pacific Northwest National Laboratory, Richland, Washington
(b) Argonne National Laboratory, Argonne, Illinois

‘The interaction of uranium with carbonate minerals, particularly the calcium
carbonate polymorphscalcite and aragonite, has an important bearing on the
mobility of contaminant uranium in near-surfaceenvironments. | n the near
surface, uranium is prevaently hexavaent, and occurs & the uranyl ion, UO22+,
which formsstrong carbonato complexes. The association of uranyl with
carbonate minerals, either sorbed on the mineral surfaceor incorporatedin the
mineral structure through co-precipitation, could have acontrollinginfluenceon
its mobility. 1n addition, the relative solubility and stability of carbonate minerals
containing uranyl could determineitslong-term availabilityfor remobilization,
and co-precipitationof uranyl with carbonateminerals occurswith complex
variations. In this study, we used time-resolved, laser-induced fluorescence
spectroscopy (TRLFS) to examine the crystall ographic environment of uranyl in
sediments from a uranyl-bearinginfiltration pond with uranium concentrations
ranging from 360 to 3300 ppm at DOE’s Hanford Sitein southeastern
Washington state. We also contrast these highly disturbed environmental results
with resultsfrom a previoudy studied natural, uranyl-bearingcalcite (NUC).

"The NU C specimen (360 mg U/kg) originally retrieved from a13,700-year-old
spel ecthemn deposit in the Vinschgau Valey of northernmost Italy was provided
by Argonne National Laboratory. X-ray diffraction (XRD) anaysisindicated
that the samplewas more than 99.8 percent pure cacite.

ENVIRONMENTAL MOLECULAR SCIENCESLABORATORY

Figure 4-28. TRLFISM of the
NUC sample at different delay
times. hex =415nm.
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Figure 4-29. Cryogenic TRLFS

spectra of a natural Urich calcite

at a series of delay times. hex
=415nm. The maximum
intensities were normalized for

comparison and the spectra were

offset along the Yaxis.
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Figure 4-30. Deconvolution
of the LHeT time-resolved
fluorescence spectra of the
uranyl-rich natural calcite at
a delay time of 1 msinto two
unique spectral components:
Aand B.
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spectrashowed significant, systematic changes as a runction of the delay time.

At shorter delay times, the spectrawere less resolved with aspectral maximum
located at approximately 513 nm (Figure 4-29). The spectral resolution increased
as the delay time increased, and well-resolved spectrawere observed after adelay
of about 2 ms.

By assigning the long-delay spectrum to asinglecomponent (trace B, Figure 4-30),
all of the spectrawere definableby linear combinations of two unique spectral
components, designated A and B (Figure 4-30). The spectrum of the longer-lived
uranyl species(B) in NU C was almost identical to that of uranyl incorporatedinto
aragonite, while the spectrum of the shorter-lived species (A) was similar to that

of uranyl incorporatedinto synthetic calcite. Comparison of our long-lived spectra
from the NU C with other resultssuggested that it was similar to the agueous
tricarbonatespecies.

Both the sediment samples were examined using TRLFISM and TRLFS

with similar proceduresapplied for the NUC. TRLFISM at aseries of delay
times indicated that long-lived fluorescence was present. The distribution of
fluorescenceand the relative fluorescenceintensity varied spatially. For some
large clasts, fluorescence varied significantly within the clast, and, for agiven

set of fluorescent clasts, their relativefluorescenceintensitiesvaried as afunction
of delay. 'Theseobservationswere clear indications of the presenceof multiple
uranyl speciesand of compositional heterogeneity. Theevolutionof TRLFS
spectraof sediment NP4-1 (Figure 4-31) displayed asimilar pattern to that

of the NUC (Figure 4-29), and, in fact, the spectral features of the NP4-1 at
delay times longer than ~ 600 us were nearly identical to that of the NUC. The
TRLFS spectraof NP4-1 sediment were analyzed following the same procedures
for the spectral simulation of the NUC. All of the spectra of NP4-1 could be
simulated by the linear combination of two spectral components, onewith lower
spectral resolutionand aspectral maximum at = 517 nm, and another with high
spectral resolutionand a maximum at 501 nm. The fluorescencedecay curvesfor
sediment NP4-1 could also be well fitted by the biexponential function-resulting
fluorescencelifetimes of 422 ps and 92 ps, respectively.

Comparisons of the fluorescence spectra and lifetimes of the uranyl speciesin
NP4-1 with those of the NU C suggested that the same type of uranyl species
were present in both samples. The spectral features of the component B in
both samples were almost identical, and those for component A were also very
close, despite asmall shift of the spectral origin towards longer wavelength.
Considering the similar fluorescencelifetimes for uranyl speciesB in the
NP4-1 and the NUC, the differencein delay times at which species B became
dominant (600 ps for NP4-1 and 2 msfor the NUC) indicated that the relative
concentration of this'aragonite’ component was much higher in NP4-1 thanin
the NUC.

Carbonate minerals are among the most common secondary mineralsformed

in nature, and dissolved carbonate is a common component of waste solutions
containing uranium. The presenceof similar uranyl speciesin the NUC and
the Hanford Site sediments implied that the reaction of uranyl with calcite,
either through surface precipitation or co-precipitation, facilitated uranium (V1)
sorption in the sediments.

L
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Effects of Sediment Iron Mineralogy on
Microbially Mediated Changes in Divalent
Metal Speciation: Importance

of Ferrihydrite

DC Cooper,® AL Neal,® RK Kukkadapu,© DC Brewe,@ A Coby,© and FW
Picardal(®

(a) Idaho National Engineering and Environmental Laboratory, |daho
Falls, Idaho

(b) University of Georgia Department of Microbiology, Aiken, South
Carolina

(9 W.R. Wiley Environmental Molecular Sciences L aboratory, Richland,
Washington

(d) Argonne National Laboratory, Argonne, lllinois
(&) Indiana University, Bloomington, Indiana

Dissimilatory metal-reducing bacteriacan influencegeochemical processes that
subsequently affect the speciation and mobility of metallic contaminants within
natural environments. Most investigationsinto the effect of these bacteriaon
sediment mineral ogy use various synthetic Fe(III) oxides as the source, providing
for well-controlledexperiments. However, these oxides do not necessarily
emulate the complex mineral ogical composition of natural systems, nor do they
account for the effect of complex sediment mineralogy on microbial activity
and/or microbiallyinduced geochemical processes. Our experimentswith
apure dissimilatory metal -reducing bacteriaculture (Shewanella putrefaciens
200) and adivalent metal [Zn(II)] indicate that, while complexity in sediment
iron mineralogy may not strongly impact the degree of "microbial Fe(I11)
reducibility,” this complexity does alter the geochemical effect of such microbial
activity. These experiments also demonstrate that, regardless of sediment
composition, the ferrinydrite [poorly crystalline Fe(I1I)-oxide] content is of
central importance.

I n this research, changes in Zn(II) chemistry were quantified through a
combination of chemical extractions and x-ray absorption spectroscopy
analysis on reduced sediments and sterile controls. | n asynthetic goethite and
ferrinydrite mixture, Zn(1I) was originally adsorbed to iron oxide surfacesvia
outer-sphere surface complexes. Upon reduction, the amount of acid-soluble
Zn(1II) reduced dramatically and Zn k-edge extended x-ray absorption fine-
structure spectroscopy data demonstrated a slight increasein the degree of
second order, Zn-O-Zn/Fe interactions. This shift was not observed in natural
sediments containing predominantly quartz, hematite, and kaolinite/illite clays,
even though the original Zn(II) binding was similar to that in the synthetic
goethite/ferrihydrite mixture. Here, microbial Fe(III) reduction resultedin the

ENVIRONMENTAL MOLECULAR SCIENCES LABORATORY
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Figure 4-31. Cryogenic TRLFS
spectra of NP4-1 sediments
at a series of delay times.

hex =415 nm. Gate width
=100 ps. The maximum
intensities of the spectra were
normalized and offset along
the Y-axis for comparison.
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Figure 4-32. Liquid nitrogen

(77 K) Mossbauer data for
synthetic goethitelferrinydrite.

(@) Unreduced synthetic goethite/
ferrihydrite mixture. (b) Reduced
and re-oxidized goethite/
ferrihyrite mixture. (c) Unreduced

natural sediment. (d) Reduced

and re-oxidized sediment.
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formation of an outer-sphere ZnCl, complex and did not affect the degree of
Zn(11) acid solubility.

M ossbauer analyseswere central to these experiments, and provided key
evidence that the differencesin the geochemical effect of microbial Fe(111)
reduction were related to the ferrihydrite content of the iron-oxide/sediment.
Liquid nitrogen (77 K) Mossbauer data for synthetic goethite/ferrihydrite

reveal aloss of the central doublet upon microbial reduction and subsequent re-
oxidation, indicating preferential loss of ferrihydrite (Figures 4-32aand b). This
Mossbauer data (taken at 77 K) for the natural sediment (Figures 4-32c and d)
revea adifferent responseto microbial Fe(I1I) reduction. Here, acombination
of Mossbauer spectroscopy and chemical extractions specific for poorly
crystalline iron oxide minerals hasindicated that the central doublet (Figure
4-32c¢) arises from sedimentary clay minerals and not from the ferrihydrite.

The doublet is representativeof structural Fe(II) in theillite clays, and the
sextet arisesfrom the contribution of iron-oxide mineralsidentified by x-ray
diffraction to be hematite. In Figure 4-32d, spectra of the unreduced material
and the samplethat has been reduced and then re-oxidized are compared.
Comparison of these data revealsthat, unlike the synthetic goethite/ferrihydrite,
microbial Fe(III) reduction did not permanently alter the iron speciation in

this sediment. Also, because previous work has demonstrated that microbial
reduction of structural Fe(III) inillite clay significantly alters the Fe(I1I)/Fe(I1I)
ratio of the reduced and re-oxidized clay as compared to the unreduced clay, it
can be concluded that Fe(III) in iron oxideswas microbially reduced. Room-
temperature Mossbauer data indicated that 1) the percent of total peak area
attributable to iron oxide agreed with resultsfrom chemical extractions, and 2)
apparent Mossbauer parameters did not reflect the presence of siderite or green
rust (data not shown).

The preferential loss of ferrihydrite in the synthetic goethite/ferrihydrite stands
in contrast to the retention of morecrystalline iron oxides (goethite, hematite)

in both sediments, and indicates that reactionsinvolvingferrihydrite are
responsiblefor the changesin Zn(I1) acid solubility observed for the synthetic
goethite/ferrihydrite. When this evidenceis considered in light of earlier studies
indicating that the addition of Fe(II) to ferrihydrite can catalyze transformation
of ferrihydrite to goethite, it becomes apparent that ferrihydrite may stimulate
aseguence of geochemical reactionsthat would not occur in its absence.
Experiments to specifically test the effect of ferrihydrite addition to iron-bearing
sediments are currently underway.



Self-consistent, Self-interaction Corrected
DFT: The Method and Applications to
Extended and Confined Systems

K Tsemekhman,® EC Brown,® H Jonsson,® and EJ Bylaska(®

(@ University of Washington, Seattle, Washington

(b) W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

W e havedeveloped aframework for the self-consistent calcul ation of self-
interaction corrections(SICs) to the density functional theory (DFT)
(Tsemekhman et al. 2003a, 2003b). The techniqueimplementsthe original
method due to Perdew and Zunger and combines two procedures: construction
of maximally localized Wannier functions (MLWF, proceduredue to Marzari
and Vanderbilt and to Silvestrelli) and direct minimization of the DFT+SIC
total energy functional. In thisformulation, the techniqueis applicableto
both confined and extended systems. While construction of the Wannier
functionsisauseful tool in the case of molecules and clusters, it is a necessary
step for extended systemssince self-interaction energies constructed on Bloch
functionsvanish. Construction of Wannier functions thus provides both a
good initial guess and aset of functions for which cal cul ation of nonvanishing
SICsispossble. Two direct minimization schemeshave been used to solvethe
nontrivial generalized eigenvalueproblem. One of the methodsthat issimilar
to the Car-Parrinello method usesthe gradient proposed by Goedecker and
Umrigar (1998). The other method uses a conjugate gradient algorithm with
orthogonality constraints that is based upon thework of Edelman et al. (1998).

The DFT+SIC method has been applied to severa systemsfor which

standard DFT methods do not work well (Figure 4-33). One of the more
persistent failures of standard D FT methods has been their failuretoyield
accurate reaction barriers. However, pragmatic approachesin which the
exchangecorrelation functional s are augmented with small amounts of exact
exchangehave shown great promise (i.e., BSLYP, PBEO, BH&HLYP, and
mPWH&HPW091) i n improving the accuracy of reaction barriers. Our studies
of various chemical reactionsshowed that SICs can be used in much the same
way as exact exchange.

Studies of various chemical reactions showed that including a fractional amount
of SICs (40 percent) into a DFT calculationimproved the accuracy of cal culated
reaction energies and barriers considerably.

Another notablefailureof standard DFT methods has been their inability to
reproduce band gaps.  For wide-gap systems (insulatorsand moleculeswith large
highest occupied molecul ar orbital -lowest unoccupied molecular orbital gaps),
SICs appear towork well. DFT+SIC calculationsfor SiO,, AL,O3, and TiO2
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Figure 4-33. DFT-SIC
calculations of the chernisortion
of carbon monoxide on platinum
(111). Left: Top coordination site
carbon monoxide orbitals. Right:
Face centered cubic coordination
site carbon monoxide orbitals.
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Wannier orbitals are not localized,

Figure 4-34. Left: Traditional
DFT calculations of germanium
predict it to be a metal. The

yet a delocalized metallic
state persists. Right: DFT+SIC
calculations of germanium

The Wannier orbitals are localized

predict it to be a semiconductor.

and are very similar to silicon.
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crystals, aswell asfor the CO molecule, have shown that 0.4*SIC correction
predicts valuesfor the gaps aswell asfor the singlet-triplet splitting in reasonable
agreement with the observed values. However, for systemswith narrower

gaps, the results are more problematic, and the 0.4*SIC correction appears to
overcorrect the DFT results. DFT+0.4*SIC calculations for asilicon crystal
predicted aminimal gap of 2.25 eV compared to the experimental gap of 1.2 eV;
in germanium, a1.2-eV gap is predicted compared to the experimental gap of
0.8 eV (Figure 4-34).
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Effects of Impermeable-Zone Diffusion on
Continuous and Intermittent Pump-and-
Treat Remediation at Dover Air Force Base,
Delaware: Validation of Back Diffusion
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Contamination in subsurface sorbing impermeable zones can be viewed either

as " sequestered” or "a continuing source,”" depending on initial conditions,
physiochemical properties of the impermeable region, extent of remediation, and
conditions of subsequent water withdrawal. The impermeable zones are typically
contaminated through diffusive processes from adjacent contaminated permeable
zones. I nthe current study, we used diffusion model simulations and field-

scale measurements to validate that the contaminants in an impermeable zone
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can dowly diffuse back to its adjacent permeable aguifer region as along-term
continuing source during and after aquifer remediation.

Field Research Site, Measurement, and
Modeling Approach

The field research siteislocated at Dover Air Force Base, Delaware. The
subsurfaceat the site consistsof an unconfined aquifer (about 14.4 m deep) of
poorly sorted, fine-to-coarse-grained sand that is underlain by an impermeable
aquitard. The aquitard comprisestwo geologicstrata: upper low-sorbing
orange silty clay loam and underlying high-sorbingdark gray silt loam (Figure
4-35). 'l he agquitard has been contaminated from above as the result of long-
term contact with perchloroethene and trichloroethene that are dissolvedin the
groundwater of the overlyingaquifer (Mackay et al. 2000). The primary source
of contamination is believed to be approximately 450 meters north (upgradient)
of the experimental site and is thought to have first occurred roughly 25 to
35yearsbeforesite setup in 1994. Sitedevelopment included the installation

of bentonite-sealedsteel sheetpilesto hydraulically isolate portions of the
aquifer and aquitard from surrounding groundwater (Mackay et a. 2000).

Two experimental cellswere created, each of which has plan dimensionsof
roughly 99 mx 3.7 m and about 15.9 m depth, with sheetpile penetrating the
entire depth of the unconfined aquifer and extending about 1.5t02.0 minto
the aquitard. The concentrationsin the aquifer during its remediationwere
monitored by a multilevel sampling technique and concentrationsin the aquitard
were monitored by sediment coringsbefore, during, and after "'cleanup” of the
aquifer region.

Back diffusion modeling involved two steps: inverse estimation of contamination
history at the aquifer/aquitard interfacewithin the research site, and diffusion
prediction based on the estimated contamination history and known aquifer
conditionsduring and after the period of controlledfield remediation. The first
step involved Tikhonov-type inverse function estimation to calcul ate temporal
contamination history from measured contaminant profilesin the aquitard at
start of field remediation experiments. The mathematical approach and results
of thefirst step were reported elsewhere (Liu and Ball 1999). The current study
focused on the prediction of temporal evolution of contaminantsin the aquifer
and aquitard. Thedetailed resultswere published in Liu and Ball 2002.

Summary of Modeling Results and Comparison
with Measurements

The diffusion-predicted concentrations matched well with the measured values
(Figure 4-35). The predictions were made using two estimated contamination
history functions at the aquifer/aquitard interface based on two vertical
contaminant profilesin the aquitard (at corelocations called PPC 11 and

PPC 13) measured at the start of aquifer remediation. Predictionswere made
after 7.5 months at corelocation PPC 16 and 15 months at PPC 19 after the
cleanup of the aquifer site. Predicted and measured upward concentration
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Figure 4-35. Measured
and predicted vertical

perchloroetheneconcentration
profilesat PPC 16 and 19.
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gradients near the aquifer/aquitard interface, downward concentration
gradientsin the deep aquitard, and the reappearance of perchloroethenein the
aquifer region after aquifer remediation are direct evidences of back diffusion.
The total (aqueous and sorbed) concentration discontinuity at the orange silty
clay loam and dark gray silt loam and orange silty clay loam/aquifer interfaces
is due to the sorption discontinuity. The close match between diffusion
predicted and measured profiles indicated that diffusion was a dominant
transport process within thisimpermeable aquitard.
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Reduction of lron Oxides by
Shewanella oneidensis
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Dissimilatory iron-reducing bacteria (such as Shewanella spp., Geobacter spp. and
Fenibacteriumspp.) are afforded clear environmental significance in the cycling
of iron due to reduction of Fe(III) associated with iron oxides/oxyhydroxides
and clays, the reactivity of the resulting Fe(II), and potential effectson the
mobility of other metals and radionuclides. Solution chemistry effects upon
biogenic Fe3+-mineral reduction and subsequent precipitate formation have
been intensively studied and, at least in [aboratory reactors, are increasingly
well-understood aspects of the bioreduction process. However, the atomic and
electronic structures of mineral surfaces are rarely considered to be relevant

to dissimilatory bacterial reduction of iron and manganese minerals. In this
regard, surface area and thermodynamics are more commonly considered. Here,
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we took afirst step toward understanding the nature of the influenceof mineral
surfacestructure upon the rate of electron transfer from Shewanella oneidensis

strain MR-1 outer membrane proteins to the mineral surface and the subsequent

effect on cell activity.

In this study (Neal et a. 2003), we addressed thisissue by employing aseries

of three single-crystallineiron-oxide surfacesfor comparison of bioreduction
rates, namely hematite (001), magnetite (111), and magnetite (100). The
structures of the three surfaces (Figure 4-36) are expected to differ significantly
for many reasons, not the least of which is that while hematite possesses the
corundum structure and has univalent iron (a-Fe2Q3), magnetite possessesthe
inverse spinel structure and has mixed-valentiron [(Fe2+, Fe3*)O4]. We used a
combined experimental and theoretical approach. Anaerobic cell growth on the
three well-characterized single-crystallineiron-oxidesurfacesin flow reactors
was monitored and was used as a proxy for bioreduction activity. A combination
of a4 initio modeling and Marcus theory was used to predict el ectron transfer
ratesfrom a model outer-membrane cytochrome moleculeto the three different
oxide surfaces, and to evaluate the principal structural and energetic factorsthat
lead to intrinsic differencesin the surfaces as el ectron acceptors for bioreduction.

A sequential increase in maximum cell density supported by the three mineral
faces was observedwith magnetite (100) sustaining the lowest, magnetite

(111) an intermediate, and hematite (001) asignificantly greater density. This
sequencewas not reflected in the number of cellscollectedin the effluent where,
relatively, the two magnetite surfaceswere associated with the greatest effluent
cell density. Thus, despite having similar surface areas, differences between cell
accumulation at the surface and cells released into solution are observed between
the three crystal faces. 'The mode of growth of S oneidensson hematite appears
to be surfacerelated; on magnetite proportionately more daughter cellsleavethe
surface. However, total cell productivity on the magnetite (100) surfaceis much

reduced compared to the other two faces, consistent with this face supporting the

lowest surface-associated population.

Ab initio molecular modeling was applied to estimate the rate of electron transfer
from an idealized utermembrane cytochrome (OmcA) to Fe3+* sites associated

with the three oxide surfaces. The model predicts rapid electron transfer kinetics

overal, with astrong dependence on both the surfacestructure and on the
distance of separation between a heme center in utermembrane cytochrome
and the oxidesurface. Several lines of evidence suggest heme/surface distances
pertinent to the current system fall in the range5to 9 A. within this expected
range of separation, electron transfer to hematite (001) turned out to be faster
than for magnetite surfaces at distances|essthan about 6 A, while the reverse
wasfound true for longer distances. Thus, if the actual electron transfer
distances are predominantly at the small end of the range, the electron transfer
model is consistent with the experimental cell accumulation results, and the
importance of interfacial electron transfer in controlling the activity of attached
cellsremainsavalid possibility. |f actual distances are greater, then our
findings indicate interfacial electron transfer is not avalid control. Since actual
electron transfer distances are not easily determined, we cannot draw definitive
conclusions regarding the role of interfacial electron transfer as a control on cell

ENVIRONMENTAL MOLECULAR SCIENCES LABORATORY

Fe¥ (surface)
Fe* (bulk)
Fe* (bulk)
Oxygen

Oeoce

Fe¥'y, (surface)
Fe¥*2* | (surface)
Fe**;., (bulk)
Oxygen

ceeo

@ Fe'y,, (surface)
@ Fer¥ g, (bulk)
O Oxygen

Figure 4-36. Ball models of the
surface structures of a) hematite
(001), b) magnetite (100), and c)
magnetite (111)as viewed down
the surface normal direction. Only
the upper-most oxygen plane

is shown along with iron atoms
coordinated to it. The tetrahedral
and octahedral iron sublattices
in magnetite are differentiated by
subscripts. The octahedral iron
sublattice in magnetite consists
of equal numbers of 2+ and 3+
valence states.
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Figure 4-37. Stoichiometry

of the reductive dissolution of
manganite by catechol. The
insert confirmed that manganite
was reduced to the Mn(Il)
product based on the diagnostic
BEPR six-line spectrum.
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activity at thistime. Clearly, however, the model findings are consistent with the
experimental observationsthat surfacestructure is an important factor for this
interfacial system.
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Mn(IT) and Mn(IV) have received the most attention in aquatic chemistry
(Morgan 1967) until recently, when solid Mn(I1I) oxides and soluble Mn(I1I)
complexes have shown to be environmentally significant oxidants (Stone

and Morgan 1984; Luther 1990; Kostkaet al. 1995; Klewicki and Morgan
1998; Luther et a. 1998). Mn(I1I) solid phases would be expected to be

more kinetically reactive than Mn(IV) minerals, based on frontier molecular
orbital theory: however, no detailed studies have been conducted. 'This study
investigated the reductivedissol ution kinetics of natural ly occurring solid
Mn(11L1V) (hydr) oxide minerals by comparing several phases[birnessite (8-
MnO,); manganite (y-MnOOH) and pyrolusite (8-MnO>)] with varying levels
of structural Mn(III) in their reactivity with catechol, a model organic ligand of
soil organic matter (Evanko and Dzombak 1998).

Reactivity studies of solid Mn(I11,1V) (hydr) oxide mineralswith catechol were
followed in sizx using an EPR stopped flow technique (Matocha et al. 2001) and
diffuse reflectance spectroscopy. Manganite (yv-MnOQOH), a pristine Mn(I1I)
solid phase, was reduced by catechol to the Mn(II) product (Figure 4-37). It
wasfound that initial reduction dissolution rates by catechol measured with EPR
spectroscopy did not scalewith total structural Mn(III), but rather with available
Mn(I1I) based on initial ratesof pyrophosphate-extractable Mn(I11) (Figure
4-38). 'lhe positionsof the Mn(III) ligand field bands derived from diffuse
reflectance spectroscopy analyses suggested different coordination environments
for structural Mn(III) in manganite and birnessite, which explained the different
levels of availability. 'lherefore, the role of Min(I1I) in different coordination
environments merits special attention in abioticcycling of soil organic matter
and manganese.

5



1]

1V : Science

Citations

Evanko CR, and DA Dzombak. 1998. "Influenceof Structural Featuresof Sorption
of NOM-Analogue Organic Acidsto Goethite." Environmental Stienceand Technology
32(19):2846-2855.

Klewicki JK, and JJ Morgan. 1998. "Kinetic Behavior of Mn(IIT) Complexes
of Pyrophosphate, EDTA, and Citrate.” Environmental Stienceand Technology
32(19):2916-2922.

KostkaJE, GW Luther II1, and KH Neason. 1995. "Chemical and Biological
Reduction of Mn(III)-Pyrophosphate Complexes: Potential Importance of Dissolved
Mn(III) as an Environmental Oxidant." Geochimica ez Cosmochimicadcza 59(5):885-894.

Luther GW, II1. 1990. “The Frontier-molecular-orbital Theory Approachin
Geochemical Processes." In Aquatic Chemical Kinetics: Reaction Rates of Processes in
Natural Water. W. Stumm (ed.) pp. 173-198. Wiley-Interscience, New Y ork.

Luther GW, II1, D T Ruppel, and C Burkhard. 1998. "Reactivity of Dissolved
Mn(I1T) Complexes and Mn(IV) Specieswith Reductants: M n Redox Chemistry
Without a Dissolution Step?” I n Mineral-Water Interfacial Reactions: Kineticsand
Mechanisms. DL Sparks and TJ Grund! (eds) pp. 265-280. ACS Symposium Ser.
No. 715, Washington, DC.

Matocha CJ, DL Sparks, JE Amonette, and RK Kukkadapu. 2001. "Kineticsand
Mechanism of BirnessiteReduction by Catechol." Soil Science Society of America Journal
65(1):58-66.

Morgan 1. 1967. "Chemical Equilibriaand Kinetic Propertiesof Manganesein Natura
Waters." In Principlesand Applications of Water Chemistry. SD Faust andJV Hunter (ed.).
pp. 561-624. Wiley, New Y ork.

Stone AT, andJJ Morgan. 1984. "Reduction and Dissolution of Manganese(IIT) and
Manganese(IV) Oxidesby Organics. 1. Reactionwith Hydroquinone.” Environmental
and Sdence Technology 18(6):450-456.

Iron Sulfides and Sulfur Species Produced
at (001) Hematite Surfaces in the Presence
of Sulfate-Reducing Bacteria

AL Neal,® STechkarnjanaru,® A Dohnalkova,® DE McCready,© BM
Peyton,d and GG Geesey®

(a8 Montana State University, Bozeman, Montana
(b) Pacific Northwest National Laboratory, Richland, Washington

(c) W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

(d) Washington State University, Pullman, Washington

j<¥]
J
L ooy
L
(W]
v
-
=
=
]
oz
=
(=]
=
—
=
o

I n the presence of sulfate-reducing bacteria (Desulfovibrio desulfuricans),
hematite (a-Fe,O3) dissolution is affected and hydrogen sulfide-the product
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Figure 4-39. HRTEM image of

a crystalline layer present on a
hematite (001) surface after three
months of incubation with

D. desulfuricans. D-spacingsare
2.6, 3.8, and 51 A
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of sulfate reduction-is released. As aconsequence, ferrousions are free to

react with excess H2S to form insolubleiron sulfides. Iron sulfidesproduced

by sulfate-reducing bacteria have been studied and described as mackinawite
and greigite (Rickard 1969; Herbert et al. 1998). In both studies, iron sulfides
were produced by free-livingbacteriain liquid culture with added ferrous

ions. However, most subsurfacebacterial activity islikely to be associated with
mineral surfaces (Ghiorse and Wilson 1988: Costerton et al. 1995). We have
therefore chosen to study and identify iron sulfides produced by the bacteria
Desulfovibriodesulfuricansassociated with a hematite (a-Fe2,O3) surface as the
most abundant iron oxide along with goethite found in soils and sediments. We
report that the iron sulfide formed at the mineral surface under these conditions
is pyrrhotite-like.

Two Desulfovibrio desulfuricansstrains, G20 and Essex 6, were grown in lactate
medium and incubated with natural specular hematite (a-Fe;Os3) for three
months. After removing the samples from the culture medium, hematite and
the associated precipitateswere observed using epifluorescent microscopy, and
analyzed by x-ray photoelectron spectroscopy (XPS), XRD, and HRTEM
(Figure 4-39). Throughout incubation, culture mediawere evaluated for the
formation of iron sulfidesin suspension, concluding that sulfite production
was confined to the hematite surfaces. X PS spectra of all hematite surfaces
exposed to D. desulfuricans compared to the unexposed surfaces showed a
presence of a prominent photopeak at 708.4 eV (X2 = 1.15) which was assigned
to Fe’+-S.In the S2p region, the S2- pesk wasidentified at 161.3 €V, the S, peak
at162.5 eV, Sn?- at 1639 eV and SO4*- at 168V (X2 = 2.63). The X PS spectra
of the hematite surface exposed to Essex 6 in the presence of sulfate suggested
that the sulfidelayer was of sufficient thickness to mask any hematiterel ated
signal. TheXRD pattern of a hematite exposed to bacteriafor three months
showed peakswith d-spacings of 1.28, 1.81, 2.04, and 2.09 A, confirming that
acrystal phase formson asurface; however, due to alack of heterogeneous
crystal orientation with so few lines, a reliable assignment of an unequivocal
crystal structure is not possible, particularly since the 2.09-A line could be
assigned to pyrrhotite as well as mackinawite and greigite.

HRTEM images of the hematite surface precipitatesillustrate the presence of
numerouscrystals; d-spacings of 2.6, 3.8, and 5.1 A were consistently measured.
However, Fourier transformation of the 2.6-A pattern, the most commonly
observed, yielded a hexagonal crystal structure substantiating the identification
of the iron-sulfidephase as a pyrrhotite.

Iron sulfides have an important rolein both the sulfur and iron cycles. The
intermediate metastabl e species, mackinawiteand greigite, have a key

influence upon theiron and sulfur balance. Any reductionin ambient [Fe2+]

or [S%] resultsin remobilizationof the precipitates, asis oxidation. 'This
remobilization attains greater significancewhen one considersthat other
potentially toxic elements are often co-precipitated with iron. The formation of
pyrrhotite, a species considered stable at low temperatures, will greatly limit the
remobilizationof iron, sulfur, and other co-precipitates caused by environmental
fluctuationsin iron, sulfur, and 0 2. Polysulfides, being a reduced species,
represent a reactive form of elemental sulfur and together with monosulfides are
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responsiblefor maintaining trace metal concentrationsin anoxic sediments at
relatively high concentrations. Sulfide/polysulfide formation by sulfate-reducing
bacteria has the potential to greatly affect sulfur, iron, and other trace metal
concentrationsin anoxic soils and sediments, of significance not only to the
sulfur and iron cyclesbut also to the bioavailability of toxic trace metals.

'The geological significance of sulfate-reducing bacteria activity derivesfrom the
production of H,S, resultant from sulfate reduction, and its subsequent reaction
with Fe2* to form iron sulfides. Such sulfides are common components of both
recent and ancient sediments and include the 1) tetragonal, sulfur-deficient Fe2+-
sulfide, mackinawite (FeS - Fe1.07S); 2) the mixed-valencethiospinel, greigite
(Fez3+*, Fe?+S4); and 3) the Fe2+- polysulfide, pyrite (FeSz). Additionally, H2S
production by sulfate-reducing bacteria hasimplications for steel corrosion
(Hamilton 1991) and bioremediation of heavy metal pollution in anoxic
environments (Webb et al. 1998).
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High-level waste glasses contain significant quantities of iron. Vitrification
processing conditions and waste glass composition can affect the iron-

oxidation state in glass, which in turn can influencethe tendency of liquid-
liquid immiscibility, or phase separation, of the final glasswasteformed. An
understanding of the effectsof theiron redox ratio on liquid-liquid immiscibility
isimportant for immobilization of high-level waste because glass phase
separation can adversaly impact chemical durability of the final waste form
(Tomozawal979; Taylor 1990). The objectiveof this study isto determine

the nature of theiron speciesand the iron-oxidation state in glasses employing
colorimetery and complementary spectroscopictechniques, such as absorption
spectroscopyin the ultraviolet-visibleand infrared wavel ength ranges, and
57Fe-Mossbauer. The resultswill be correl ated with glass-phase separation work
currently being conducted at the University of Arizona.

57Fe-Mossbauer spectroscopy is an iron-specific technique with greater sensitivity
than X RD; iron-oxidation states and the local environment are identifiable by

M ossbauer for sampleswith iron concentrationsaslittle as 0.5 wt%. The57Fe-
Mossbauer technique providesinformation on the valence and coordination

state, crystal field strengths [e.g., low-spin and high-spin Fe(II)], magnetic
ordering temperatures, etc. | n contrast to XRD, it also providesinformation on
compounds that do not exhibit long-range order (poorly crystalline or amorphous
materials). Common iron-oxide phases, such as magnetite and hematite, are
readily distinguished from each other and from ferrous compounds.

Transmission 57Fe-Méssbauer spectrawere collected at room temperature
(about 25°C) and liquid helium temperature (4.2K) using a50-mCi (1.85-MBq)
57Co/Rh single-linethin source. The velocity transducer (Wissel, Germany)
was operated in the constant-accel eration mode (23 Hz, +10 mm/sec). Data
were acquired on 1024 channels and then folded to 512 channels to give a

flat background and a zero velocity position corresponding to the center shift
(CSor 0) of ametallic-ironfoil at room temperature. Calibration spectra

were obtained with a20-pm-thick (a-Fefoil (Amersham, England) placed in
exactly the same position as the samples to minimize any error due to changes
in geometry. The transmitted radiation was recorded with an argon-krypton
proportional counter. Approximately 180 mg of powder sample (particle size
<75 pm) was mixed uniformly with petroleum jelly in a0.5-inch-thick and
0.5-inch-diameter copper holder sealed at one end with clear tape. The amount
of sample chosen corresponded to the ideal absorber thickness that provided
thelargest signal-to-noiseratio in the given collection time. For the 4.2K
analyses, an oxygen impermeable film, which would be stable at 4.2K (Arlon,
Inc., California) was used instead of tape. Petroleum jelly was used to fill the
sample space volume, and the end was sealed with tape or Arlon film. The 4.2K
M ossbauer measurementswere performed using a top-loading Janis exchange-
gas cryostat. The temperature was continuously monitored with a Nichrome
thermocouple and was within +0.5K. A Lakeshore Model DRC-93CA
temperature controller was used to control the temperature. The measured
isomer shifts were quoted relative to the Fefoil at room temperature. The entire
drive-source assembly was external to the cryostat. |1n other words, only the
absorber (sample) was cooled to 4.2K.
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The unfolded spectra obtained were folded and evaluated with the MOSM OD
and Recoil programs (University of Ottawa, Canada) using the Voigt-based
hyperfine parameter distribution method (Rancourt and Ping 1999). The
Voigt-based method assumesa certain number (V) of generalized sites
(quadrupole splitting distributions and/or hyperfine field distributions), each
having their own continuous distribution (quadrupolesplitting distributions
or hyperfine field distributions). Each normalized site-specific quadrupole
splitting distribution or hyperfine field distribution is composed of acertain
number of Gaussian components (C) being the sum of more than one Voigt
line. The center shift(™) of each quadrupole splitting distribution siteis
related to its quadrupole splitting, (A or QS, as 8=038o0 + 1A where @ is the
value of 6 when the distributed hyperfine parameter is zero, and 6Lis the
coupling of 6 to the distributed hyperfine parameter. For the hyperfine field
distribution site, the 6 is related to its Zeeman splitting, z, as6 = 6o *+ d1z; and
its quadrupole shift parameter, ¥, siteisrelated toitsz, as¥ = Yo+ X1z, where
Yo isthevalue of z when z (whichis distribution) is zero and¥1 is the coupling
of ¥ to thedistributed hyperfine parameter.

Liquid-liquid immiscibility in sodium silicates has been extensively studied
(Hammel 1965; Porai-Koshits and Averjanov 1968). From the data available
in the literature, a composition of 18.56 mol% Na,;O and 81.44 mol% SiO,

is expected to be outside the immiscibility dome at and above glass transition
temperature. Therefore, the effect of an iron-oxidation state on this baseline
composition can beinvestigated. The effectsof iron concentration and
oxidation state on the glass phase separation is part of the overall research
objective. In this study, the silicate glass doped with 0.5 mol% Fe, O3 (UA-3)
was prepared at 1600°C at ambient conditions. Figure 4-40 shows M ossbauer
spectra collected at room temperature and 4.2K. The room-temperature
spectrum shows an asymmetric doublet (in the region -2 to 3 mm/sec) with
anon-linear background. The outer peak (2.2 to 2.5 mm/sec) of the doublet
is characteristic of high-field components of paramagnetic Fe(IT) (Ono and
[to 1964), while the inner peak is a mixture of low-field components of Fe(1I)
and both the doublets of Fe(11I) (Greenwood and Gibb 1971). A shoulder to
this effect isevident at the high-energy (higher velocity) end of the peak. The
nonlinear background, which is uncommon in this type of glass, indicates the

presence of magnetic iron speciesor clusters that are amorphousin nature. The

Fe(1I)/iron-total ratio of the sample can be derived by fitting the spectrum,
provided the valenceof iron contributing to the nonlinear background is
known. Cooling down the sample to lower temperatures, usualy to those
of liquid nitrogen or liquid helium, would resolve this ambiguity. Atlow
temperatures (usually below 30K for iron minerals), the spin-spin and spin-
lattice relaxation processesslow down, such that their t1,2» become longer
than that of the 57Fe excited state, and magnetic spectra can be observed
(Hawthorne1988). For paramagnetic iron materials, the magnetic field
normally changes due to these relaxation effects, with the changes being fast
compared to thelifetime of the 57Fe excited state.

Experimental and simulated spectra of the sample at 4.2K are shown
in Figure 4-40. The experimental spectrum exhibited apart from the
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asymmetric doublet due to paramagnetic iron sites are a sextet characteristic

of magneticiron. Simulation of the pattern yielded the following parameters
for the sextet: 6 = 0.42 mm/sec; A = -0.05 mm/s; magnetic hyperfine field =
53.5 T. Thederived 6 and A parameters are characteristic of Fe(III); Fe(II)
sites exhibit larger A values. The hyperfinefield value of 53.5 T and other
Mossbauer parameters are similar to hematite (a-Fe2O3); for example, aweakly
ferromagnetic hematite exhibits a hyperfinefield of 53.3 T at 4.2K, (Murad et
al. 1988) whereas magnetite (Fe;O4) and other commonly occurring iron oxides
exhibit lower hyperfine fields. Weinvoked a hyperfine distribution model to fit
the spectrum: the derived full-width at half maximum was 0.40 mm/sec versus
0.20 mm/sec (natural line width) expected for an elemental sextet, suggesting
that adistribution of local chemical environments exists in the sample.
Additional studieswill be performed to investigate the origin of the magnetic
behavior of the glasswith such low iron concentration.

The asymmetric doublet at 4.2K issimilar to the one at room temperature. Fit
parametersindicated that paramagnetic Fe(II) and Fe(III) contributed to this
signal. The derived parameters for Fe(II) (6 = 1.13 mm/sec; A = 2.27 mm/s)
and Fe(III) (6 = 0.76 mm/sec; A = 0.37 mm/s) are similar to those reported in
the literature. A comparison of room temperature and 4.2K spectra shows that
the ratio of the areas of the high-energy peak to the low-energy peak is similar
in both, suggesting that the nonlinear background present at room temperature
is solely due to magnetic Fe(I1I).

"The Fe(II)/iron-total ratio was calculated from the relative areas of the
different iron sites of the 4.2K spectrum. |n theliterature, theiron redox

ratio in glassis conventionally determined by the ratio of the area under the
spectrum for Fe(II) over the total area of the spectrum, (Levy et al. 1976;
Mysen et a. 1980) assuming that the ratio of f Fean/f reain is not substantially
different from unity (where f is the fraction of these atoms that is recoil-free).
"The spectral area percentages derived from the 4.2K spectrum due to different
iron components are as follows: magnetic Fe(III) is 46.4 percent, paramagnetic
Fe(I11) is 23.4 percent, and paramagnetic Fe(II) is 30.2 percent. Based on
these values, the ratio of Fe(I1)/iron-total was calculated. The ratio obtained
(0.30) was slightly higher than 0.22 determined by using acalorimetric
method. |n the calorimetric method, Fe(II) could be oxidized during the
dissolution of glassin acid at ambient temperature, resulting in a slightly lower
measured Fe(I1) concentration.

Magnetic behaviors of low and high iron (1 to 4 mol% Fe;O3) glasseswith
adifferent iron redox ratio will be further studied using Mossbauer in a
collaboration with the glass-phase separation study. Because of the use of a
powder sample with large surface area for the measurement, it isimportant
to accurately determine the surface (top 100 nm or so) iron-oxidation states,
especially for the glasses partially reduced; a conversion electron M ossbauer
spectroscopy setup, currently being developed at EM SL, would be employed
for asurface study. In addition, synchrotron Mossbauer spectroscopy studies
are planned to gather information on f-factors and relaxation phenomena.
"The use of transmission electron microscopy to characterize the glass
microstructures at a nanoscaleis also planned, which could provide further
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understanding of the origin of the magnetic behaviorsin glasswith iron

“ partially reduced.
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Outlook Review = Science

4.1.3
High-Field Magnetic Resonance Facility

The High-Field Magnetic Resonance Facility focusesa significant portion of
its research on developingafundamental, molecular-level understanding of
biochemical and biological systems and their responseto environmental effects.
A secondary focusis on materials science, including catalysisand chemical

mechanismsand processes.

Representative Research Activities

Staff and science consultants within thisfacility offer expertise in the areas of
structural biology, solid-state materialscharacterization, and magnetic resonance
imaging techniques.

Research activitiesinclude structure determination of large molecular assemblies
such as protein-DNA (normal and damaged DNA) and protein-RNA complexes
that model assembliesthat may form as a cellular responseto chemical or
radiological insults; examination of conformational changesin membrane protein
complexesinvolving metal clustersusing pulsed EPR, NMR-based structural
and functional genomics; multinuclear detection and catalyst and materials
characterization using solid-statetechniques, and non-invasive biological
imaging, integrated magnetic resonance and confocal microscopy, and slow-
spinning NM R to study cell systems.

The state-of-the-art 900-MHz Research Cap ab | I |t| es
NMR spectrometer, located
in EMSL's High-Field Magnetic * 900-MHz NMR

Resonance Facility.
*800-MHzNMR

* 750-MHz NMR

* 600-MHz NMR (two systems)

* 500-MHz wide-bore NM R (two systems)

* 500- M H z narrow bore NM R (two systems)
* 300-MHz wide-bore NM R (two systems)

* 2 TedaHorizontal Bore NM R

* EPR spectrometer with electron nuclear double resonance (ENDOR)/
electron double resonance (EL DOR) capability

* Combined optical and magnetic resonance microscope "
* Low-temperature probes for metallo-protein chemistry and structure

* Virtual NM R capability enabling use and collaboration with EM SL
scientistsfor remote users via secure shell over the internet.

APRIL 2005
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Recent Upgrades

600-MHz Cold Probe

I n early 2004, the High-Field M agnetic Resonance Facility enhanced its
available NM R capabilitieswith the arrival of an H(C/N) pulsed-field gradient
triple resonance cold probe for the 600/51 Inova NM R spectrometry system.

‘I he system has contributed to the collection of high-quality data for a number
of peer-reviewed scientific projects. The cold probe system alows EM SL users
to reduce system thermal noise and increase signal-to-noisethree- to four-fold.
Greatly improved signal-to-noiseallows the user to either reduce data collection
times, resulting in an increasein the number of experimentsthat can be
performed during agiven time, or to reduce sample concentrationsso that more
challenging sample systems can be examined. The improvementin research
productivity afforded by the cold probe, aswell as the ability to examineless
tractable systemsby NMR, has increased the facility's ability to support leading-
edge scientific research.

600-MHzINOVA Consoleand Pentaprobe

'lhe 600-MHz INOVA console replaced an outdated 14-year-old console
that could not be operated using the current generation of software. The
new 600-M Hz consolecan run BioPack, a state-of-the art suite of biological
experiments that simplifiesthe collection of protein structure data. BioPack
offersarange of experiments that could not be performed using the old
console. The new console features a deuterium-decoupling channel, which
opens up anew range of samplesand experimental approachesto collecting
protein structure data on large proteins. As part of the console upgrade, a
H(NCPD) probe was purchased that will increase signal -to-noiseon existing
experiments, aswell as add capability for additional structural experiments of
RNA and DNA. Thisprobeis being installed in early 2005.

600-MHz cold probe

) A cryogenic solid-state NMR probe
Solid-StateNM R Probe Development and its developers.

During the past year, researchersfrom the High-Field M agnetic Resonance
Facility and PN N L developed severa unique solid-state probesfor use at
EMSL. Two new cryogenic probes were constructed for the 9.4-tedla and
11.7-tesla NM R magnets. The 9.4-tedaprobeis triple-tuned to zinc, nitrogen,
and hydrogen, and the 11.7-tesla probeis an H X probe capable of tuning from
25Mg to 31P. The techniques used to devel op the new capacitor and vacuum feed
required by these probes have enabled all of the tuning elements to be located
in the cryogenicenvironment. Thus, the tuning rangesare no longer limited
and the probes can be tuned to awide range of nuclei. In addition to these
two new probes, a new slow-spinning5-mm cross-pol ari zation, magic-angle
spinning (CPMA'S) probe was constructed for usein the Varian and Bruker
imaging gradients sets. 'Thisprobe has enabled a new class of experimentsto

be implementedfor studying metabolic changesin cellular systems. Findly, a
high-speed 3.2-mm CPM A S H X probewith atuning range of 87Sr to 23Na
was thefirst CPM A S probe developed for the 21.1-tesla magnet, equipped on
the facility's state-of-the-art 900-M Hz N M R spectrometer. Because of its high
spinning speed (>23 kHz) and high-performanceradio frequency section, this
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probewill enable several new solid-stateexperimentsto be performed at this high
field. One of thefirst user projects to benefit from the new probe was a study of
environmentally challenging waste site cleanup samples containing strontium.

EPR Consoleand Pulsed Bridge

'The console and microwave bridge on the Pulsed EPR/ENDOR/ELDOR
spectrometer were upgraded in November 2004 to an EleXsys E580 console
and a SuperX-FT bridge. Thisupgrade providesEM SL researcherswith a
modern operating system and user interfacefor the spectrometer and enables
remote operation of the spectrometer over thelnternet. A great improvement
in resolution and throughput are afforded by the pulse programmer and signal
averager in the new console, and with many samples, aten-fold increasein
signal-to-noiseratio is achievable. The microwave bridge offersimproved
sensitivity and pulse shaping ability, and is capable of producing microwave
pulses as narrow as 2 ns. Two independent microwave sourcesin the bridge
permit routine pulsed EL D OR measurementsof nanoscal edistances and
facilitate a number of hyperfine selective ENDOR measurements. The
SuperX-FT bridgeincludesastrip-line pulse former unit with four microwave
channels and a pair of microwave pulse former units that provide four additional
microwave channelsin addition to the ELDOR channel. Pulse sequencesare
being ported over to the new system, and calibrated data collection for research
projectsis currently underway. The new consoleis supported by a new Xepr
data analysis software suite and the X sophe simulation suite, with enhanced,
extensible processing and simulation of experimental data.

Future Direction

Asthe High-Field Magnetic Resonance Facility preparesto meet the
requirements of two new EM SL Scientific Grand Challenge projectsand
strategically fit facility resources to match the capability needs of some of the
future CATs, careful effortswill be made to select resource enhancements,
update equipment, and develop novel capabilities. Thiseffort will require
additional capabilitiesthat will obvioudy impact data collection for alarge
number of projects, Scientific Grand Challenges, CATs, and open-call proposals.
These additional capabilitiescould include acold probefor a high-field
instrument or investment in more specific capabilities, such as a unique probe
design for in-situ catalysisexperiments as part of the EM SL CatalysisCAT. The
needs for the upcoming Scientific Grand Challenges will emerge further in 2005
as scientific milestonesare set.

Recent upgradesto the pulsed EPR spectrometer will expand the range of
experimentsfor EMSLs Biogeochemistry Grand Challenge. Designing a new
"flat-coil" probe for use with biosolid-state experiments could help with the study
of protein-membraneorientation, both in cyanobacterium and other systems
identified by EMSL’s user base. 'This type of probe, paired with EMSL’s 900-

M Hz NM R spectrometer, could yield a powerful combination for gaining new
understanding of membrane biology. Another unique capability, the study of
NMR-active radionuclides, is being developed on 300-MHz NM R system. This
capability promisesto advance the understanding of fundamental radionuclide
chemistry, with applicationsto Hanford Site cleanup.
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I nfall 2005, the High-Field M agnetic Resonance Facility plans to receive an
800-MHz cold probe system that was purchasedin mid-2004. This system

will be equipped with the highest signal-to-noise capability of all of EMSL’s
biological liquids NM R probes (a50 percentincrease over the 600-MHz

cold probesystem received in 2004). Thiswill be awelcomeimprovement for
analysisof difficult ssmplessuch aslarger macromol eculesand other samplesless
tractableat millimolar concentrations. New samplesystemsthat were previoudy
intractable for study with the earlier technology will be practical at tens of
micromolar concentrations.

Other capability development projects that may be pursuedin 2005 includea
4-mmHX CPMAS (VT-capable; 87Sr - 23Na) for EMSLs state-of-the-art 900-
M Hz NM R spectrometer; this system could assist with avariety of solid-state
material projects and would provide needed sensitivity to help with studies such
as those related to strontium environmental cleanup.

Researching and taking advantage of opportunities to support distinguished
science capabilities, aswell as maintaining state-of-the-art systems, will keep
productivity of the High-Field Magnetic Resonance Facility high and its
capabilitiesrelevant.

Facility Staff

David Hoyt Michael J. Froehlke
Technical Lead Technician

(509) 373-9825 (509) 376-2391
david.hoyt@pnl.gov michael .froehlke@pnl.gov
Araceli Perez Nancy G. Isern

Administrative Secretary
(509) 376-2548
Avriceli.Perez@pnl.gov

Sarah D. Burton
Senior Research Scientist
(509) 376-1264

Research Scientist
(509) 376-1616
nancy.isern@pnl.gov

Donald N. Rommereim
Senior Research Scientist
(509) 376-2671

sarah.burton@pnl.gov don.rommereim@pnl.gov
Joseph J. Ford Jese A. Sears, Jr.
Senior Research Scientist Technician

(509) 376-2446
joseph.ford@pnl.gov

Key Staff

(509) 376-7808
jesse.sears@pnl.gov

Key staff, besides those listed above, includeMichael K Bowman, Garry W
Buchko, Herman M Cho, John R Cort, Paul D Ellis, Jian Zhi Hu, Michael

A Kennedy, David W Koppenaal, Andrew S Lipton, Paul D Mgjors, Kevin R
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Protein NMR Structures from the
Northeast Structural Genomics
Consortium in 2004

JR Cort,® T A Ramelot,® JM Aramini,® GJ Kornhaber,® DA Snyder,®
M C Baran,® GV T Swapna,® AA Yee,(© B Wu,© GT Montelione, )
CH Arrowsmith,© and M A Kennedy,®

(a) Pacific Northwest National Laboratory, Richland, Washington

(b) Center for Advanced Biotechnology and Medicine, Rutgers University,
Piscataway, New Jersey

(0) University of Toronto, Toronto, Ontario, Canada

Proteins comprise the machinery of the cell-they convert energy from one

form to another, assemble and repair DNA, transmit signalsfrom outside the
cell to the nucleus, and serve numerous other roles. For many proteins, roles
have yet to be discovered. The large fraction of proteinsthat are functionally
uncharacterized presents a mgjor challengefor today's effortsto reach a holistic
understanding of the cell, which typically containsthousands of different
proteins. Knowledge of the structure of aparticular protein of unknown
function can aid the development and testing of hypothesesabout its function.
The collected knowledge of the structures of a representative sampling of all the
proteinsin the cell will enhance our ability to describe the cell as a networked
system of interacting parts, many of which are proteins.

The Northeast Structural Genomics Consortium (NESG) is agroup of
investigators at several ingtitutions in the United States and Canada, funded by
the Protein Structure Initiative of the National Institutes of Health and engaged
in aproject using both NM R spectroscopy and X-ray crystallographyfor high-
throughput protein structure determination. EM SL is one of several facilitiesat
which NM R data is collected for the NESG. Thisdatais distributed to groups
at RutgersUniversity, University of Toronto, the State University of New York
at Buffalo, and the Biological Sciences Division of PNNL. Sincethe NESG
collaboration was established in 1999, 175 total structures have been deposited
in the Protein Data Bank, of which about half were determined using NM R
methodologies. Of these, 28 structures were determined from completedatasets
collected at PNNL ; partial datasets collected at PNNL have been used to assist
in elucidating more than 25 additional structures. Data collected at PNNL has
resulted in 26 papers published in the scientificliterature, four of which were
selected asjournal covers. 1 n 2004, complete data sets for nine proteins, and
partial data sets (usually select experimentsat high field) for nine additional
proteinswere recorded for the NESG. Full data setstypically represent four

to fiveweeks of instrument time; the partial data sets take between one and
three weeks of time. Altogether, approximately 60 weeks of EM SL instrument
time were devoted to structural genomicsin 2004. Ten refined structures were

i
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deposited to the Protein Data Bank at www.rcsb.org. 'The structure that is
deposited consistsof atomic coordinatesin cartesian space, though in Figure
4-41 they are shown as ribbon cartoon representations. They represent the final
product produced from the data collected at EM SL and are availablein the
Protein Data Bank for use by scientists everywhere.

Followingstructure determination, NESG scientistscomparethe structures to
othersin the structural data base. Often two proteinswith dissimilar amino
acid sequences that adopt similar structures will havefunctional similarities.
Other cluesto protein function can be derived from identificationof particular
arrangements of amino acid side chainsin the structure. Such analyses

often suggest further experimental studies and can lead to new discoveriesin
biochemistry and molecular biology.

Figure 4-41.

Structuresof 10 proteins, eight from bacteria and two from humans. Detailsare available at www.nesg.
org. The structures were deposited in the Protein Data Bank (www.rcsb.org) in 2004. The structures
were determined with data collected at the EMSL High-Field Magnetic Resonance Facility for the NESG.
For each protein structure, the NESG and Protein Data Bank identification numbers are given.

PfR48 SeR8 E é i;

ER111 1XHS % 1XHJ E SR10 1XMO
1XJS Eé

QR46 150U TaT38 1X89B

HR969 1SGO

HR1958
PaP1 1XPN 1XPW

<P
o
=
2
(]
v
L]
=
2
>
o
ez
x
o
=)
=
S
(=

ENVIRONMENTAL MOLECULAR SCIENCESLABORATORY




1V : Science

19
J
c
8
[
(V]
z
°
>
%}
o
-t
(=]
=]
o]
=
o

APRIL 2005

The following publications weregener ated as part o thiswork:

CortJRr, Y Chiang, D Zheng, M A Kennedy, and G Montelione. 2002. “NMR
Structure of Conserved Eukaryotic Protein ZK652.3 from C. elegans: aUbiquitin-like
Fold." Proteins. Structure, Function, and Genetics48(4):733-736.

CortJR, SSMariappan, CY Kim, M SPark, TS Peat, GSWaldo, T C Terwilliger,
and M A Kennedy. 2001. "Solution Structure of Pyrobaculum aerophilum DsrC,
an Archaeal Homologue of the Gamma Subunit of Dissimilatory Sulfite Reductase."
EuropeanJournal of Biochemistry / FEBS 268(22):5842-50.

CortJR, A Yee, AM Edwards, CH Arrowsmith, and M A Kennedy. 2000.
" Structure-Based Functional Classification of Hypothetical Protein MTH538 from
M ethanobacterium thermoautotrophicum.” Journal of Molecular Biology 302(1):189-203.

CortJR, EV Koonin, PA Bash, and M A Kennedy. 1999. "A Phylogenetic Approach
to Target Selection for Structural Genomics: Solution Structure of YciH.” Nucleic Acids
Research 27(20):4018-4027.

Kennedy MA, G Montelione, CH Arrowsmith, andJL Markley. 2002. "A Rolefor
NM R in Structural Genomics." Journal of Sructural and Functional Genomics2(3):155-
169.

Powers R, T B Acton, Y Chiang, R Paranji,JR Cort, M A Kennedy,J Liu, L Ma,
B Rost, and G T Montelione. 2004. “'H, 13C and 15N Assignmentsfor the
Archaeglobus fulgidis Protein AF2095.” Journal of Biomolecular NM R 30: 107-108.

Ramelot TA, JR Cort, S Goldsmith-Fischman, GJ Kornhaber, R Xiao, R Shastry,

TB Acton, B Honig, G T Montelione, and M A Kennedy. 2004. "Solution NM R
Structureof the lron-sulfur Cluster Assembly Protein U (IscU) with Zinc Bound at the
Active Site." Journal of Molecular Biology 344: 567-583.

Ramelot TA,JR Cort, A Yeg, FLiu, MB Goshe, AM Edwards, RD Smith,

CH Arrowsmith, T E Dever, and M A Kennedy. 2002. “Myxoma Virus
Immunomodulatory Protein M156R isa Structural Mimic of Eukaryotic Translation
Initiation Factor elF2a.” Journal of Molecular Biology 322:943-954.

Savchenko A, N Krogan,JR Cort, E Evdokimova,JM Lew, AA Yee L Sinchez-
Pulido, M A Andrade, A Bochkarev, M A Kennedy, J Greenblatt, T Hughes,

CH Arrowsmith,J Rommens, and A M Edwards. “The Shwachman-Bodian-Diamond
Syndrome Protein Family isInvolved in RNA Metabolism." 2005. Journal of Biological
Chemistry (in press).

YeeA, X Chang, A Pineda-Lucena, BWu, A Semsesi,B Le, TA Ramelot, GM Leg,

S Bhattacharyya, P Gutierrez, A Denisov, C Lee, JR Cort, G Kozlov,J Liao, G Finak,

L Chen, D Wishart, W Lee, L PMcIntosh, K Gehring, M A Kennedy, A M Edwards,
and CH Arrowsmith. 2002. "An NM R Approach to Structural Proteomics." Procesdings
of the National Academy of Sciences of the United States of America 99(4):1825-1830.



i ||

= - - 2

=

_._

e

1

- |

€3 3 &3 E

| -

lv: Science

Variable-Temperature MAS NMR
Spectroscopic Study of Incorporated and
Sorbed 33Cs and 23Na in Zeolites

Y Deng,® JJ Ford,® SD Burton,® JB Harsh,® and M Flury®

(8 Washington State University, Pullman, Washington

(b) W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

Mineral alteration has been observed in sediments underlying high-level
radioactivewaste storage tanks that have leaked at DOE’s Hanford Sitein
Richland, Washington. The alteration may change sediment propertiesfor
incorporation, adsorption, and desorption of pollutants from the wasteleaks.
Cancrinite, sodalite, Linde Type A zeolite, and allophane have been observed in
our simulation experiment. The new mineral phases, especialy the colloid-sized
particles, may facilitate the transport of radioactivenuclidesin the vadose zone.
Radioactive33Cs is amajor radiation source in the tank waste. Feldspathoids
and zeolitescontain cages and channelsin which Cs1* can exist asion pairswith
OH1- NOs!, NO,!-, CO32-, ClIt-, and SO42-. Water in the cages of the minerals
may also affect the chemical environment of the cations. In this project, we
used variable temperature magic-angle-spinning NM R to investigate the
chemical environment of cesilum and sodium inside fel dspathoidsand zeolites
(Norby et a. 1998).

We carried out thisexperiment on EMSLs Varian/Chemagnetics Infinity-Plus
400-MHz NM R spectrometer. Thetemperaturevariedfrom 213 K to 498 K,

and the rotorswere spun at 8 kHz. Cancrinite, sodalite, and Linde Type A zeolite
showed different responsesto the temperaturechanges, two examples of which
aregivenin Figure 4-42. For the sodalitein which cesumwasincorporated, the
23Na magic-anglespinning spectrum recorded at 293 K shows amain peak at -5.7
ppm and ashoulder at around 2.4 ppm (Figure 4-42a). Decreasing temperature
to 213 K causesthe peaksto merge to one broader peak. Increasing temperature
enhanced theintensity of the 2.4-ppm peak and weakened and shifted the peak at
-5.7 ppm. Thetwo peakswere best resolvedin the temperaturerange of 353 to 423
K. Increasing temperatureabove 448 K caused the collapseof the 2.4-ppm peak.
These changes suggest that the chemical environment in sodaliteis homogenous
for sodium at low temperatures. Motion averaging of cationsin sodalite does

not seem to be the major contributor to the singularity of the NM R peak at low
temperatures. Increasing temperaturereduced moisturein the cages and likely
caused the different chemical environments. We may assign the -5.7-ppm peak to
the hydrated sodium and the 2.4-ppm peak to the dehydrated sodium.

The 133Cs NM R spectraof Linde Type A zeolite (Figure 4-42b) arevery
different from the spectraof cancrinite or sodalite (data not shown). Linde Type
A zeolite has only one narrow peak at different temperatures, thus indicating
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a: Na MAS NMR of sodalite

b: '%Cs MAS NMR of LTA zeolite
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Figure 4-43. Cagssin (a)
sodalite and (b) Linde Type A
zedlite Linde Type A zedlite
contains bath & and B-cages,
but cationsstay in the large
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very homogenous chemical environments or high motion of the cesium in Linde
Type A zeolite. We recorded a pattern at 293 K without spinning the rotor [the
third spectrum from bottom (Figure 4-42b)], and the peak is nearly as narrow
as the one recorded with aspin rate of 8 kHz. This narrow peak width suggests
that the mobility of cationsin Linde Type A zeolite is nearly as high asthosein
solutions. This islikely the result of the large size of the (-cagein Linde Type A
zeolite (Figure 4-43b).

Two manuscripts are ready for submission based on thisdata, and itisa
continuation of earlier work conducted at EM SL using the electron microscope
facilities (Zhao 2004).

Citations

Norby P, FI Poshni, AF Gudltieri,JC Hanson, and CP Grey. 1998. "Cation Migration
in Zeolites: An In Sizu Powder Diffraction and MAS NM R Study of the Structure of
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Magic-Angle-Spinning NMR of Highly
Radioactive Ceramics: 2°Si NMR of Zircons
Containing 10 wt% ***Pu and ***Pu

| Farnan,® H Cho,® \WJ Weber,® RW Scheele,® NR Johnson,® and
A Kozelisky®

(a) University of Cambridge, Cambridge, United Kingdom
(b) Pacific Northwest National Laboratory, Richland, Washington

W e have developed a protocol for acquiring magic-angle-spinning N M R spectra
of highly radioactivesamples. To our knowledge, thisisthefirst report of such
an experiment. These methods have been used to quantify the radiation damage
occurringin manmade ceramic samplescontaining 23°Pu and 238Pu. Internal
radioactivedecay is accelerated in these systems, and they serve as a model for the
long-term behavior of potential ceramic radionuclidewaste forms.

Naturally occurring zircons (ZrSiO4) can contain the radioactiveelements
uranium and thorium at levels up to several thousand parts per million. They
exhibit amixed crystalline and amorphous character because of the large number
of radioactivedecay eventsthat have taken place within them over geological time.
Magic-angle spinning NM R measurements can enumerate silicon atomsin the
amorphous and crystalline phases and have provided, for the first time (Farnan
and Salje 2001), a quantitative measure of the amount of structural damage that
occursin terms of the number of permanently displaced atoms per a-decay. These
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""active'" experiments test the feasibility of the rigorousquantification of radiation _ PIRE and Born Ninde Sample Holder Amerrbl.

" damage/resistance in ceramicsthat are candidates for radionuclideimmobilization. [——

' "The key safety consideration in an experiment with aradioactivesampleis to ,

L prevent contamination or harmful exposuresof the operator or equipment. 'This s

| isaccomplishedby preparing the samplein a nondispersibleform. We used FS——

. adiamond-tipped coredrill to extract a3-mm-diameter corefrom asintered =
disk of azircon-basedceramic. 'These coreswereinserted into aceramic

il | holder to a maximum stacked height of 10 mm. Thisholder wassedledin a

i) polytetrafluroethylene capsule, and the whol e assembly was loaded into a 7.5-mm
zirconiarotor to form atriply contained sample (Figure 4-44). At each stage of _ _

" loading, the assemblyis checked for external contamination. The rotor was then Eﬁﬁ;et:i‘;: . Oi’ggi'ﬁriidn\t"ew

1 test spun and rechecked for contamination, and once cleared it was moved to magic-anglespinning rotor
the spectrometer. I n proof-of-principletests, we cored two ceramic samples that for radioactive samples. The
were prepared in 1984 with 10 wt% 23Pu and 238Pu loadings, respectively. For lj“”e.m."OSt. capsulein this
. L ) . . - . epiction is made from a boron
increased sensitivity, the 22Si magic-angle spinning NM R signalswere acquired nitride ceramic; current designs
with Carr, Purcell, Meiboom, and Gill echo trains. use an aluminum nitride ceramic.

‘ 239Py has a half-lifeof 24,100 years and 238Pu a half-lifeof 87 years, thus
o the 238Pu sample has received on the order of 1020 a-decays/g and the 23°Pu

sample -5 x 1017 a-decays/g. Figure 4-45 shows the spectra of the summed

Carr, Purcell, Meiboom, and Gill echoes. The 239Pu sample showsvery little

- damage, a result that agreeswith data on naturally occurring ZrSiO4. Thisisan
important result in terms of interpreting dose rate effects on radiation damage
because this sample has received in 20 years the same dose a natural sample

li would have received in -500 million years. The 238Pu sample, on the other

hand, has become compl etely amorphous due to its large a-dose, with some

recrystallization of an asyet unidentified phase. The stage is set to produce N T T e

@ selected samples of 238Pu-doped ceramics and quantitatively evaluate their M 9 W a0 A% 2 4B

radiation resistancewith NM R spectroscopy.

)
A preliminary report of these resultswas presentedin aninvited talk by Dr. Farnan Figure 4-45. 29Si magic-angle
- atth ; ; o spinning NMR spectra (sample
e2004 Experimental Nuclear M agnetic Resonance Conference (Pacific spinningspeed = 35 kiiz)
b Grove, California) in April 2004. 'Thisconferenceis an annual international B e e T
| conferenceattended by 1200 N M R spectroscopists. | n addition to the paper cited containing approximately 10
" in this publication, Farnan et al. 2004b was generated as aresult of thiswork. I%BSPU#]O p) and 23%pu
(bottom e spectra were
- _— acqunred with a Carr, Purcell,
| ClEeE Meiboom, and Gill echo train.
" Farnan |, HM Cho, W.JWeber, RD Schede, NR Johnson, and A E Kozelisky. 2004a. §§Tﬂ%ﬁ$ﬁz€§¥g§f;§ L SUSE
L "Magic-AngleSpinning NMR of Highly Radioactive Ceramics 2%Si NMR Zircons samples, respectively. The top §
Containing 10wt% 23%Pu and 238Pu.” Presented by lan Farnan at Experimental NMR spectrum revealsthe hi%hlg =
= Conference, Aslomar, California, on April 18,2004. amorphous state of the 238pu V_"
ceramic, which has received =
- Farnanl, HM Cho, WJWeber, RD Schede, N Johnson, and AE Kozdisky. 2004b. aninternal a-dose morethan @
*High-Resol ution Solid-State Nuclear Magnetic Resonance Experimentson Highly t‘r’]vo Orﬁers O}fjmag“"”de higher =.%
- RadioactiveCeramics" Review of Scientific | nstruments75(12):5232-5236. than the “=“Pu specimen. 2
¢
- Farnan|, and EKH Sdje. 2001. "The Degree and Nature of Radiation Damagein 8
N Zircon Observed by 29Si Nuclear Magnetic Resonance." Journal of Applied Physics -
89(4):2084-2090. o
-
il
—
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Figure 4-46. Examplesof

zeolitic frameworks
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Figure 4-47. The incorporation
of zeolite nanocrystals in the
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Detection and Characterization of ZSM-5
In a Mesoporous Host Matrix

Poor diffusion ’

Composite: Good catalyst, good diffusion

)

CA Fyfe,® C Schneider,® JL Bretherton,® S Kaliaguine,® T DO,® A
Nossov,© and M A Springuel-Huet(©)

(@ University of British Columbia, VVancouver, British Columbia, Canada
(b) Laval University, Quebec, Canada
(¢) Université Pierre et Marie Curie, Paris, France

"Thisis an extension of previouswork at EMSL's High-Field Magnetic
Resonance Facility, which included studies of ceramics and minerals aswell as
zeolitesand resultedin six publications[ Do et al. 2004; Fechtelkord et a. 2003;
Fyfe et al. 2001 and 2000; Groat et al. 2003; Moorlag et al. 2005 (in press)].
Previousresearchwith the zeolites used high-field NM R to demonstrate that
four aluminum siteswere present in the catalyst zeolite-Y, instead of the three
identified at lower field, and that they possessed the correct population ratio.
The mineral studies used lithium NM R to verify in the
diffraction data that there were two sites present in the
@ amblygonite(LiAIPOsF) montebrasite (LiAIPO.OH)
solid solution; to measure internuclear distancesin
S this solution; and to determine that the siteswere
e randomly distributed in the material, which diffraction

Large pores (up 10 2004)  eaq rementscould not determine.
Good diffusion

Amorphous

Zeolites are very open frameworks of aluminosilicates
or silicatescomposed of corner- and edge-sharing
SiO44- and AlO.5- tetrahedra. 'lhey contain regular
systems of cavities and channels of molecular
dimensions that control the uptake of organic molecules
in terms of shape and size selectivity (Figure 4-46). They are powerful acid
catalysts, but their small poreslimit diffusion. It has been shown recently
that the coating of protozeolitic nanoclusters onto the surface of preformed
mesostructured aluminosilicates can greatly improve their hydrothermal
stability and acidity, both essential for catalysis (Figure4-47). Although

the change of pore size and volume as well as Fourier-transform infrared
observationsindicated the location of the zeolite nanoclustersin the mesopore
channels, X RD diagramsfailed to prove the presence of zeolite crystalsin the
coated material. Ultrahigh-field (17.6 tesla) 27A1 magic-angle-spinning and
multiple quantum magic-angle spinning N M R was used to detect the zeolite
nanocrystals and quantify the multiple aluminum environments in these
materials. A completeaccount isgivenin Do et al. 2004.

Figure 4-48a shows the various aluminum environments detected by 27Al
magic-angle spinning NM R at 17.6 teda. 'l he parent sample showstwo broad
peaks (onetetrahedral and the other octahedral) characteristic of amorphous
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materials and the calcined zeolite-coated samples show two additional sharper
peaks consistent with the chemical shift valuesof the corresponding zeolite.

"The broadening of these peaks, compared to the ones obtained from perfectly
crystalline zeolites, results from their beingin alessordered environment. As
Figure 4-48b shows, it was possibleto discriminate the higher degree of ordering
of the zeolite (longer T2) from the amorphous mesoporous framework (shorter
T2) through aseries of spin echo experiments. 27Al multiple quantum magic-
angle spinning NM R confirms these results, asonly two partially resolved
signals are observed and assigned to the tetrahedral aluminum sitesin the zeolite
(Figure 4-48c).

Figure 4-48.
The ueed utrahigh fidd 27A1 NMR to discriminetethe nanozeolite fram the mesostructure,
a) Single pulse b) Spin Echo ¢) 3QMAS
MCM+ZSM-5 24ms
e P i
ﬁ\
1.2 11\“
wﬁﬂjﬂ Ut M e
ﬂl“ﬂ.lll-'ﬂ“;’ﬂ 060 ’
MCM
030 T- U
{J]S \Jﬂl :F'['"'I""l’""I""I""I""I'
,JJ w - - Y ) ".lp - an L
300 150 200 150 W0 N ¢ A0 -1; =150 -200 -2%0 . )

o0 Wwe 80 & & N 0 N . @ W

Ultrahigh-field 27Al magic-angle spinning and multiple quantum magic-
angle spinning NM R proved to be extremely useful tools for the detection of
zeolite nanoclusters and the different aluminum environmentsin nanozeolite/
mesoporous aluminosilicate composites, which-are impossible to detect by
conventional XRD techniques.

Citations
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Figure 4-49. (Left): Aluminum
NMR magic-angle spinning
spectra for siliceous sinter from
the Kamchatka Peninsula.
Significant quantities of both
tetrahedral and octahedral
aluminum are present. (Right):
Aluminum NMR magic-angle
spinning spectra for siliceous
sinter from_Yellowstone National
Park. This27Al spectrum shows
only the tetrahedral aluminum
species present.
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Chemical Signatures in Thermal Springs:
Atomic-Level Structure of Silicon and

Aluminum in Natural and
Synthetic Minerals

N Hinman,® A Tenesch,® H Cho,® and S Burton®

(&) University of Montana, Missoula, Montana
(b) Pacific Northwest National Laboratory, Richland, Washington

M any factors drive chemical change in geothermal systems. Long-term effects
include climatic change; changein thelocation, quantity, and rate of release of
heat; and volcanic processes. For example, climatic processes affect the amount
of water circulating through the system and, therefore, the amount of heat
released as steam and liquid water. Mid-term effectsinclude seasonal processes
and human impacts; for example, interactions between shallow groundwater and
deeper thermal water can affect chemistry of the water in surface springs. Short-
term effects include photochemical and photosynthetic processes; for example,
reduced forms of iron are detected in mid-day because of photochemical
processes, whereas the by-products of such reactions apparently reduce sulfide
concentrations. "These changes result from changesin pH, redox conditions, and
solution composition, and can impart chemical signaturesin deposits formed in
such springs.

W hat signatures are likely to be preserved in the geological record?Because
chemical changes can affect the pH and redox conditions of thermal springs, it
makes sense to pursue signatures of elements affected by these factors. Although
many minor elements are affected by these changes, in this study we focus on
changesin major element speciation, specificaly, the concentrations and forms
of aluminum and silicon in thermal springs of different compositions. Waters
from an unnamed geyser in Shoshone Geyser Basin (Y ellowstone National

Park, Wyoming) and from the Trinoi Geyser (Krontoskii Reserve, Kamchatka,
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Russia) were selected to represent different spring water chemistriesthat might
result from changesover along time period or that might result from original
differencesin host rock composition.

NM R spectraacquired from instruments at EM SL show differencesin the
atomic environment of aluminum between waters from the unnamed U.S.
geyser and the Trinoi Geyser (Figure 4-49). Water from the Trinoi Geyser
shows significant quantities of both tetrahedrally coordinated aluminum and
octahedrally coordinated aluminum. Water from the unnamed U.S. geyser

has no octahedrally coordinated aluminum. The differencesin the silicon
environment in waters from the Trinoi and Pork Chop geysersare not as
pronounced. Solid-statesilicon-NMR showstwo distinct silicon environments.
Results from cross-pol ari zationexperiments (Figure 4-50) show silicon bridging
to two other silicon atoms via oxygen (Q2) and to three other silicon atomsvia
oxygen (Q3). Sintersfrom both Y ellowstone National Park and the Krontoskii
Reserve are a mix of these two silicon types.

Such differencesin the aluminum's atomic environment may be attributed to
effects of solution chemistry on the speciation of dissolved formsof aluminum.
properties

As aconsequence of these earlier results, silicon-aluminumtransfer of population
by double resonance (TRAPDOR) experimentswere conducted to determine
the proximity of aluminum and silicon in asiliceoussinter matrix. Silicon-
oxygen-aluminum bridges should be detectableby monitoring the silicon NM R
frequency while pulsing the aluminum NM R frequency. 1f areductionin
signal occursduring the TRA PD OR pulsing experiments, then aluminum is
close enough to silicon to influence the silicon nucleus. The NM R frequencies
of aluminum and silicon are sufficiently similar that the experiment might

not work. For thisreason, feldspar was used as a known, with little, if any,
TRAPDOR €effect observed. However, asignificant signal was observed

in thesiliceoussinter from Trinoi Geyser (Figure 4-51). Itisdifficult to

draw conclusionsabout aluminum effects on silicon on the basis of only one
sample. However, thiswork demonstrated the successof the silicon-aluminum
TRAPDOR experiment. MoreTRAPD OR experiments have been run since
thisinitial test of the experiment and we are currently working on a manuscript
with the results.

ENVIRONMENTAL MOLECULAR SCIENCES LABORATORY

e "-'"'J*-Jfﬂ |--.|-l' iy

el
Mﬁ% -

e i o gy

Figure 4-50. Cross-polarization
magic-angle spinning silicon
NMR spectra for siliceous sinter
from the Kamchatka Peninsula.
The array illustrates the affect

of increasing cross-polarization
contact times on the observation
of Q2and Q3.
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Figure 4-51. Silicon TRAPDOR
spectrum of a siliceous sinter
from Trinoi Geyser calculated
from the difference between
silicon spectra collected

with and without pulsing at
aluminum frequency. Inthe
silicon TRAPDOR experiment,
the difference between the
two spectra represents silicon
nuclei that are influenced by
nearby aluminum nuclei.
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Figure 4-52. Our structure of
the Nudix hydrolase DR0079
was featured on a cover of
Proteins. Shown is a proposed
model for the binding of a
generic substrate (nucleoside
and diphosphate, atomic colors)
and hydrated, divalent metal
cation ion (pink) to the solution
structure of DRO79.

Outlook Review = Science

NMR Spectroscopic Investigations of
Nudix Hydroylases from the Extremely
Radiation-resistant " Superbug"
Deinococcus Radiodurans

G W Buchko,® S. Ni,® SR Holbrook,® and M A Kennedy®

(@ Pacific Northwest National Laboratory, Richland, Washington
(b) Lawrence Berkeley National Laboratory, Berkeley, California

The bacterium Deinococcusradioduransis often called a “superbug” because of its
ability to survive under conditionsthat arelethal to most other organisms. It is
able to withstand high doses of ionizing and ultraviolet radiation, physical and
chemical DNA-damaging agents, and is highly resistant to desiccation. The
molecular basesfor these unusual propertiesare unknown. Consequently, there
is considerableinterest in identifying the proteinsresponsiblefor the “superbug”
propertiesof D. radioduransand understanding how they work. One hypothesis
isthat the resistanceto radiation and to other DNA -damaging agents (including
hydrogen peroxide and mitomycin C) may be due to an unusually high number
of surveillanceand housecleaningenzymes called Nudix hydroylases.

Nudix proteins are widely distributed among species, having been found

in the genomes of the three kingdomsand in the genomes of organismsas
diverse asviruses and humans. ‘lhey areidentified by the consensus sequence
GX:EX;REUXEEXGU (whereU =1, L, or V and X = any amino acid) that
forms part of the catalyticsitefor the hydrolysisof aNUcleoside DIphosphate
linked to some other moiety, X. The prototypical member of thisfamily isthe
Escherichia coli MutT protein that catalyzes hydrolysis of nucleotidetriphosphates
with apreferencefor 8-oxo-dGTP. The primary functions of Nudix proteins
areto sanitize the cell by reducing the leve of potentially mutagenic and/or
toxic compoundsand the accumulationof biochemical intermediates. While
more than 1200 putative Nudix proteins have been identified in genomes on

the basis of the Nudix consensus sequence, few Nudix protein structures have
been determined. For those few structures that have been determined, beyond
the conserved cataylic core there is a considerablevariation in the peripheral
structure and oligomerizationstate. Therefore, we havetargeted the 23
hypothetical Nudix proteinsfor structure determination in order to help identify
their cellular functions and to relate their structural diversity to functional
diversity. Usingthe NMR facilitiesat EM SL, we collected data that allowed

us to determine the solution structure for the hypothetical D. radiodurans Nudix
protein DR0079, a171 residue, 19.3 kDa protein.

Our structure for DR0079 was featured on the cover of the journal Proteins
(Figure 4-52). Figure 4-53 showsacartoon representationof the protein's
structure generated by Molscript. The protein containseight B-strands and three




a-helices organized into three subdomains: an N-terminal 6-sheet (1-34), a
central Nudix core (35-140), and a C-terminal helix-turn-helixmotif (141-171).
'lhe Nudix core and the C-terminal helix-turn-helix motif form the fundamental
fold common to the Nudix family, alarge mixed §-sheet sandwiched between
a-helices. While Figure 4-52 showsthat is possible to model ageneric substrate
into thelocation of the likely active site, it is not possible to predict the exact
substrate for DR0079 based on the structure. Finding the biochemical substrate
for DR0O079 will require further experimentation to determineif DR0079 playsa
"super function™ in this"superbug.”

The following publications have been generated as part of thiswork:

Buchko GW, S Ni, SR Holbrook, and M A Kennedy. 2004. "Solution Structure
of Hypothetical Nudix Hydrolase DR0079 from Extremely-radiation Resistant
Denococcus Radiodurans Bacterium. Proteins56:28-39.

Buchko, GW, S Ni, SR Holbrook, and M A Kennedy. 2003. “H, 13C, and
15N NM R Assignments of the Hypothetical Nudix Protein DR0079 from the
Extremely Radiation-resistant Bacterium Danococcus Radiodurans.” Journal 6
Biomolecular NM R 25:169-170.

NMR Structural Investigations of the Breast
Cancer Susceptibility Protein, BRCAI

P Brzovic,® D W Hoyt,® and RE Klevit(®

(&) University of Washington, Seattle, Washington

(b)W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

'lhe breast and ovarian cancer tumor suppressor protein, BRCAI iscentral to
anumber of fundamental cellular pathways. Its absenceduring embryogenesis
islethal. Lossof function in proliferating breast or ovarian epithelial cells

can result in the development of cancer. BRCAI has been shown to function

in processessuch as the cellular responseto DN A damage, homologous
recombination, transcriptional regulation, and, more recently, ubiquitination.
Protein ubiquitination provides a powerful regulatory mechanism for controlling
pathways that include cell-cycle progression, transcriptional regulation, and
responsesto DNA damage. The importanceof ubiquitin to cellular viablity is
underscored by the award of the 2004 Nobel Prize in Chemistry for research into
thefunction of ubiquitination at the molecular level.

BRCAI isalarge and complicated protein which is undoubtedly comprised of
amultiplicity of functional domains. A growing body of literature suggests
that BRCAI interactswith at |east 30 different macromoleculesto accomplish
its diversefunctional roles. To date, our structural work hasfocused on the
N-terminal RING domain of BRCAI in complexwith the N-termina RING

ENVIRONMENTAL MOLECULAR SCIENCES LABORATORY

C-terminal
helix-turn-helix

Figure 4-53. Ribbon
representation of the solution
structure of DR079 (PDB 1Q27).
The structure was determined
using NMR-based distance
geometry methods that included
the use of residual dipolar
coupling restraints. The three
a-helices and eight p-strands are
labeled. Alpha helix 1 contains
the Nudix box.
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Figure 4-54. Structure of the
BRCA1-BARD1 heterodimer
(magenta) in complex with
UbcH5c (blue-green). The
UbcH5c active site cysteine is
highlighted in yellow.

Figure 4-55. Structure of

the noncovalent complex
formed between UbcH5c and
Ubiquitin. Ubiquitin (red) binds
to the exposed B-sheet region of
UbcH5c (blue-green). The active
site of UbcH5c is on the opposite
side of the molecule.
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domain of BARD1. Of particular interest is the recent demonstration that
BRCAI RING functions as a ubiquitin ligase and interaction with the BARD1
RING isobligatoryfor this activity. As E3-ligases, RING domains are thought
to facilitate the specificity of ubiquitination reactions by forming a multiprotein
complex, binding both a ubiquitin conjugating enzyme (E2) covalently activated
with ubiquitin and specific proteinstargeted for ubiquitination. Cancer
predisposing mutationsfound in the BRCAI RING domain have been found to
interferewith its ability to function as a ubiquitinligase. Thus, our research at
EMSL is poised to study two critical cellular pathwaysat the molecular level.

This system provides a unique opportunity for studying protein-protein
interactionsby NMR. It involvescharacterizing the structures and interactions
between at |least four different protein components: BRCA1, BARD1, an E2
(UbcHSc or UbcH7) and ubiquitin (Ub). The molecular weight of the fully
assembled complexesapproaches 60 kD. I n previousyears, we have been able
to collect agreat deal of data on the individual componentsof this system.
During thelast year, data collected on the 600-, 800-, and 900-MHz NMR
spectrometers have alowed us to develop amodel of this multiprotein complex.

Thefirst piece of the puzzle was determination of the solution structure of the
BRCA1-BRCA1 RING domain heterodimer. Subsequently, we solved the

N M R solution structure of UbcH5c. With these two structuresin hand, we
were able to investigate the complex formed between the BRCA1-BARD1

RING heterodimer and UbcH5¢ (Figure 4-54). Although other RING protein-
E2 structures have been reported, this complex is catalytically competent and the
two proteins appear to associatein a manner substantially different from previous
reports. Thesestudies help to delineatefactors that govern the specificity of
RING(E3)-E2 protein interactions.

Secondly, our studies at EMSL's High-Field Magnetic Resonance Facility
uncovered a noncovalent binding site for Ub on asurface of UbcH Sc located
on asurfacefar removed from the activesite. A single mutation in UbcHSc
that disrupts thisinteraction is sufficient to eliminate BRCAI-directed poly-
ubiquitin chain formation in vifre. Though the affinity of this sitefor Ub is
low (Kd = 300 uM) data collection on both 800- and 900-M Hz instruments
at EM SL has been critical for calculating the structure of the UbcH5¢-Ub
structure (Figure 4-55.)

Recently, we have been able to generate and collect preliminary spectra on the
activated UbcHS5¢~Ub covaent complex. | n this complex, the C-terminus of

Ub is covalently attached to the active site cysteine residue of UbcHSc viathe
formation of athiolester bond. Surprisingly, with the exception of the extreme
C-terminal tail of Ub, there are no other apparent interactions between UbcH5¢
and the attached Ub moiety.

These accomplishmentsallow us to build a model of an active BRCA1/BARD1
E3 ubiquitin ligase complex (Figure 4-56). Thisis particularly exciting since
these complexes have previoudy not been amenable to detailed structural
characterization. Thiswork was made possible by the high-field NM R
instrumentation availableat EM SL. We anticipatethat during the coming year,

_—
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these studies will help usfurther understand the complicated set of interactions
" between BRCA1 and its partner proteins.
]
The following publications have been generated as part of thisresearch:
" Brzovic PS,J O’Keeffe, DE Christensen, DW Hoyt, and RE Klevit. 2004. "Structure
i) of aNon-covalent Ubch5c-Ub Complex Required for BRCA1-directed Poly-

ubiquitinylation." (In preparation.)

Brzovic PS,JR Kedffe, H Nishikawa, K Miyamoto, D Fox, M Fukuda, T Ohta, and

» RE Klevit. 2003. "Binding and Recognition in the Assambly of an Active BRCA1-
BARD1 Ubiquitin Ligase Complex." Proceedingsof the National Academy of Sciences

R 100:5646-5651.

- Brzovic PS, P Rgjagopd, DW Hoyt, M C King, and RE Klevit. 2001. "Structure of

- aBRCA1-BARD1 Heterodimeric RING-RING Complex." Natural Sructural Biology
10:833-837.
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Carbonic Anhydrase Points to Alternative e

L] . . Ub (red).

[ Mechanism of Action

- AS Lipton,® B Heck,® JA Sears,® and PD Ellis®

- (a) Pacific Northwest National Laboratory, Richland, Washington

- (b)W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,

| Washington

Carbonic anhydrase catalyzes a deceptively simple chemical reaction—the
- hydration of CO, to yield bicarbonate and a proton: CO; + H,O = HCO3™ +
H+. Further, it isthe first enzyme recognized to have abiological function

R for Zn2*, which was postul ated as the activation of bound H>O. Abundant

- in all mammalian tissues, plants, algae, and bacteria, carbonic anhydraseis
perhaps the most studied metall oprotein with more than 180 crystal structures

B in the protein database. Scientists at PN NL recently found evidence that a

- commonly held mechanism of action for human carbonic anhydrase may not
be correct. Instead, the new data are consistent with an alternative mechanism

Lad proposed in Merz et a. 1989, and were generated using novel low-temperature

- solid-state N M R spectroscopy, which allowed direct observation of the Zn?+in
carbonic anhydrase.

Originally, this research began as part of efforts to calibrate the spectroscopy
- developed at EM SL ; however, during the process, the scientists discovered that
assumptions about how this enzyme workswereincorrect. The spectroscopy
data showed that more research iswarranted to understand the mechanisms
b of carbonic anhydrase. |n addition, EM SL now has a powerful tool to probe
otherwise very difficult states in this class of metalloprotein.
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Figure 4-57. Low-temperature
(10 K) solid-state 7zn NMR
spectra of carbon anhydrase at
(@ pH 5and (b) pH 8.5. Above
each experimental spectrum

is a simulation of the spikelet
envelope. At pH 5, the extracted
value of Cq is 9.6 MHz, whereas
at pH 8.5 the value is 10 MHz.
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'The most activeform of carbonic anhydrase has very fast reaction rates
approaching -10 6/8. As aresult, innumerable studies have been conducted
directed at this protein's action mechanism. The accepted reaction mechanism
holds that the water ionizes (rate-limiting step) to yield abound hydroxide that
then adds to the nearby CO,, resultingin aZn?* - bound bicarbonate. The
presence of bound water and fast catalytic rates together presents a problem
that up to now could not be explained. Simple arguments would predict that
thefastest that carbonic anhydrase could turn over would be at rateson the
order of 10 4/8.

The principal observablein asolid-state®’Zn NM R experiment isthe
quadrupole coupling constant, Cq. The 7Zn Cq valuesare sensitive to changes
in structure and bonding associated with water or hydroxide. Figure 4-57 shows
data collected using EMSL'’s 18.8-teslaN M R spectrometer, illustrating that the
677Zn NM R measurement is independent of pH over the range of 5 to 8.5.

"The two spectra are essentially the same. At pH 5, the Zn2+should be
coordinated by H,O, and as aresult, the 7Zn NM R spectrum is expected to
be three to five times broader than the spectrum at pH 8.5. Thisisclearly not
the case; however, these data are consistent with OH- being bound to Zn?+,
not H,O over the entire pH range investigated and as modeled by molecular
theory. This observation is contradictory to the accepted mechanism. However,
it isconsistent with an alternative mechanism proposed by Merz et al. 1989.
Furthermore, these data also provide an explanation for the issues associated
with the turnover ratesfor carbonic anhydrase and point to an important
complementary aspect of NM R methods to XRD, namely the sensitivity of the
NM R parameters to the presenceor absence of protons. Moreover, thiswork
demonstrates the impact zinc spectroscopy can have with respect to delineating
the structure and action mechanism of thisimportant class of metalloproteins.

As abyproduct of this research, wewill gain an understanding of the structure/
function relationshipsfor metalloproteinsin general. This can have applicability
for other metals such as mercury, magnesium, lead, and/or iron. Thiscan

also have implications for bioremediation or heavy-metal trafficking within
microbial communities. Thefirst step in understanding how to fine-tune a
system or how metal's poison asystem (i.e., co-carcinogenesis) is comprehension
of the native systems, which is the work we are undertaking.

The research described above is one part of a research effort to facilitate the
direct observation of dilute solid spins within metalloproteins. Work in

this area has been enhanced grestly by the collaborationswith users Gerald
Parkin from Columbia University and Dan Reger from the University of
South Carolina, who provided model compounds containing ¢7Zn, and Evan
Kantrowitz from Boston College, who contributed 7Zn metallo proteins
like alkaline phosphatase. Critical to this project has been our experimental
improvements to increase sensitivity. Additional papers (Lipton et a. 2004a
and b; Lipton et al. 2003; Lipton et a. 2002a and b; Lipton et al. 2001a and
b; Larsen et al. 1998a, b, and c; Larsen et al. 1997; and Vosegaard et al. 1997)
provide more details pertaining to observation of solid-state zinc and the
methods that make this research possible.
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Application of High-Field Solid-State NMR
Spectroscopy to Clays Contaminated with
Simulated Hanford Tank Waste

G M Bowers,® S Choi,® J Chorover,® GS Crosson,® and K T Mueller®

(@) Pennsylvania State University, University Park, Pennsylvania
(b)University of Arizona, Tucson, Arizona

A n understanding of radio-cation mobility in the lithosphere and hydrosphere
is necessary to predict the environmental fate of nuclides released from leaking
storage tanks. The types of minerals present in the soil, their cation exchange
capacities, and their respective affinities for various cations play an important
rolein determining cation transport. Clay minerals exposed to Hanford

Site tank waste under near-field conditions have been shown to undergo
mineral transformation reactions that produce tetrahedral aluminosilicate
phases, introducing new mineral phases to the soils and complicating current
transport models with mineral dissolution and formation kinetics. | n order to
model Hanford soil chemistries, kaolinite clay samples similar to that found

at Hanford have been exposed to asimulated tank waste leachate solution
(0.05 M AI(OH)47, 2 M Na*, 1M NOs, pH near 14, various concentrations
of Cs*, Sr2%, |-),with the goal of investigating precipitate formation and
identifying precipitates that sequester cesium, strontium, and iodine. For these
investigations, solid-state NM R and complementary analytical techniques are
being used.

Preliminary 27Al solid-state NM R spectra at 7 tesla show the growth of an
asymmetrical peak near 60 pprn when kaolite clay is exposed to simulated
tank waste leachate. 'This peak is consistent with the formation of tetrahedral
aluminum sites similar to those found in zeolites; the peak near 4 pprn
originates from the six coordinate aluminum found in untreated clay. The
asymmetry of the new peak suggeststhat there are multiple sites present, but
studies at higher fieldswill be needed to resolvetheissue. The peak near 60 pprn
sharpens asthe field isincreased and the best resolution has been obtained from
the 17.6-teda spectrometer at EM SL. High-field NM R provides evidence that
the broad peak is due to asinglechemical environment, but additional features at
-55 pprn and - 65 pprn are present that are not visible at lower fields, due to their
lower resolutionand sensitivity. ‘Thesefeaturesindicate that there are additional
chemical environments present. By varying the ratio of silicon/aluminum

in synthetic colloidal silicasamples, the relative abundance of these new
environments, as denoted by the 55 pprn and 65 pprn peaks, can be measured,
aswell as how changing reaction conditions might affect the ratio of these
phases. Data at 9.4 teslawas not sufficiently resolved for this analysis. 'These
peaks, and therefore the structures that give rise to them, are significantly
reduced when the silicon/aluminum ratio is 2:1 during the reactions, but they
are clearly present when the ratio is 1:1. Temperature during the reactions did
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not affect the relativeintensities. Clearly, adding simulated tank waste leachate
to clay soils affectsthe chemistry of the soilsand, therefore, the speed at which
cesium and strontium cations can move through the soil. 1t would be better,
though, to observe the cesium and strontium directly by NM R to determine
how they are interacting with the soil.

Theinteractions of strontium with clay minerals and zeolitesare not well
understood and must be researchedin order to construct accurate modelsfor
predicting the environmental fate of radioactivestrontium-90 released from sites
such as Hanford. However, there is only one NM R activeisotope of strontium
(87Sr) and the direct study of strontium with solid-state NM R is experimentally
challenging. Strontium-87 has similar chemistry to ?Sr and is a quadrupolar
nucleus (I = -9/2) with alow natural abundance (-7 percent), alow gyromagnetic
ratio (y = -1.163x 107 1/T_s), and large quadrupolar coupling constants (14-
25MHZz). Thiscombination of propertiesindicatesthat the highest possible
magnetic fields must be used for these studies. The 900-MHz system (21.1
teda) at EM SL isideal for thiswork, especially coupled with modern techniques
to enhance sensitivity. Figure 4-58 shows datafrom the mineral strontianite,

or strontium chloride, under different conditions. Itisevident that thereisa
substantial improvementin signal to noise by going from 11.7 teslato 21.1 teda,
and that thereis an additional significant increasein signal to noise by using the
Quadrupole Carr-Purcell Meiboom Gill (QCPM G) data collection sequence.
'The net increasein signal to noisefrom spectrum A to Cisover 800 fold. Since
signal-to-noiseincreases with the square root of the number of scans, this results
in a640,000 fold savingsin time. 'Thisdemonstrates that strontium can be
studied routinely at 21.1 tedain pure materials. As part of our ongoing studies
at PNNL on the21.14 teda (*H resonance frequency of 900 M Hz) instrument,
we are examining sensitivity-enhancing techniques to study crystalline strontium
samples and strontium-saturated claysand zeolites, in an attempt to characterize
thelocal electromagnetic environment of strontium nuclei in these systems. Our
recent collaboration using QCPM G approaches haveled to a recent publication
submission [(Bowers et a. 2005 (in submission)].

The use of the high-field N M R spectrometers has clearly been necessary for
thiswork; without high-field NM R, our current understanding of soil phases
would not be possible. The prospect of directly studying strontium saltsin
sizu 1Iscompelling, even though it presents daunting technical challenges.

The information gained could be crucial in understanding the scope of the
contamination problem at Hanford and in better identifying appropriate
strategiesfor improving cleanup.

Citation

Bowers GM, ASLipton, and KT Mueller. 2005. "Solid-gtate3’Sr NMR Andysesof
Sdtsand Naturd Mineralsa 21.14 T." Angewandte Chemie International Edition (paper
submitted).
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Figure 4-58. Strontium
carbonate 87Sr NMR spectra:
(A) static echo at 11.74 tesla,
(B) static echo at 21.14 tesla,
(C) QCPMGat 21.14 tesla.
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NMR Analysis of Methyl Groups in the
240kDa Arp2/3 Complex and Model
Systems up to 560kDa

M Kreishman-Deitrick,® C Egile,® D W Hoyt,© JJ Ford,© R Li,® and M K
Rosen(@

(a) University of Texas Southwestern Medical Center at Dallas, Dallas,
Texas

(b)Harvard Medical School, Boston, M assachussets

(©) W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

Signal-mediated rearrangements of the actin cytoskeleton are critical to many
biological processes, including cell motility and morphology, bacterial and viral
pathogenesis, and tumor metastasis. The 240kDa Arp2/3 actin nucleation
complex has emerged as a key regulator of these rearrangements, and has
consequently become an important target of structural studies. Recent work
has revealed that regulation of the actin nucleating activity of Arp2/3 complex
by the Wiskott-Aldrich Syndrome protein family proteins and filamentous (F-)
actin islikely to involve a significant quaternary rearrangement in the complex.
The nature of this conformational change and the binding modes of WA SP
proteins and F-actin are not currently understood.

Biomolecular solution NM R is an extremely powerful tool with which

to study the structure, conformational dynamics, and ligand interactions

of macromoleculesand assemblies. A significant obstacle facing NM R
spectroscopy of large systemsis the rapid deterioration of NM R signals due
to fast transverse relaxation. While most of the work to date has focused on
NM R signals from protein amide groups, sidechain methyl groups offer a
useful alternative spectroscopic probe in large systems. Methyl groups have
several advantages over amides in terms of their utility in NM R spectroscopy.
Methyl protons are not exchangeable with solvent, whereas amide proton line
widths are inherently broadened by solvent exchange. 1H-13C correlation
spectra are generally disperse and well resolved, and methyl 13C and 1H lines
are inherently narrower as aresult of rapid rotation of the three protons about
the methyl symmetry axis. The presence of three protons per methyl group
provides higher sensitivity and efficient longitudinal relaxation through intra-
methyl dipolar interactions, resulting in short required T1 relaxation delays
in NM R pulse sequences, even in systems highly deuterated at non-methyl
positions. It has been shown that for TH,13C(methyl)/U-1°N,2H-labeled
samplesof MBP (42kDa) and DHNA (110kDa), asimple 1H/13C-HSQC
spectrum of the methyl resonancesis three-fold and -10-fold more sensitive,
respectively, than a 1H/15N-TROSY spectrum of the amides in the same
sample. Methyl groups are also enriched in protein interiors and at protein-
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protein interfaces, and aswith amide moieties, perturbation of methyl chemical
shifts can be used to map ligand interactions.

Our time at EM SL has allowed us to establish the feasibility and scope of
using methyl groupsin NM R spectroscopy in moleculesaslarge as 560k Da.
To establish the general utility of methyl groups in large systems, we used a test
sample consisting of a 16-kDa protein suspended in a solution of 40 percent v/v
glycerol. By exploiting the steep temperature dependence of glycerol solution
viscosity, we were able to simulate a range of rotational correlation times (60

to 330 ns), which corresponds to molecular weight range of about 100 to 560
kDa. The use of the high-field spectrometers availableat EM SL allowed us

to do asystematic, thorough analysis of 1H/13C-HSQC spectra of this protein
at avariety of temperatures and at two different fields (Figure 4-59). Wefind
that signals from well-resolved methyl resonances can be detected in a4.5-hour
1H/13C-HSQC experiment on our 1.1imM model sample even at t-=330 ns,
and intense signals can easily be detected in a100-hour spectrum of ~87uM
Arp2/3 complex. Theseresultsindicate that protonated methyl groups will be
powerful toolsfor the study of large macromolecular systemsby NM R, even

at significantly lower concentrations. We also took advantage of the high-field
instruments at EM SL to compare the above methyl spectrawith 1H/15N-
TROSY and CRINEPT-TROSY spectra on the same sample, and discovered
that the methyl HSQC isin fact more sensitive than the amide experiments.

With the work we have done at EM SL, we have established sidechain methyl
groups as extremely sensitive probes for NM R spectroscopy of large molecules.
"Theacquired 1H/13C-HSQC spectra of Arp2/3 complexwill allow usto
dissecttheinteractions of this assembly with its activators. These studies will
provide detailed insight into the mechanism of activation of thisimportant
cellular machine.

The following publication hasresulted from this work at EM SL :

Kreishman-Deitrick M, C Egile, D Hoyt,J Ford, R Li, and MK Rosen. 2003. "NMR
Andyssd Methyl Groupsin the 240kDa Arp2/3 Complex and Modd Sysemsup to
560kDa.” B ochemstry 42(28):8579-8586.

Progress Towards Structural Determination
of a Complex Membrane Protein,
Diacylglycerol Kinase

CR Sanders@ and FD Sénnichsen(®

() Vanderbilt University, Nashville, Tennesee
(b) Case Western Reserve University, Cleveland, Ohio

Prokaryotic diacylglycerol kinase (DAGK)is a homotrimeric integral
membrane protein composed of 13-kDa subunits, with each subunit having
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Figure 4-59. TH/B3GHSQC
spectra of a 16kDa protein in

40 percent v/v glycerol. Spectra
were acquired at the fields
indicated, and at the following
temperatures: 25°C (panels A and
E), 15°C(B and F), 0°C (Cand G)
and -10°C (D and H). Estimated tc
values for each temperature are
shown to the left of each row.
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three transmembrane helices (Figure 4-60). As a membrane protein, DAGK
representsa class of proteins, which is of enormous biological and biomedical
importance, but which has proven largely refractory to structural determination
by classical NM R and crystallographic methods. However, there has been
recent and impressive progressin the areaof membrane protein NMR,
represented by the determination of monomeric beta barrel integral membrane
porin structures (ca. 17 kDa) in detergent micellesby the Tamm/Bushweller,
Wouthrich, and Kay labs. DAGK representsatarget for NM R structural
analysiswhich is at |east one step beyond the porins

Diacylglycerol Kinase in terms of difficulty because of its much larger size
c
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Figure 4-60. Topology of DACK .
DAGK functionsas a homotrimer.
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(40 kDa homotrimer) and becauseit is alargely helical
protein. Determination of the structure of DAGK by
solution NM R would be an important achievement
for severa reasons. |f the structure of DAGK can

be solved, then it should be possible to also tackle

the important G protein-coupled receptors, which
tend to have roughly the same molecular weight and
number of transmembrane segments as the DAGK
homotrimer. Theseproteins are the target of at least
one-third of all known drugs. Prokaryotic DAGK
isitself of considerableinterest for several reasons. It
playsacritical function on a metabolic pathway (the
membrane-derived oligosaccharide cycle) which is not
present in eukaryotes and which therefore may be a
target for novel antimicrobial agents. DAGK isalso of interest asa system for
studying membrane protein folding and stability and for studying membrane
biocatalysis. Indeed, we and our collaborators have carried out extensive
structure-function studies of DAGK which hasled to assignment of specific
rolesfor many residuesin protein stability and catalytic function (Figure 4-
60). The Bowielab at the University of California, Los Angeles has also been
attempting to grow high-quality crystals of DAGK for about seven years.
Whilecrystalscan be grown, they diffract to only 11 angstroms.

I n collaborationwith Dr. Sonnichsen, the Sanderslab has systematically
optimized conditions under which high resolution NM R methods can be
successfully applied to DAGK as seen by the datain Figure 4-61. W e now

have reliable methods for producing triple-labeled DAGK and for preparing
samples of thisenzymein detergent micelles, wherethe DAGK trimer/detergent
aggregate massisca.100 kDa. DAGK concentrationsof 3 mM can be achieved
and samples are completely stablefor at least aweek at 45°C.

EM SL has been quite generous by providing uswith blocks of 800-MHz NMR
spectrometer time over the past few years. Based upon TROSY -based three-
dimensional experiments conducted at EM SL using perdeuterated DAGK, we
have completed assignment of about 90 percent of DAGK’s 120 native backbone
resonances (Figure 4-61). We have data that suggest that many of the remaining
10 percent of unassigned amide resonances are absent in the spectra because of
afailure to completely back-exchange amide deuterons for protonsfollowing
biosynthetic sample perdeuteration. W e are now in the process of working

out conditionsfor forcing such back-exchange so that the unassigned amide
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resonances can be viewed in otherwise fully perdeuterated samples. Moreover,
we have also published two papers (Oxenoid et al. 2002 and 2004) that present
apreliminary description of DAGK’s secondary structure based on analysis of
the 15N and 13C NM R chemical shifts measured for assigned residuesas well
as complete assignments. Theinstrument time provided by EM SL and the
assistance of Dr. David Hoyt are acknowledged in those papers. 1t should also
be noted Dr. Sanders acknowledged EMSL’s support at the end of presentations
onthe DAGK NM R work at international conferencesduring the past year.

Wi th assignments nearing completion, the shift of the DAGK NM R project
istowards the acquisition of restraints for structural determination (nuclear
Overhauser effectsand residual dipolar couplings). While the Sanderslab has
moved to Vanderbilt, the collaboration between hislab and that of Dr. Sonnichsen
continues. Also, while thereisan in-house800-MHz NM R at Vanderhilt, we
will continue to request time at EM SL, particularly for the 900-M Hz instrument.
Experiments to measure NOEs and dipolar couplingsarelikely to be extremely
demanding because of the relativelywide line widthsyielded by DAGK (evenin
TROSY spectra) and resulting sensitivity problems-such measurementsshould
benefit significantly from accessto the 900- M Hz instrumentation.

The following publications have been generated asaresult of zhis research:

Ashish A, F Abildgaard,JH Bushwdller, and LK Tamm. 2001. "Structuredf Outer
Membrane Protein A TransmembraneDomain by NM R Spectroscopy.” Nature
Structural Biology 8:334-338.

Fernandez C, K Adeishvili, and K Wuthrich. 2001. "TROSY with the Outer
Membrane Protein OmpX in Dihexanoyl PhosphatidylcholineMicdlles" Proceedings o
the National Academy of Siences 98:2358-2363.

Hwang PM, W Choy, EI Lo, L Chen,JD Formay-Kay, CRH Raetz, GG Prive,
RE Bishop, and LE Kay. 2002. "Solution Structureand Dynamicsaf the Outer
Membrane Protein PagP by NMR." Procesdings of the National Academy of Siences
99:13560-13565.

Kennedy EP. 1996. "Membrane-derived Oligosaccharidesof E. Coli. In “E. Coli and
S. Typhimurium.” Cellular and Molecular Biology I:1064-1071, F. C. Neidhardt, Ed.,
ASM Press, Washington.

Lau FW, X Chen, andJU Bowie. 1999. "Active Sitesof E. Coli DAGK are Shared
Between Subunits." Biochemistry 38:5521-5527.

Nagy JK, WL Lonzer, and CR Sanders. 2001. "Kinetic Study of Foldingand
Misfoldingof Diacylglycerol Kinasein Model Membranes.” Biochemistry 40:8971-8980.

Oxenoid K, HK Kim, JJacob, FD Sonnichsen, and CR Sanders. 2004. “NMR
Assignmentsfor aHelical 40 kDa Membrane Protein in Micdles" Journal of e
American Chemical Society 126:5048-5049.

OxenoidK, FD Soennichsen, and CR Sanders. 2001. "Conformational ly-specific
Misfolding of an Integral Membrane Protein.” Biochemistry 40:5111-5118.

SandersCD and K Oxenoid. 2000. “Customizing Model Membrane and Samples for
NM R Spectroscopic Studiesof Complex Membrane Proteins.” Biochimica ez Biophysica
Acta 1508:129-145.
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Figure 4-61. 800-MHz TROSY
Spectrum of Triple Labeled DAGK
in DPC Micelles at 45 degrees
acquired at EMSL. 80 percent

of DAGK's backbone amide
resonances have now been
assigned (Vinogradovaet al.
1997). (Downfield Trp indole NH
peaks are not shown.)
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800 MHz

Figure 4-62. 1"B{TH} SSNMR

(spinning speed 10 kHz) of NH3BH3

reaction products as a function of

field. The increased resolution at
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800 MHz allowed identification of
two new products.
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VinogradovaO, F Sonnichsen, and CR Sanders. 1997. "On Choosing a Detergent for
Solution NMR Studies of Membrane Proteins.” Journal of Biomolecular NMR 4:381-386.

Citations

Oxenoid K, H Kim, JJacob, FD Soennichsen, and CR Sanders. 2004. "NMR
Assignmentsfor aHelical 40 kDa Membrane Protein.” Journal o the American Chemical
Society 126(16):5048-5049.

Oxenoid, K, FD Sonnichsen, and CR Sanders. 2002. "Topology and Secondary
Structureof the N-terminal Domain of Diacylglycerol Kinase." Biochemistry
41(42):12876-12882.

VinogradovaO, P Badolg, L Czerski, F Sonnichsen, and CR Sanders. 1997. “E. Coli
Diacylglycerol Kinase: A Case Study in the Applicationof Solution NM R Methodsto
An Integral Membrane Protein.” BiophysicalJournal 72(5):2688-2701.

Hydrogen Storage Materials

WJ Shaw,® JC Linehan,® and ST Autrey®

(a) Pacific Northwest National Laboratory, Richland, Washington

Growing demands for clean energy sourcesthat do not add more carbon dioxide
and other pollutantsto the environment have resulted in increased attention
worldwide to the possibilities of a™hydrogen economy" as along-term solution
for asecure energy future, based on potentially renewable resources. Some of the
greatest challenges are the discovery and development of new on-board hydrogen
storage materials and catalystsfor fuel cell-poweredvehicles. New materialsthat
store both high-gravimetric, high-volumetric densities of hydrogen which release
H, at temperatures < 100°C and uptake H; at pressures < 100 bar are highly
desired. "Thevolumetric constraints eliminate from consideration pressurized
hydrogen systems and guide towards the devel opment of solid storage materials.
'Ihere are no currently known materials that meet these requirements. As

such, thereisa need for afundamental understanding of the chemical and
physical properties of hydrogen-rich materials. 'l he followingisa portion of our
experimental analysisfor researching the molecular attributes which facilitate the
release and uptake of molecular hydrogen.

W e recently suggested that efficient storage of hydrogen might be accomplished
in compounds that have alternating electron-rich and electron-deficient

sites capable of covalently binding H* and H-, respectively. 'lhere are two
fundamental premises that will guide us towards the discovery of novel
hydrogen-rich materials that are operational at temperatures between ambient
and 100°C: 1) binding of hydrogen requires formation of chemical bonds, and
2) inherent polarity of low molecular weight species bearing electron-rich and
electron-deficient siteswill likely result in the formation of molecular solids.

"These guidelines led usto initially consider ammonia borane (AB = NH3;BH3).
"Thisinorganic analog of ethane yieldsfar more favorable volumetric densities,
asitisasolid (m.p. 115°C) rather than gas. The molecular crystalline solid
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is composed of a network of dihydrogen bonds formed between the protic H*
attached to nitrogen and hydridic H- attached to boron.

Preliminary results showed the rates of hydrogen release from the bulk phase
solid ammonia borane follows an apparent nucleation and growth kinetic

model. However, little is known about the nucleation eventsand the role of the
intermol ecul ar dihydrogen bonding in the formation of molecular hydrogen.
Solid-state nuclear magnetic resonance (SSNMR) 11B{1H} spectraof these
reactionstaken at 300-MHz H frequency aided i n determining reaction
mechani sms; however, some products remain unidentified due to spectral
overlap. NM R experimentsrun using higher fields (500 M Hz and 800 M Hz)
enhanced resolution and reduced the quadrupolar coupling, which simplified the
distinction between quadrupolar couplingand multiple species reaction products
formed as aresult of hydrogen release (Figures 4-62 and 4-63). 1n some cases,
500 M H z was adequateto identify products, but 800 M H z was needed to clear
ambiguities, as shownin Figure 4-63. Collecting high-field NM R dataon some
representativesamplescan greatly aid the interpretation of lower field data.

I n addition to the 11B SSNMR experiments, 1H SSNM R spectrawere also
attained at 800 MHz. Each of the starting materials and reaction products
werestudied. As expected, chemical shift differenceswere observed. These
observationswill be further quantified using heteronuclear correlation to
correlatethe *H and 1B resonancesto providefurther product information. 1H
experiments are also being used to investigatescaffolding properties. Wefound
that scaffolding the NH3BH3 into mesoporus silica reduces the temperature for
hydrogen release. The chemistry and thermodynamicsbehind this observation
are not understood; however, the extreme narrowing in the proton NM R would
suggest either an increased ordering or a more liquid-like behavior in the scaffold
(Figure4-64). Further experimentssuch as rotational echo double resonance
for the direct investigation of atomic distancesare necessary to propose a
mechanism, but the initial insight providesevidence of afundamentally different
organization within the scaffold.

A Radius of Curvature Analysis of a 16-
Base-Pair DNA Oligomer Provides New
Insight into Global DNA Curvature
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K McAteer,® A Aceves-Gaona,@ R Michalczyk,® GW Buchko,© NG Isern,©
L A Silks,® JH Miller,® and M A Kennedy©

(a) Washington State University-Tri-Cities, Richland, Washington
(b)Los Alamos National Laboratory, Los Alamos, New Mexico
(c) Pecific Northwest National Laboratory, Richland, Washington

In-phase ligated DN A containing TnAn segmentsfail to exhibit the retarded
polyacrylamidegel electrophoresis migration observed for in-phaseligated
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Figure 4-63. SS\VR 11B{'H}
spectraas a function of field,
spinning at 10 kHz. The starting
material (left) and the final
reaction products (after heating
at 170°C--right) are shown at all
three fields. For some compounds,
such as NH3BH3 (left), 500 MHz
provides maximum narrowing.

For some of the products (right),
800 MHz is needed to sufficiently
narrow the peaks. Investigating at
all three fields provides important
information about the coupling
constant, the symmetry and the
products.

NH;BH; in
mesoporous

scaffold

Figure 4-64. 'H SSNMR
(spinning speed 15 kHz) reveals
a distinct narrowing of the

two resonancesas a function
of scaffolding NH3BH3 into
mesoporous silica.
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Figure 4-65. Global curvature

of the average RDC structure (top

left) of the T3A3 16mer analyzed
by fitting a circle to the helical

axis reference points (blue/pink
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balls). (b)Rc for the whole
molecule (red), and for the upper
(blue) and lower (pink) halves,
looking parallel to the helix axis
(top right). (c) R¢ for the whole
molecule (red) and for the upper
(blue) and lower (pink) halves,
looking perpendicular to the
helix axis (bottom).
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AnTn segments, abehavior thought to be correlated with macroscopicDNA
curvature. The lack of macroscopic curvaturein ligated TnA n segmentsis
thought to be due to cancellationof bending in regionsflanking the TpA steps.
To addressthisissue, solution-state NM R, including residual dipolar coupling
restraints (Figure 4-65), was used to determine a high-resol utionstructure

of [d(CGAGGTTTAAACCTCG),], aDNA oligomer containing aT3A3
tract. The overall magnitude and direction of bending, including the regions
flanking the central TpA step, was measured using aradiusof curvature, Rc,
analyss. The Rcfor the overall moleculeindicated asmall magnitude of global
bending (Rc = 138 + 23 nm) towards the major groove, whereas the RC for the
two halves (72 + 33 nm and 69 + 14 nm) indicated greater |ocalized bending into
the minor groove. The direction of bending in the regionsflanking the TpA
stepisin partial opposition (109°), contributing to cancellation of bending. The
cancellation of bending did not correlatewith apattern of roll valuesat the TpA
step, or at the 5-foot and 3-foot junctions, of the T3A3 segment, suggesting a
simplejunction/roll model isinsufficient to predict cancellation of DNA bending
in al TnAn junction sequence contexts. Importantly, Rc analysisof structures
refined without residual dipolar coupling restraintslacked the precision and
accuracy needed to reliably measure bending (M cAteer et a. 2004).

Although residual dipolar coupling restraints have been shown to be essentia
for accurate NMR-based DN A structure determination, improvementsin
data collection have also been necessary for obtaining reliableinitial starting
structures for calculations with residual dipolar coupling restraints. The
collaborationbetween PNNL and Los Alamos National Laboratory has led
to new and improved pul se sequences for measuring proton-proton coupling
constants that are necessary for analyzing the sugar conformation(s) in DNA
(Yanget al. 1997 and 2000).

Citations

McAteer K, A Aceves-Gaona, RMichaczyk, GW Buchko, NG Isern, LA Silks,
JH Miller, and MA Kennedy. 2004. "compensatingBendsin al6 Base-Par DNA
Oligomer Containing aTnAn Segment: A NMR Study of Globa DNA Curvature."
Biopolymers 75:497-511.

YangJd, KMcAteer, LA Slks, R Wu, NG Isern, CJ Unkefer, and M A Kennedy. 2000.
"A ComprehendveA pproach for Accurate Messurement of Proton-Proton Coupling
Constantsin the Sugar Ring of DNA.." Journal of Magnetic Resonance 146:260-276.

YangJ, LA Silks RWu, NG Isern, CJ Unkefer, and MA Kennedy. 1997.
"Improvementsfor Measuring 'H-'H Coupling Constantsin DNA via New Stripe-
COSY and Superstripe-COSY Pulse Sequences Combined with a Novd Strategy o
SdectiveDeuteration.” Journal of Magnetic Resonance 129:212-218.
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Structure of Telomerase and
Telomeric Proteins

T Leeper,® SL Reichow,® Y Chen,® JK Fender,@ KS Godin,® and
G Varani®

(a) University of Washington Seattle, Washington

Telomeraseis the ribonucleoprotein enzyme responsiblein most eukaryotes for
the replication of the chromosometermini (telomeres). It aso playsacritical role
in cellular division and cancer: it is activated in the germ lineand in the great
majority of cancer cdls. In humans, it iscomposed of a400-nucleotide RNA

and severd proteins that associatewith it and carry out the enzymatic activity

and promoteits cellular localization and assembly. We are studying the structure
of two critical domainsof telomerase RN A responsiblefor RNA biogenesisand
for recruitment of the catalytic activity to the holoenzyme, respectively. Four
proteins of unknown structure bind to human telomerase RNA: in doing so, they
stabilizethe RNA in the cell and direct its processingand nuclear localization.

W e aim to determine the structures of two such proteins (caled NoplO and Garl)
and of the RN A domainsthey associatewith. NM R studies conducted in Seattle
and at PNNL have provided uswith very-high-quality datafor all three proteins
and for akey domain of human and lower eukaryotictelomerase RNAs. NMR
experiments conducted at PN N L have contributed significantly to our progress
towards determining the structures of critical domainsof human telomerase RNA
and its associated proteins.

The

all-p
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Figure 4-66. NMR structures

of archea (left) and yeast (right)
NoplO proteins determined in
part using data collected at PNNL

Figure 4-67. Current
progress in the structure
determination of the domain
of human telomerase RNA
responsible for activation of
the enzymatic activity

Outlook Review = Science
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The P6.1 stem-loopinteracts with the template domain, promotes the tertiary
folding of the RNA and perhapseven participatesin catalysis.

Completion of the structure will provide unprecedented insight into the
structure-function of this key eukaryotic enzyme. At the same time, we have
collected data on adomain from ciliate telomerasesthat we hypothesize is
functionally equivalent. We hope that the structural comparison will help
shed light on the detailed mechanism of action of these RNAs.

One publication has resulted from our NM R studies conducted in part at
PNNL (Leeper et a. 2005, in press). The NMR data gathered to date have
provided key information for spectral assignments and collection of structural
constraints. They have also allowed the optimization of constructs and
purification/sample conditions. Progressin the project has allowed a proposal
submitted to National Institutes of Health-National Cancer Institute to be
funded to support the project.

Citations

Leeper TL, and G Varani. 2005. "The Solution Structuredf an Essential Stem-loop
of Human Telomerase RNA." RNA (in press).

Pulsed EPR Investigations of the
Cytochrome b¢; and bef Complexes

DM Kramer® and AG Roberts®

() Washington State University, Pullman, Washington

Our work with EM SL focused on the mechanism of the cytochrome (cyt)

&c1 and bsf complexes, key components of mitochondrial and photosynthetic
electron transfer chains. These complexes are important for energy
transduction in many organisms, including humans. Under certain conditions,
these complexes can also produce the detrimental reactive oxygen species
superoxide, which can contribute to diseases. Our aim isto understand the
mechanism of these complexes, as well as the conditions and the basisfor
superoxide production. Accessto the EPR facilities at EM SL, and perhaps
more importantly, the expertise and deep insights of EM SL researcher
Michael K. Bowman, werevital to thiswork.

'The cytochrome (cyt) 4c complexes constitute a major part of the energy
transduction machinery in many living cells. They catalyze the transfer

of electrons from reduced quinone (ubihydroquinoneor ubiquinol in
mitochondria, plastoquinol in chloroplasts and menaquinol in many bacteria)
to asoluble protein (cyt ¢, plastocyanin or, in some cases a high-potential
iron sulfur protein). Thistransfer is tightly coupled to the pumping of
protons across the membrane that contains the complex and the resulting



electrochemical potential of protons drives the synthesisof ATPviaa
chemiosmotic circuit. The cyt &c complexes are broken into two classes: &c;
and &¢f types, although forms intermediate between the 4c; and 4sf complexes
have been found in some bacteria. Both cyt 4¢; and 4sf complexes contain four % 1‘?
redox-active, metal centers: one heme c, one Rieske-type Fe;S; center, and two )
b-type hemes. 'These metal centers are found in three proteins. heme cin cyt
c1 (or cyt f in bsf); the Rieske Fe,Sa-protein (ISP); and the 4 hemesin asingle
cyt & (or cyt be in bef). et N

The working model for most research in this areaisthe Q-cycle, where two 15P-H72 -
protons are pumped across the energetic membrane for each electron transferred

from quinol to a high potential acceptor. The electron transfer is abifurcated Figure 4-69. A model of the

process, asillustrated in Figure 4-68. One electron from the hydroquinone complete cyt bef complex

(or quinol) insite Q (labeled S Q in Figure 4-68) is transferred to the Rieske the cyt f and ISP domains and
Fe,S, center while the other is forced to flow through achain of two cyt & on homology with the cyt by

i insg ) " i - structures (See Figure 4-70), which
hemesto reduge aquinonein site Q; (labeled SQj in Fl'gure 4-68). Both s, ey e )
protons from site Q are ultimately released on the p-side of the membrane determined by pulsed EPR

while the quinone at the Qsi te picks up two protons from the n-side of the
membrane. 'Thus, since the bifurcation of the electron flow at the Q site allows
only one quinol electron to pass to the high-potential electron acceptor (i.e.,

cyt cin mitochondria, plastocyanin or cyt ¢s in chloroplasts), it doublesthe
expected number of protons pumped per electron and accountsfor the high
efficiency of energy transduction by the bc complexes.

The recent publication of high-resolutionx-ray structures of mitochondrialcyt &¢
complexeshas greatly accel erated progressin understanding the function of these
enzymes. One notablefeature of the crystal structuresis avariationin the position

based on X-ray structures of

of the"head" (or hydrophilic extension) of the ISP. The presenceof two distinct Figure 4-70. Characterization of
I SP conformationsled to the " domain movement” hypothesiswhere the | SP the partial reactions observed in
pivots back and forth to "gate” el ectron transfer, forcing the two electronson the the presence of certain inhibitors

. . . . suggests a structure for the
qui nol to betrmﬁqredthrough different pathways. 1 n one conformation, quinol substrate bound to the cyt bei
isbound at the Q, site and transfers one electron to the Fe,S; center. Further complex. Shown is a hypothetical
transfer of this electron is prevented becausethe | SPin this conformation structure of ubiquinol (blue mesh)
isdistant (~31A) from cyt ¢1. Thus, the remaining semiquinoneelectronis co-bound to residues of the
L0 G AL JLLels = 1Ufe Al substrate binding site (red/green)
transferred to the low potential cyt 4;, then to cyt 4z and finally to aquinone or in the presence of the inhibitor
semiquinone bound at the Qsite. Only after full oxidation of quinol does the mucidin (yellow).

I SP pivot and make close contact with cyt ¢1, allowing electron transfer to mobile
cytc Incollaborationwith EM SL, we have confirmed such motion EPR
measurementson partially oriented samplesof the cyt #sf complex. A further
significant advance was the discovery that found that that certain metal ions
inhibit the cyt 4¢f complex by binding to cytf and interfering with | SP domain
movements (Figure 4-69).

I n research supported by the National Science Foundation and DOE, we
have shown that, regardless of the in vivo energy status of the plant, electron
transfer through the cyt 4«f complex appears tightly coupled to the pumping
of protons. Our current work focuseson determining why this coupling is so
tight. One of the key obstaclesin answering this question has been the lack of
knowledge about how substrate interactswith the active site. We have made
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two significant contributions towards defining the substrate-binding site, again
in collaborationwith Michael K. Bowman at EMSL. First, we have shown
that two quinone anal ogs can bind simultaneously to the site. Secondly, we
have been able to define the structural bounds of substrate binding by probing
the partial reactions of the enzyme in the presence of a series of different
inhibitors (Figure 4-70).

The followingpublicationshave resultedfrom our work using the EPR
capabilityat EMSL’s High-Field Magnetic Resonance Facility:

Bowman MK, EA Berry, AG Raoberts, and DM Kramer. 2004. "Orientation of the
g-Factor Axes of the Rieske Subunit in Cytochrome bcl Complex." Biochemistry 430-
436.

Cooley JW, AG Roberts, MK Bowman, DM Kramer, and F Daldal. 2004. "The
Raised Midpoint Potential of the [2Fe2S] Cluster of Cytochrome bcl is Mediated
by Both the Q Site Occupants and the Head Domain Position of the Fe-S Protein
Subunit." Biochemisty 43(8):2217-2227.

Muller FL, AG Roberts, MK Bowman, and D M Kramer. 2003. "TheArchitecture
of the Q Site of Cytochrome bcl Complex Probed by Superoxide Production."
Biochemistry 42(21):6493-6499.

Muller, F, AR Crofts, and DM Kramer. 2002. "Multiple Q-cycle Bypass Reactions
at the Q-site of the Cytochrome bcl Complex.” Biochemistry 41:7866-7874.

Rao B K S, AM Tyryshkin, AG Roberts, MK Bowman, and DM Kramer. 2000.
"Inhibitory Copper Binding Site on the Spinach Cytochromeb(6)f Complex:
Implicationsfor Q(0) Site Catalysis." Biochemisty 39(12):3285-3296.

Rao SB, A M Tyryshkin, MK Bowman, and DM Kramer. 1999. "Bound Cu?+asa
Structural Probe of the Cytochrome b6f Complex, Photosynthesis: M echanisms and
Effects." Kluwer Academic Publishers, The Netherlands, Netherlands.

Roberts AG, MK Bowman, and DM Kramer. 2004. "Thelnhibitor DBMIB
Provides Insight into the Functional Architecture of the Q, Sitein the Cytochrome
b6f Complex." Biochemistry 43(24):7707-7716.

Roberts AG, MK Bowman, and DM Kramer. 2002. "Certain Metal lonsare
Inhibitors of Cytochrome b (6) f Complex 'Rieske' Iron-Sulfur Protein Domain
Movements." Biochemisty 41(12):4070-4079.

Roberts, A, and DM Kramer. 2001. "Inhibitor 'Double-occupancy’ in the Qo Pocket
of the Chloroplast Cytochrome 4¢f Complex.” Biochemistry 40(45):13407-13412.

Zhang H, AN Primak, JL Cape, MK Bowman, DM Kramer, and WA Cramer.
2004. "Characterization of the High Spin Heme x in the Cytochrome b6f Complex
of Oxygenic Photosynthesis." Biochemistry 43(51):16329-16336.
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Polyphosphate Amendments for In-Situ
Immobilization of Uranium Plumes

|V Science

DM Wellman,® JP Icenhower,® EM Pierce,® BK McNamara,®
SD Burton,® KN Geiszler,® and SR Baum®

(a) Pacific Northwest National Laboratory, Richland, Washington

(b)W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

Operations related to nuclear energy and weapons production have resulted
in global uranium contamination of surface and subsurface geologic media
(Abdelouaset a. 1999). Within the D OE complex, uranium has been
recognized as one of the two most frequently occurring radionuclidesin
groundwater and the most frequently occurring radionuclide in soils/sediments
(Riley et al. 1992). The potential long-term risk to underlying groundwater
and associated environmental hazards has caused remediation of uranium-
contaminated soilsto be a high priority for DOE facilities. In addition to
contaminated soils, performance assessment cal cul ations associated with
disposal of low-activity waste in ashallow burial ground have shown that
groundwater transport presentsthe greatest potential risk of radionuclide
exposure (Mann et a. 2001).

Typical of the arid western United States, Hanford Site sediments are
dominated by sand and the groundwater hasa pH of -85 with a dissolved
[CO32-] of -67.5 mg/L (Kaplan et a. 1995). Under these conditions
uranium, as uranyl UO,2+, is predicted to form anionic carbonate complexes,
UOz(CO3)22’, UOz(CO3)34', UOz(OH)z, and UOz(OH)31' (Kaplan et al.
1995). Sorption of these anionic complexesis often assumed to be zero,
particularly in sand.

M ore discussion describing the problemsassociated with uranium plume
control and approachesfor solving it are available elsewhere, but the following
research focuses on the study of phosphate amendment strategy and the
resultant 31P NM R andysisfor studying hydrolyzation kinetics.

One phosphate amendment strategy employswater-soluble phosphate
compounds that could be injected into a uranium plume from strategically
placed wells. For example, Lee et d. 1995 proposed using tribasic sodium
phosphate [Na3(PO4)-nH,O, or TSP] as achemical stabilizer for uranium
and radiostrontium. However, even in relatively dilute groundwater solutions,
there were enough dissolved cations to react and form Al-, Fe-, Ca-, and Na-
phosphates. Nash, Jensen, and coworkers at Argonne National Laboratory
(Jensen et a. 1996; Nash et a. 1999) alleviated this shortcoming by proposing
injection of a natural water-soluble organophosphate substance, phytic

acid, into contaminated groundwater. The key advantage of this method is
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that the hydrolyzation kinetics of the moleculeis dow, such that release of

orthophosphate is delayed, allowing the injected, amending solution to disperse

and mix throughout the target plume. One of the effectsof injecting phytic |
acid solutionsinto realistic groundwater compositions is that a solid, calcium
phytate precipitates and acts as a strong sorbent for uranium, even in solutions
with high-ionic strength (Jensen et al. 1996; Nash et al. 1999). However,

as demonstrated below, application of this amendment in saturated column
experiments resulted in a >30 percent reduction in hydraulic conductivity.
Altering the hydraulic conductivity of the subsurface by such alarge
magnitude will have asignificant effect on subsequently injected amendment
solutions, the targeted groundwater plume, or both, by deflecting flow from the
natural path.

The purpose of thiswork was to eval uatel ong-chain condensed polyphosphates
asaviable"time-released” source of phosphatefor the in-sizz immobilization of
subsurface uranium plumes. Hydraulically saturated and unsaturated column tests
demonstrate the ability of polyphosphate compoundsto control the precipitation
kinetics of insoluble phosphate mineralsand optimize conditionsfor controlled
application of phosphate amendmentsfor subsurfaceremediation. X-ray
microfocustomography, in conjunctionwith column tests, illustratesthe long-
term effects of phosphate mineralization on hydraulic conductivity. 31P NMR has
been used to quantify the effect of sedimentary and agueous componentson the
in-stu hydrolysiskinetics of condensed polyphosphates. Single-passflow-through
tests have been conducted to evaluate the longevity of precipitateduranium-
phosphate minerals and quantify the effects of aqueous organic material on the
dissolution kinetics of autunite minerals, X12[(UO2)(PO4)]; * nH20, under
environmentally relevant conditions.

'I'he portion of analysis being performed at EM SL is the study to follow
hydrolyzation kinetics determined by 3'P NMR. The samples are being
analyzed using the 300-MHz NM R spectrometer to quantify the degradation
of long-chain polyphosphates and the formation of orthophophate. Efforts

to quantify specific degradation catalystswithin natural groundwater were
undertaken by conducting controlled heterogeneous batch tests between the
polyphosphate solutions and pure sedimentary components (i.e. AI(OH)s3,
CaOH, CaCl,, Fe(OH)s, FeCls, quartz sand, and hydroxylapatite) and in
dilute agueous batch tests (i.e., Ca2*, Mg?+*, Na*, A3+ and Fe3+). The pH was
controlled using a carbonate buffer to maintain the solution pH in arange
reasonably near that of Hanford Site groundwater, pH -8.5. Samples are
filtered using 0.45um syringefilters at predetermined intervals of one week
for four weeks. 3P NM R results show an increase in degradation of all three
condensed phosphates to pyrophosphate, and monophosphate was observed

to follow Fe(OH)s > FeCl; > AI(OH)3 > CaOH > hydroxylapatite > CaCl, >
quartz sand for solid phase and concentrated materials. Preliminary results

of dilute agueous phase interactions indicate cation concentrations present in
groundwater induce minimal catalysisof condensed poyphosphates degradation
at 23°C.This suggests degradation of condensed polyphosphates is primarily
influenced by heterogeneous surfaces. Use of NM R spectroscopy has been
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successfully applied to thisin-situ engineering problem by providing new
datafor solving chemistry issues applicable to the sequestration of uranium in
ground soil.

Citations _
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EMSL’s new cutting-edge 12-
tesla FTICR mass spectrometer,
located in the High-Performance
Mass Spectrometry Facility.

APRIL 2005

414
High-Performance Mass Spectrometry
Facility

'The High-Performance M ass Spectrometry Facility provides EM SL users
and researcherswith state-of -the-art mass spectrometry and separations
instrumentation that has been refined for leading-edge analysis of biological
problems, with a primary emphasison proteomics.

Representative Research Activities

Current research activitiesin the High-Performance Mass Spectrometry Facility
include proteomic analyses of whole cell lysates, analyses of organic macro-
moleculesand protein complexes, quantification using isotopically labeled
growth media, targeted proteomicsanalysesof subcellular fractions, and nucleic
acid analysisof RNA and DNA oligomers. Morethan adozen microbial
systems are currently studied in the facility by researchersfrom throughout the
country. In addition, there are several ongoing projectsin higher order systems
(including mammalian systems) that are investigating a broad range of biological
questions from cancer screening to infectious diseases to fundamental questions
of post-translational modificationsand protein-protein interactions.

Research Capabilities

* Five FTI CR mass spectrometers, 3.5, 7, 9.4, 11.5 and 12 teda, with
€electrospray ionization sources

* Custom high-performanceliquid chromatography systems

* Agilent capillary high-performance liquid chromatography system
* Sciex QSTARR quadrupol e time-of -flight mass spectrometer

* Five Finnigan LCQ _ion trap spectrometers

* Finnigan T'SQ_7000 triple quadrupol e spectrometer

* Ultrahigh-pressure liquid chromatographs.

Recent Upgrades

Bruker Daltonics APEX 111 Data Station

This new datastation, installed on the 11.5-tesla FT | CR spectrometer, permits
automated operation of the spectrometer with custom high-performanceliquid
chromatography platforms.

12-tesla Magnet

The acquisition and installation of this 12-tesla, 110-mm-bore actively shielded
magnet was completedin Fall 2004 and replaces the facility's 3.5-tedlaFTICR
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spectrometer. During the coming year, the vacuum system for the magnet

will beinstalled and set up for analysisof intact proteins by electron capture
dissociation, providing atop-down analysis capability that will help researchers
understand the role, function, structure, and changing nature of complex
cellular proteins. This top-down analysiswill complement the bottom-up
analysisthat the facility currently offers, and will provide a more complete
proteomicsanalysiscapability.

Future Direction

'l he High-Performance Mass Spectrometry Facility will maintain a position at
the forefront of mass spectrometry, using asystemshbiology approach to further
the understanding of biological processes and pathways. Biological processes
areintegrated, complex, and involve substantial " cross-talk" amongst various
systems. Proteomics—the study of what proteinsare actually present in acell at
agiven point in time-can be studied alonein a narrow kineticssense; however,
if agreater understanding must be obtained of what controlsthe proteome (e.g.,
the dynamics), then other cellular systems must also be studied and integrated.
Asastepinthisdirection, the High-Performance M ass Spectrometry Facility
will expand into the area of metabal omics and thusincreaseits protein
analysiscapabilitiesfor complexesto include protocols and searchesfor the
RNA membersof these systemsthat are so important in establishingtheir
correct activation. The facility will also expand and improveits data andysis
capabilitiesto be"intelligently"directed. Currently, thelargest failing in the
ability to perform database searchesfor peptides iswhere the peptide target is
not presentin the database due to poor database annotation, databaseerrors,

or possible strain variationson the system being studied. Better "mining" of
theinformation present in the spectra has great potential to improve analytical
capabilities. Finally, every effort will be made to keep facility equipment at the

state of the art, equally emphasi zing separation technology —one of the signature

featuresof thisfacility.

Facility Staff

Harold R. Udseth Heather M. Mottaz
Technical Lead Scientist

(509) 376-3698 (509) 376-4869
harold.udseth@pnl.gov Lot A Rt
Kimberly S. Korenkiewicz RonaldJ. Moore
Administrative Secretary Technologist

(509) 373-0765 (509) 376-2721
kimberly.korenkiewicz@pnl.gov ronald.moore@pnl.gov
DaveJ. Anderson Rui Zhang

Scientist Scientist

(509) 376-7898 (509) 376-3200
david.anderson@pnl.gov rui.zhang@pnl.gov
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Kim K. Hixson Rui Zhao
Scientist Scientist

(509) 373-6170 (509) 376-7332
kim.hixson@pnl.gov rui.zhao@pnl.gov
Key Staff

Key staff, besidesthose listed above, include David G. Camp, Joshua N. Adkins,
Carrie D. Goddard, Marina Gritshenko, Mary S. Lipton, Christophe D.
Masselon, and Ljiljana Pasa-Talic.

Three-Dimensional Proteomic Mapping of
the Mouse Brain

W Qian,® H Wang,® VA Petyuk,® M H Chin,® DJ Smith,® DG Camp,®
and RD Smith®

(a) Pacific Northwest National Laboratory, Richland, Washington

(b) University of California at Los Angeles David Geffin School of
Medicine, Los Angeles, California

Figure 471. Schematic of Understanding how the genome givesrise to the staggering three-dimensional

the voxelation process. The complexity of the mammalian brain is one of the major goalsfor post-genomic
mouse 1s sacrificed and the biology. To addressthis problem, it will be necessary to spatially map
brain extracted. The brain transcripts, proteins, and the networks they form in the brain at a genome-wide

[ tioned into | d : : . - : g
gsascﬁcl;ggfisltr;]gna&eg:g ?)y . level. In thisstudy, we investigated the potential for using high-throughput,

rectangular cutting grid. high-sensitivity proteomicsand the voxelation technology for three-dimensional
proteome mapping of the mouse brain. Added value for the use of the mouse
model system for three-dimensional mapping arisesfrom the existence of mouse
models for a number of neurodegenerativediseases. Figure 4-71 showsthe
overall voxelation process. Mouse brain tissueisdirectly sampled as cubes using
athree-dimensional coordinate system. Thevoxelation was performed by first
cutting the brain into 10 coronal sectionsand then each section was cut into -60
cubes with each cube of -0.75 pL (Singh et al. 2003). Thevoxelsweredirectly
put into 96 well platesfor automated sample processing and high-throughput

proteome analyses.

Thefinal phase of peptide/protein identificationwill use high-throughput liquid
chromatography-FTICR analyses based on the accurate massand time (AMT)
tag approach. 'Thisapproach requiresthe generation of an A M T tag database as
afirst step and asvalidation of the approach. W e have completed thefirst phase
validating the approach and have generated an extensive A M T tag database for
the mouse brain. This required the development of novel and highly efficient
enrichment techniquesfor cysteine-containing peptides. The sampleswere

then fractionated and analyzed using multidimensional liquid chromatography
followed by online tandem mass spectrometry (MS/MS) detection using ion
trap mass spectrometers. The database currently contains more than 35,000

Outlook Review = Science
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different AM T tags, covering-6900 different mouse brain proteinsand is the
most extensive protein database ever generated for the mouse brain. The proteins
detected were sorted according to the subcellular component in which they
would be found according to annotations in the genome. Figure 4-72 shows

the coverageof identified brain proteins based on subcellular components. The
complete coverage of mouse brain subcellular locationsin the AM T tag database
provides a solid basis for future quantitative analysesof brain voxels,

Mitochondrion 8%

Success of the next phase of the project requiresthe analysesof single voxe oy oo

samples using an automated microscale sample process and extremely sensitive o . > r %ﬁmiﬁ&#&’?m oo
liquid chromatography-massspectrometry detection using EMSL’s FT1 CR mass s e o
spectrometers. "These requirements have presented procedural challenges that : e e
have been overcome. W e have developed a ssimple protocol for tissuelyss and —

protein digestion, and initial automated sample processingwas successful. With " wet#tne

this protocol, the typical amount of peptides recovered per voxe was -20 _g. . -
With our in-house-devel opedcapillary liquid chromatography separations, this Figure 4-72. Distribution of

is enough for both liquid chromatography-MS/MS and liquid chromatography- proteins in our database amongst
mass spectrometry analyses. Figure 4-73 shows the successful analyses of two ghc% Sé?ﬁg'{ﬁ'iﬁﬁggﬂgﬂi”éfme
adjacent single voxels using liquid chromatography-FTICR. For each voxe, mouse genome.

approximately 3000 peptides and 1000 proteinswereidentified using AMT tags

from our database. The automated sample processingis still being optimized — ==
and improvementsin the number of proteins detected per voxel are expected. o _ 2
The next step will be quantitative analyses of large number of voxelsfor three- 1l
dimensional mapping. The normalization and quantitation approaches are still
being refined to optimize the confidence of the identification and minimize the
error bars on the protein quantities. We anticipate that theinitial generation of [ = o
three-dimensional protein abundance patterns (e.g., for normal and Parkinson Coviiak o et 643
disease mouse models) will provide novel insights.

Figure 4-73. Two-dimensional-

Citation plots for the liquid chromatog-
raphy-FTI‘CR apalysts from two
Singh RP, VM Brown, A Chaudhari, AH Khan, A Ossadtchi, DM Sforza, neighboring single voxels

AK Meedors, SR Cherry, RM Lesghy, and DJ Smith. 2003. "High-Resolution
Voxdation Mapping of Human and Rodent Brain Gene Expression.” Journal of
Neuroscience Methods 125(1-2):93-101.

Probing the Function of Proteins by
Multidimensional Mass Spectrometric
Analysis of Breast Cancer

Membrane Proteomes

AJ Patwardhan,® EF Strittmatter,® DG Camp,® RD Smith,® and
MG Pallavicin®

(a) University of California San Francisco, San Francisco, California
(b) Pacific Northwest National Laboratory, Richland, Washington
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unknown/unspecified
30% 3

Locallzation of membraneproteins

Nucleus

cytoskeleton,

desmosome, sndosome,

lysosome, microsome,
perexisems, vacuolar.

ribosome

Mitochondria
1%

Figure 4-74. Summary of
localization information for 965
membrane proteins identified
from MS/MS
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Proteins associated with plasma cell membranes participatein multiplecell-
environment interactionsincluding cell-cell communications, cell-extracel lular
interactions, locomotion and migration, and cell signaling. Membrane-
associated proteinsaccount for 70 percent of all known pharmaceutical drug
targets and are targets for a number of new drug and antibody-based therapeutics
in cancer. We undertook astudy to define the membrane proteome of breast
cancers. To capture the maximum number of breast cancer-associated proteins,
we analyzed the membrane proteomeof a panel of breast cancer cell lines using
acombination of subcellular fractionation, separation by strong cation exchange
chromatography,and reversed-phasecapillary liquid chromatography followed by
MS/MS. The proteinsidentified wereinvestigated further in an effort to identify
plasma membrane-associated proteins (PMAPs) and groups of proteins over-
represented in the breast cell-linepanel. Additional information derived from
gene expression data sets were used to identify proteinsthat may have a potential
relevance to breast cancer.

Four breast cancer cdll lines[SKBR-3, MDA-MB-231, BT-474, and an
MCF7-c18 transfectant cell line over-expressingthe ERBB2 receptor tyrosine
kinase (RTK)] were cultured and used to make up the breast cancer panel.
Membrane-enriched fractionswere prepared separately for all four cell linesana
then pooled into asingle mixture. All sample aliquots combined to produce
202 fractions, which produced 724,566 MS/MS spectra. ‘This corresponded

to atotal of 42,250 high-scoring peptides matching 2344 proteinslisted in

the September 2003 freeze of the human International Protein Index database
(http://www.ebi.ac.uk/IPl/IPIhelp.html). Among all proteinsidentified, 28
percent had less than 10 percent sequence coverage, 65 percent had 20 to 50
percent sequence coverage, and 6 percent had sequence coverages greater than
60 percent. Membrane-bound proteinswere further subcategorized into cellular
organellesbased on the gene ontology, UniProt, and InterPro databases (Figure
4-74) and ambiguitieswere resolved using PSORTI .

The transmembrane-spanning region of proteinsis frequently lost in membrane-
enriched preparationsdue to the inability to keep hydrophobic regionsof the
protein solubilized. A decreasein the number of transmembrane domains
(TMDs) may suggest that portions of the membrane protein embedded within
thelipid bilayer are not captured efficiently with our isolation procedure or
analytical strategies. The number of TM D swas predicted using the software
packageTM HM M 2.0 prediction server and was used to extrapolate the
number of TM D s expected for 2198 (94 percent) of the identified proteins.
Percent protein coverage varied greatly among both membrane-containing and
membrane-free proteinsand no significant rel ationship between the number of
T M D s and percent protein coverage was observed. However, sequence coverage
above 40 percent was generally not seen in proteinswith multipleTMDs.

These data suggest that there may be some biasintroduced against hydrophobic
portions of the membrane that may have been lost during sample preparation

or analysis. The majority of proteins (66 percent, 1455) had 0 TM Ds, while

34 percent (743) had between 1 and 23 TM Dsas predicted by the TMHM M
2.0 server. Given that global genomic analysis predictsthat 20 to 30 percent

of all open reading frames encodeintegral membrane proteins (including both
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plasma and intracel lular membranes),our resultsindicate that any bias against
u membrane proteinsis relatively small.

Querying of the UniGene database revealed more than 1905 unique genes
represented by this set of proteins. 1525 (80 percent) of these unique genes

[l (identifiedfrom all three aliquots) were mapped to the gene ontol ogy database
and classified according to molecular function and cellular component
categories. A combination of both molecular function and cellular component

fl categoriesyielded 312 proteins that were associated with the plasma membrane,
as evidenced by both functional and localizationinformation. Because gene

ontology categories are often incompleteand ambiguous, several proteins

fl were manually inspected for associationwith the plasmamembrane. Manual
inspection revealed an additional 40 PMAPs. Most proteinsin the subset

of 352 PM A Pswere associated with signal transducer activity, binding, and
transporter activities. The subcategorization of our data set accordingto the

m gene ontology database resulted in many proteins putatively involved in immune
response, apoptosis, catalytic activity, and several other cellular processes.

1 According to the PFAM database, 20 protein sequence domain/families were

B well represented (more than five member proteins) in our collectionof PMAPS.

Many of these domains include well-conserved transmembrane-bound domains

. and included several groups of proteins known to be membrane-associated.

H Among those identified was the immunoglobulin domain (-100 residues); the

fibronectin type III domain (-100 residues); the epidermal growth factor-like

| domain (30-40 residues); the SH3 domains (-50 residues); the WD domain

Im G-beta repeat (-40 residues); the FERM (-150 residues) domain; the PDZ
domains (80-90 residues); the tubulin domains; the sterile alpha motif (more

L than 70 residues); the cadherin domain; and the low-density lipoprotein

m receptor domain. Well-represented protein familiesincluded members of the

! ADP-ribosylation factor family, the ABC transporters, the Rasfamily of green

fluorescenceprotein (GTP)ases, the guanine nucleotidebinding G-protein

family, and the tetraspanin family.

Using the procedure described by Hosack et al. (2003), protein groupings

based on functional domainsin several protein signature databases were used

to determine whether any popul ations of proteinswere abundant in our sample.
Two protein categories (as defined in the PFAM and SMART) contained a
significantly (p<0.01) higher number of proteinsin our sample than would be
expected by random chance. Four proteinsbelonging to the SNF-7 homologues
(PFAM, PF03357) domain wereidentifiedin our sample. ‘This family of
proteinsisinvolved in formation of multivesicular bodies, which play acritical
rolein the recycling and degradation of membrane proteins(i.e., activated
cell-surfacereceptors). 'Thirteen proteinsbelongingto the PDZ/DHR/GLGF
(SMART, SM00228) domain were dsoidentified. Members of thisgroup

of proteinsare thought to direct the targeting of signaling moleculesto sub-
membranous sites. The PDZ/DHR/GLGF domain group includes proteins
frequently associated with the plasma membrane, a compartment where high
concentrationsof phosphatidylinositol 4,5-bisphosphate (PIP2) are found. They
interact directly with several ephrin-related RTKs, the ERBB2 RTK, and with
C-terminal sequencesderived from other transmembrane receptors.
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SAGE tag numbersdirectly reflect the abundance of mRNAs in vivo and

can thereforebe used as an accurateand quantitative measure of global gene
expression profilesin breast tissue. Using archived, publicly available SAGE data
sets, we analyzed differencesin gene expression between pools of normal and
cancerous breast tissue. Differential gene expressionisinferred from the relative
frequency of tags occurring in pools of cancerous SAGE librariesvs. pools of
normal SAGE libraries. Theexpression profilesfor 34 PM APs showed at | east
athreefold differencein expression between pools of normal and cancerous
breast tissue. Several of the proteinsover-expressed in cancerous breast tissue
have previoudy been investigatedwith regard to breast cancer. The RTK protein
ERBB2 has been well documented as a prognostic marker in breast cancer and
was over-expressed in all the cancerous tissues surveyed compared to normal
tissue. Notably, the myristoylated alanine-rich C-kinase substrate protein,
putatively involved in the activation of the ERBB2 signaling pathway, alsowas
over-expressedin tumor tissue. Other over-expressed proteinsin tumor tissue
included the peripheral benzodiazepine receptor, the ephrin receptor EPHBB3,
the melanoma-associated antigen D 2, beta platel et-derived growth factor receptor,
the semaphorin 3C receptor precursor, dystroglycanand Claudin-3. Several of
the PM A Ps over-expressed in breast cancer tissue had little or no previouswork
donein relation to breast cancer. These proteinsinclude the tyrosine-protein
kinase-like 7 precursor, the EFG receptor kinase substrate, the FK 506-binding
protein 3, the calcium-binding protein p22, the serine/threonine-protein kinase
25, the Erythrocyte band 7 integral membraneprotein, the Cadherin EGF
receptor, the retinoic acid-induced 3 protein, the DKFZp761D0211 hypothetical
protein, and the GD N Ffamily receptor alphal precursor.

Among the proteins under-expressedin cancerous compared to normal breast
tissueare severa that show asurprisingly large disparity between both pools.

"The Annexin A1 protein is under-expressedin all canceroustissues compared to
normal. This protein belongs to afamily of calcium-dependent, phospholipids-
binding proteinsthat are preferentiallylocated on the cytosolicface of the plasma
membrane and is thought to have potential anti-inflammatory activity and act as
endothelial adhesion molecules. Other proteins under-expressedin cancer tissue
includethe CD44 and CD 63 antigens, the GTP-binding protein, the jagged-1
protein, and the ephrin receptor EPHA2.

I n summary, our study identified alarge collection of PM A Ps from a breast
cancer cell-line panel using high-throughput ms/ms techniques. Several tools
alowed us to create a membrane proteome profile of thisset of cell lines. In
addition, we were able to combine gene expression datawith proteomic data
to identify several PM A Ps that may play important rolesin the initiation and
progression of breast carcinomas. Because we analyzed alimited number

of specimens, additional experiments using high-throughput techniques,

such asmRNA in sizx hybridization or immunohistochemical analysison
tissue-microarrays, are required to determine how commonly these genes are
differentially expressed. Additional analysisof these genes and the biochemical
pathwaysin which they areinvolved will not only further our understanding
of breast oncogenesis, but will also provide new and valuable targets for
translational research.
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“Identifying Biological ThemesWithin Lists of Geneswith EASE." Genone Bd agy
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Comparative Proteomics and Cytochrome
c Location Determination in
Geobacter sulfurreducens

KK Hixson,® YR Ding,® M S Lipton,® and DR Lovley®

(@) Pecific Northwest National Laboratory Richland, Washington
(b) University of Massachusetts, Amherst, M assachusetts
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Figure 4-75. Cluster analysis

of 2968 proteins expressedin
eight different culture conditions.
Lighter-colored areas represent
proteins expressed in a higher-
than-average abundance because
of that culture condition.
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proteins are classified as cytochromes. Uniquein this organism is the genetic
coding of more than 110 putative c-type cytochrome genes (Methe et a. 2003).
The identity and location of cytochrome ¢ gene products were determined by first
separating the inner and outer membranes by sucrose gradient centrifugation
and subsequently identifying the proteins and performing acluster analysis,
which reveded the predominate location of 91 c-type cytochromes (Figure 4-
76). 'lhisinformation may reveal the paths of fundamental electron transport
s between proteinsin G. sulfurreducens, thus revealing the mechanismsinvolved in
bioremediation and electricity production.

Citations

Bond DR, and DR Lovley. 2003. "Electricity Production by Geobacter Sulfurreducens
Attached to Electrodes." Applied and Environmental Microbiology 69(3):1548-1555.

Lovley DR. 1995. "Bioremediationof Organic and Metal Contaminantswith
Dissimilatory Metal Reduction."Journd of Industrial Microbiology 14(2):85-93.

- T
Methe BA, KE Nélson,JA Eisen, I T Paulsen, W Neson,JF Heidelberg, D Wu, M Wu,

Figure 4-76. Cluster analysis of N Ward, MJ Beanan, RJ Dodson, R Madupu, LM Brinkac, SC Daugherty, RT DeBoy,
91 c-type cytochromes revealing ASDurkin, M Gwinn,JF Kolonay, SA Sullivan, DH Haft, J Selengut, TM Davidsen,
the predominate location of N Zafar, O White, B Tran, C Romero, HA Forberger,J Weidman, H Khouri,
}L‘ggjelfg?ﬁg‘fn‘;{grmoﬂgre'2;" . TV Feldolyum, TR Utterback, SE Van Aken, DR Loviey, and CM Fraser. 2003.
periplasmic . "G_enomeof Geobedter Sulfurreducens: Metal Reduction in Subsurface Environments.”
the bacteria G sulfurreducens. Sdene 302(5554):1967-1969.

Lighter-colored regions revealed
proteins that show a greater-than-
average normalized abundance

level for that culture condition. GIObaI QU antltatlve PrOteomiCS WIthOUt
Isotope Labeling

R Fang,® DA Elias,® M E Monroe,® Y Shen,® CD Goddard,® SJ Callister,®
RJMoore,® YA Gorby,® JK Fredrickson,® M S Lipton,® and RD Smith(

(a) Pacific Northwest National Laboratory, Richland, Washington

(b) W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

W e are investigating an alternative approach for the relative quantification
of protein abundances using liquid chromatography-mass spectrometry
technologies. Current approaches based on stable isotopic |abeling of
proteins, or components of proteins known as peptides, either chemically or
metabolically can be cost prohibitive and often result in afewer number of
proteins being detected by liquid chromatography-mass spectrometry. This
alternative approach does not require isotopic labeling, but requires alinear
correlation between the amount of the analytes and their peak areas measured
by mass spectrometry. 'lhis has been demonstrated with simple mixtures of
afew analytes (Tanget a. 2004; Cech and Enke 2001; Voyksner and Lee
1999), and it has been suggested that this linear correlation can be obtained
for more complex mixtures of analytes using a sufficiently low flow rate and
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asmall amount of sample. With such conditions, the ionization of analytes
using electrospray ionization approachesan optimum (-100 percent) ionization
efficiency (Tang et a. 2004; Cech and Enke 2001).

This alternative approach, abbreviated as AM T-time tag non-isotopic labeling
quantification, usesthe previousy developed AM T tag procedurefor high-
throughput confident identification of peptides (Smith et al. 2002; Lipton et
al. 2002). We applied the AMT-time tag non-isotopic labeling quantification
approach to the metal -reducing bacteria Shewanella oneidensisstrain MR-1
cultured in bioreactorsunder both aerobic (20 percent dissolved O, tension)
and suboxic (< 0.1 percent 02) conditions. Arbitrary abundancesof peptides
from proteolyticdigests of proteins extracted from collected sampleswere
measured using liquid chromatography-FTI1CR spectroscopy operated at a
conventional flow rate. Normalization of the peptide abundance acrossall
liquid chromatography-FTICR analysesto correct for possiblesystematic bias
was performed.

Experimental and instrument reproducibility of the AMT-time tag non-
isotopic labeling quantification approach was demonstrated using scatter

plots. Anexampledisplayed in Figure 4-77 (top) plots an instrument replicate
of abundances of peptides from one collected sampleversus an instrument
replicate of abundances of peptides from aduplicate sample. These samples
were collected simultaneously while the bioreactor operated under an aerobic
condition. W e observed good reproducibility among all instrument replicates
from these duplicate samples asindicated by root sum square (R2) values
ranging from 0.95 t0 0.96. Figure 4-77 (bottom) plots an instrument replicate
from one bioreactor operating under an aerobic condition against an instrument
replicatefrom a different bioreactor operating under a suboxic condition. Here,
R2 valuesamong instrument replicateswere significantly lower, ranging from
0.65 to 0.67, indicating that the abundance of certain peptides—and therefore
the proteins they represent—were different between culture conditions.
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Peptide abundance of aerobic
(x 50000000 ion count)

Peptide abundance of aerobic
(x 50000000 ion count)

Figure 4-77. (top) Scatter plot
of abundances of peptides from
an instrument replicate from
one collected sample versus
abundances of peptides from an
instrument replicate taken from
a duplicate sample. Each sample
was collected from the same
bioreactor operatingunder an
aerobic environment. (bottom)
Scatter plot of abundances of
peptides from an instrument
replicate from one bioreactor
operating under an aerobic
environment versus abundances
of peptides from an instrument
replicate from a different
bioreactor operating under a
suboxic environment.
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Figure 4-78. Isolation of
methyglyoxyl reductase activity
using anion exchange and size-
exclusion chromatography.
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lllumination of Previously Unidentified
Proteins with Specific Enzyme Activity
Using Mass Spectrometry

RC Barry,® DH Kohl,® DG Camp,® and RD Smith®

(@) Pacific Northwest National Laboratory, Richland Washington
(b) Washington University, St. Louis, Missouri

Researchersare collaborating to establish a mass spectrometry-based approach
for identifying those proteins responsiblefor specific enzymatic activity, but
whoseidentity was previoudy unknown. While the availability of complete
genome sequencesopens the door to important biological advances, much of
the actual understanding of cellular systems and the roles of its constituents

will be based on techniquesin proteomics (which we define here as the study

of the functions of proteins). Current gene annotation techniquesfall short

of accurately identifying the functions of proteinswithin an organism. Many
proteins, asidentified by open reading frames, have unknown function and are
listed as'hypothetical’ proteins. Further, there are many biological processes
that are carried out by organismswhose protein players are completely unknown.
Often, many of the enzymes that participatein biochemical pathways are
completely unknown, and in some cases have been identified from previously
classified hypothetical proteins. Developinga rapid and sensitive method for
associating enzymatic activitieswith proteinsfrom a specificgene would greatly
accelerateour ability to gain an understanding of the structure and function
relationshipsof enzymes and the biological pathways used by organismsto
promotesurvival.

Present methods typically use a series of purificationstepsto isolate fractions
containing specificenzymatic activity. The proteinsfrom these fractions are
then separated with Coomassie Blue-stained bands using sodium dodecy! sulfate
polyacrylamidegel electrophoresis. |dentification of the enzymes responsiblefor
the activity isinferred from the intensity of the stained bands. Theoreticaly, the
more purification steps one uses, the greater the purity of the compound that is
producing the activity and the higher the specific activity detected. Whole-cell
lysates, for example, may be fractionated using anion exchange chromatography.
Those fractionsthat contain the activity can beisolated and further resolved
using size-exclusion chromatography, where again those fractions containing
specific activity can be isolated for further andysis. Weare studying the
reduction of methylglyoxa in yeast cells. Extensivework at Washington
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University using the conventional approach described above identified the open
reading frame that expresses the nicotinamide adenine dinucl eotide phosphate
hydrogen-dependentenzyme responsiblefor this activity.

Theseresults are shown in Figure 4-78, where the open circles show the

specific activity for methylglyoxal reductase (ni cotinamide adenine dinucleotide
phosphate hydrogen-dependent). 'Thiswas increased 122-fold going from anion
exchange chromatography (upper figure) to size-exclusion chromatography
(lower figure). In this preliminary work, the proteins are extracted from each

of the fractions that demonstrate increased enzymatic activity, digested with
trypsin, and then analyzed using ultra-sensitiveliquid chromatography-FTICR
mass spectrometry. The concentration-dependenceof the resulting peptides,
ionized by the electrosprayionization process, is used to determine the identity
of the protein(s), which similarly demonstrate an increasein their concentration
insolution. Figure 4-78 showsthe resultsfor the enzyme methylglyoxal
reductase as the solid circles. They show general agreement with the enzymatic
activity and point out more general issues associated with linking protein
concentrationswith enzymatic activity. Often co-factorsare required to activate
an enzyme and only acompleteinventory of all biologically important molecules
present in afraction can lead to a complete understanding.

With theliquid chromatography-FTICR technology, all other proteins present
can also be detected as possible candidates. Once a candidatelist is produced,
further experiments can be performed to validate protein function, such as
using glutahione tranferase-fusiontags to over expressthe protein of interest

in yeast to provide protein for biochemical assays. Additional experimentsare
underway to minimize the number of different purificationsteps required by
collecting and analyzing the protein content of the individual fractionsfrom a
single purificationrun to identify the protein(s), which dramatically increasein
concentration as well as specificactivity.

Comparative Proteomics of Yersinia pestis

KK Hixson,® JN Adkins,® M E Monroe,® SL. McCutchen-Maloney,® and
MS Lipton®

(@ Pacific Northwest National Laboratory, Richland, Washington
(b) Lawrence Livermore National Laboratory, Livermore, California

The ability to respond adequately to a biological threat requires detailed
understanding of the threat agent to determine the appropriate response.
Proteins serve as the basis of all mechanismsin biological systems, and
understanding the changesin protein expression pattern is crucial to
understanding their physiological mechanisms. Yersinia pestis, the causative
agent of plague, isaknown bioterrorist and biowarfare threat agent (Perry and
Fetherston 1997). Virulence-associated proteinsof Y. pestis can be induced or
repressed in culture by adjusting conditions that mimic the environments of
the fleavector (26°C) and the human host (37°C with and without calcium).
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contrasting temperatures and cal cium concentration.

Our approach to global proteomicsis based on protein digestion
followed by peptide identification by mass spectrometry using

the AMT tag methodology (Smith et a. 2002). 'This approach
provided comparative normalized abundance valuesfor 962 proteins
identified with two or more unique peptides (Figure 4-79).

® Furthermaore, cluster analysiswas performed on 146 proteins
identified from similarity clustersof Figure 4-79 that displayed

similar abundance patterns as nine known virulent proteins
(Figure 4-80). 'These results have revealed reproducible measurements
between triplicate analyses with known and novel protein abundance changes
by conditionsthat mimic virulent and non-virulent bacterial states. Virulent
protein expression s clearly observed between bacterial growth from 26°C to
37°C with calcium (bacteriasinitial entry into mammalian host) and at 37°C
without calcium (bacterial docking with host cell).

Many of the proteins that werefound to cluster in asimilar pattern with the nine
known virulent proteins in Figure 4-80 were novel hypothetical proteins from
both the chromosome and plasmids. It isthese novel proteins that most likely
also play arolein virulence. These newly identified proteins thus make perfect
candidates as biomarkersfor protein-based detection technologies and better
post-infection treatment and vaccine devel opment.

Figure 4-80.
Cluster analysis of 146 proteins that show similar abundance changesto nine known virulent proteins.
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Secretory and Membrane Proteins of

Pseudomonas aeruginosa
W Xiao,® RD Davis,® and M Mindrinos®
(& Stanford University, Stanford, California

Pseudomonasaeruginosais a gram-negati vebacterium of increasingimportance
becauseit is one of the top three opportunistic pathogensin humans, causing
premature death in patientswith cystic fibrosis, HIV infection, organ
transplants, or cancer (Quinn 1998). It isthe most common cause of various
nosocomial infections, including sepsisin burned or extensively injured patients,
and isresistant to antibiotics. Consequently, thereis significantinterest in

the proteinsresponsiblefor this virulence, particularly those of the cellular
membrane. The phenotypic resistance of gram-negative bacteriaisadirect
conseguenceof the complex structure of their cell envelope, which actsas a
barrier and preventsdrug molecules from reaching their target sites or increases
their active efflux, primarily mediated by various classes of integral membrane
proteins (Nikaido1998). It has been indicated that antibiotic resistanceis due
tointegral outer membrane protein channels (porins) and membrane protein
complexes known as multidrug efflux pumpsthat transport antibiotic and biocide
molecules out of the cell (Nikaido 1998).

Large-scaleandysis of hydrophobicintegral membrane proteinsfrom complex
protein mixtures is an important and challenging aspect of massspectrometry-
based membrane proteomics. Although, large-scale proteomic studies based on
in-gel digestion of proteins separated using two-dimensional polyacrylamide

gel electrophoresis (2-D PAGE) have recently shown significantimprovements
in protein coverage, very hydrophobic integral membrane proteinsare generally
not amenable using this approach primarily due to theissuesrelated to the
insolubility of these proteinsand precipitationoccurring at their isoel ectric points
(Nouwens et a. 2000: Santoni et a. 2000).

Results and Discussion Membrane Protein Identification

'The membrane subproteomeof P, aeruginosa was probed using two techniques
we devel oped specifically for mass spectrometry identification of highly
hydrophobic integral membrane proteins (Blonder et a. 2002; Goshe et d.
2003) and isoutlined in Figure 4-81. Both techniqueswere used concomitantly
in the current investigation in order to achieve a more comprehensive analysis of
membrane proteins than could be obtained by using only one approach. When
analyzed by SEQUEST, all the collected M SIM S spectra of both experiments
produced atotal of 9951 fully tryptic peptides, of which 2727 peptides were
unique. From these data, atotal of 786 protein identificationswere observed:
623 proteinsfrom the unlabeled sample and 163 proteinsfrom the labeled
sample. The set of 786 identified proteins contains 544 identified from the

I Membrane Sample Preparation
Cell Disruption
French Pren

Prefractionation
Carbarsate Extraction

Membrane Iyolation

Lilracentr ifigation
| Unlabeled Proteins| | Labeled Proteius |
Extraction Solubilization
Salubilization Biotinylation
Organic’dquoous Orpanic Aquoous
Hufler Buffer
| |
Proteolysis in Proteolysis in
Organic- Aqueous Organic-Aqueons
Suletion Solution

Tevpuin Trypatin

Figure 4-81. Experimental
protocols used for the analysis of
the membrane proteome.

unlabeled sample and 84 from labeled sample, corresponding to 707 unique
proteins. Using results presented in a previousreport describing aglobal analysis
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of yeast proteins using multidimensional chromatography and database searching
of MS/MS spectrausing SEQUEST (Peng et a. 2003), the percentageof false
positives associated with our study was determined to be no greater than 10
percent. To increase the confidenceof positiveidentification of cysteinyl-labeled
peptides to greater than 90 percent, we added the additional requirement of the
presence of at least two label-specificionsin the MS/MS spectrum (Borisov et
al. 2002). On the basisof these numbers, the overall enrichment of proteins
containing at least one T M D relativeto all thoseidentified was 42 percent and
44 percent for the labeled and unlabeled sample, respectively.

Importantly, all four subunits of succinate dehydrogenasesdh4 (PA1583),

sdhB (PA1584), sdhC (PA1581), and sdhD (PA1582) predicted by the genome
sequencewere confidentlyidentifiedin the unlabeled sample out of which

sdhC and sdhD are very hydrophobic. SubunitssdhA, sdhB, and sdhC were aso
identifiedin the labeled aliquot. Together, these results reflect the efficiency of
the techniques used in extracting, solubilizing, and labeling highly hydrophobic
transmembrane peptides, which lead to unambiguousidentification of highly
hydrophobicintegral membrane proteinsfrom complex mixtures using
conventional one-dimensional (liquid chromatography-MS/MS andysis.

Transferases and Cytochromes

Prolipoprotein diacylglyceryl transferase(PA0341) is a hydrophobicintegral
membrane protein with four mapped TMDs. Thisprotein, not previously
identifiedin P. aeruginosa, was characterized by identifying four peptides. The
first peptide (SFFQLMDFIAPLVPIGLGAGR) is very hydrophobicand
completely covers the second mapped TM D. PA0341is an essential factor

for the growth, division, and viability of bacterial cells at nonpermissive
temperatures. Homologueswere identifiedin Escherichia cdli, SAmonela
typhymurium, and Haemophilusinfluenzae (Guptaet a. 1993). PA0341

is encoded by the /g gene and isinvolved in fatty acid and phospholipid
metabolism, tranglation, and post-trand ational modifications(Qi et. a. 1995).
As acytoplasmic membrane enzyme, it isapart of the sequential catalysisthat
involves prolipoproteinsignal peptidase and the /»z gene which encodes for
apolipoprotein N-acyl transferase(PA3984) (Guptaet a. 1993). PA3984 has six
mapped TM D s and isinvolved in the formation of lipid-modifiedproteins. The
protein modification is achieved by transferring the diacylglycerol group from
phosphatidyl-glycerol to the sulfhydryl group of acysteinyl residue present at the
C-terminal portion of the signal sequence of the protein (Guptaet al. 1993).

MdoH and 74oG genes are necessary for the synthesis of membrane-derived
oligosaccharidesthat occupy the periplasmic space of gram-negative bacteria

and for glucosyl transferase activity. MdoH codes for an integral membrane
protein expressing 76 percent homology with the mdoH gene of E. coli whose
protein spans the cytoplasmic membrane and is required for the expression of
disease symptoms and devel opment of hypersensitivereaction on nonhost plants
(Loubenset d. 1993). The mdoH protein of P aeruginosa (PA5077) was detected
by four peptides from both the unlabeled and labeled samples. Three proteins
(PA1554, PA1557, and PA4430) from the cytochrome super family were also
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identified by hydrophobic peptides. These proteinswere not previously identified
in P aer ugi nosa or other prokaryotes according to the current P, aer ugi nosa
Community Annotation Project Database. |n addition, 14 other proteins from
this super family wereidentified. Additional proteins, not previously identified
in P, aer ugi nosa until applying our mass spectrometry-based approach, include

N A DH dehydrogenase | chain H (PA2643) and heat shock protein PA2643,
whose homol ogues were characterized previously in E. co/i exhibiting84 percent
and 63 percent sequencesimilarity, respectively (Weidner et al. 1993; Kornitzer
eta. 1991).

Antibiotic Resistance, Adaptation, and Protection Proteins

Since the most important targets of antibacterial agentsarelocated within the
cytoplasmic membrane or cytoplasm, the outer membrane presentsa natural
barrier to antibiotics and biocides, preventing their accessto target sites (Denyer
et al. 2002). Porins or channel-type proteins are important factorsof antibiotic
resistance of P, aer ugi nosa because they prevent the passage of hydrophilic
antibioticsviaasize excluson mechanism, whereasthe denselipopolysaccharride
bilayer of the outer membrane dows down the penetration of hydrophobic
macromoleculesinside the cell (Poole2002). However, thelower permeability

of the outer membrane alone cannot completely protect the microbe; therefore,
additional cellular mechanisms are necessary to create the high level of antibiotic
resistance exhibited by P aer ugi nosa (Poole2002). Hydrolytic enzymes possessing
lactamase activity are omnipresent within the periplasmicspace. We confidently
identified a probable penicillin amidase (PA1032) by detecting multiple peptides.
Notably, this enzyme was not previously characterized in P, aer ugi nosa and could
serve as aviable pharmacol ogical target.

Conclusion

Thiswork presents aglobal qualitative analysis of the membrane subproteome
of P aerugi nosa strain PAO1 i n which hydrophobic membrane proteins are
confidently identified on acomprehensive, large-scal e basis using pliquid
chromatography-MS/MS. Several biologically and medically significant classes
of integral membrane proteins involving antibiotic resistance, adaptation,

and susceptibility wereidentified i n thisinvestigation regardlessof their
hydrophobicity and membrane location.
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Proteomic analysis of Wild Type and
Soil-Colonization Deficient Strains of
Pseudomonas fluorescens
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(8 Tufts University School of Medicine, Boston, Massachusetts

(b) W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

(o) Pacific Northwest National Laboratory, Richland, Washington

A significant step towards devel opingeffective genetically modified microbes for
bioremediation purposesis understanding the ecology of release, growth, and
establishmentof populationsin soil. In Pseudomonas fluerescens, a microbewidey
used for enhancing soil characteristics, our laboratory identified alocus (AdnA)
affectingsevera cell processesimportant for itsbehavior in soil. Mutants
deficientin AdnA are defectivein biofilm formation, motility, and attachment
to sand and seeds. Of moreimportance, mutants affected in AdnA did not
colonizeand persistin soil aswell asthewild type (Marshall et d. 2001). AdnA
shows homology to FleQ,, from Pseudomonasaeruginosa, atranscription factor of
the NtrC/NifA family that isinvolved in flagellasynthesis (Casaz et a. 2001).
Thistype of regulator is Sigma 54-dependent, known to activate transcription
upon changing environmental conditions. Therefore, by identifying traits
affected by AdnA, we shall gain insightsinto how to improvesoil colonization,
persistence, and genetic determinants aff ectingsoil colonization by comparing
proteomesfrom thewild type and an AdnA-deficientmutant. Recently, we
began to characterizethe regulon controlled by AdnA using agenetic approach
(Robleto et d. 2003).

I'n order to develop a more complete picture of the genes controlled by AdnA,
we aim to comparethe genes expressed in wildtype P. fluorescens (P£0-1) with
thoseexpressedin an AdnA deletion mutant (Pf0-2x). Genetic evidenceshows
that AdnA-dependent genes are expressed at significantly lower levelsin PfO-
2x than Pf0-1 (Robleto et d. 2003). Thus, protein extractsfrom Pf0-2x are
likely to contain no peptides activated and/or peptides that are repressed by

the AdnA transcriptionfactor. Proteornictechnologies offer promisein this
kind of approach due to the broad coverage now being obtained, and the fact
that trans ated products are compared, rather than just transcribed products
revealed using microarray technology. | n combination, microarray and proteomic
approacheswill alow afull description of genes under control of AdnA.

Wildtype (Pf0-1) and mutant (Pf0-2x) P. ffuorescens were grown under
conditionsknown to favor expression of AdnA-dependant genesin the wildtype
strain. Proteins have been extracted from cytoplasmicextracts, membrane
fractions, and whole cells, and were subjected to trypsin digestion. Using
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FT1CR mass spectrometry, the peptides are being individually identified, and
by computational means have been compared to the draft genome sequence

of P. fluorescens. This approach has enabled us to identify 763 expressed genes
in Pf0-1, and 1271 in Pf0-2x, using peptides found in cytoplasmic extracts.
Peptides found in membrane fractions revealed 437 expressed genes in Pf0-1
and 290 in Pf0-2x. Comparison of the data sets shows that, of the cytoplasmic
proteins, 451 present in the Pf0-1 extract are absent from Pf0-2x. Among
membrane proteins, 318 Pf0-1 proteins are absent from Pf0-2x. These data
are highly likely to overestimate the number of proteinswhose expressionis
governed by AdnA, probably as a result of incomplete coverageof the proteome
at thistime. However, examination of the proteins absent from Pf0-2x will
allow some candidate AdnA-regulated genesto beidentified. Itisknown that
AdnA regulates motility, and the proteomic data point to a number of flagella
and chemotaxis proteins not previousy known to be part of the AdnA regulon.
For example, seven methyl-accepting chemotaxis proteinsare unique to the
membrane fraction of Pf0-1. Our previousgenetic study only identified two
(Robletoet al. 2003).

While the AdnA regulon remains to be completely defined, an additional
benefit from the proteomic datais the confirmation that a number of previously
annotated "hypothetical” genes are indeed expressed (e.g., 55 “hypotheticals”
from the membrane of Pf0-1). Moreover, proteins with no matchesin databases
have also been shown to be expressed (e.g., 84 from the Pf0-1 membrane
fraction). These datawill be used to aid in the thorough annotation of the
genome sequence of Pf0-1 when it is completed.
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Identification of the Labeled Residue(s)
of SecB Protein
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SecB, asmall tetrameric cytosolic chaperonein Escherichia coli, facilitates

the export of precursor polypeptidesby maintaining them in a nonnative
conformation and passing them to SecA, which is a peripheral member of the
membrane-bound transl ocation apparatus. T o elucidate the interaction between
SecB and the unfolded precursor, we are mapping the molecular path that the
precursor takeswhen it binds SecB. The structure of protein SecB is shown

in Figure4-82. The use of site-directed mutagenesisto systematically replace
single residues with cysteine coupled with EPR alows scanning through SecB,
identifying sites of interaction. EPR technology requiresan unpaired electron,
which we provide by labeling the introduced cysteinyl resduein SecB with
methanethiosulfonate, a stable nitroxidespin label. Ideally, in our experimental
approach, one would removeall native cysteinesand introduce asingle cysteine
at the site of interest. However, we have been unableto replace two of the four
native cysteinesand maintain the protein in an activeform. Thus, each of our
constructs has three cysteines. It isimperativethat we know confidently that we
quantitativelylabel the introduced cysteine and not the native cysteines.

M ass spectrometry is the technique of choiceto identify and quantify amino
acid modificationsin proteins. These are challenging experiments, but they are
the only means of unambiguouslydeterminingif the targeted cysteine residue
has been labeled correctly. |n order to confidentlyidentify the labeled residue
position, a seriesof experimentsare underway in EMSLs High-Performance
Mass Spectrometry Facility. In thefirst experiment, the molecular mass of
intact proteinswas measured on a 7-teda FTICR mass spectrometer in order to
confirm the number of labels per protein. This is aquick meansof determining
that only one residue has been labeled and that the molecular weight of the label
iscorrect. Anexampleof this processis represented by the spectrain Figure
4-83. The mass spectrometer detects a series of multiply protonated versions

of the protein as shownin theinset in the figure. To obtain aquantitative
representation, each one of these charge-state spectra must be deconvolutedto
the molecular weight of the uncharged protein (zero charge state). Theresulting
zero charge spectrain the figure show the methanethiosul fonate-label edand
non-methanethiosulfonate versions of the SecB protein and easily alow the
number of labelsper protein to be determined.

I n subsequent experiments, proteinswere digested by trypsin to the peptide
level. Liquid chromatography-massspectrometry and liquid chromatography-
MS/MS experimentson using LCQ_ion trap and 9.4-teda FTICR mass spec-
trometers enabled i dentification of peptides and the labeled residue. Resultscov-
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Figure 4-82. Structure of the
Hemophilus influenzae SecB
protein. Ribbon representation
of the monomer (A); dimer (B);

and tetramer (C) where the view is

orthogonal to the view of dimer.
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Figure 4-83. Zero charge ESI
FTICR mass spectra of SecB
protein: wild type (A) and
methanethiosulfonate labeled

SecB (B). The inset shows charge-

state distribution in the mass
spectrum that was deconvoluted
to A
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ered 100 percent of protein sequencesin all analyzed proteins (that have replaced
single residue) and showed which cysteine residue(s) were modified.

Proteomic Profiling of Deinococcus
Radiodurans

M S Lipton®

(a) Pacific Northwest National Laboratory, Richland, Washington

The D. radioduransstrain R1 is

Table 4-1.

D. redioduransProteome Coverage

[«P]
o
c
QL
ul
Vo]
-
2
g
>
%
(=4
=
[=]
S
L d
=
O

APRIL 2005

; Predicted Observed Percent agram-positive, nonpathogenic
gt e ORFs' OREs Covelane bepterium whooe 3.1 Mbess
Total 3.29 Mbp 3116 2585 83 genome consists of two
Chromosome 12.65 Mbp 2633 2154 83 Chromosom&e,.one megaplasmid
Chromosome 2412 kbp 369 304 82 a”‘{' one plasmid [3960]. D
- radiodurans has an extraordinary
Mega Plasmid 177 kbp 145 100 68 ability to tolerate both acute
Small Plasmid 46 kbp 40 27 67 and chronic exposuresto high
T Open Reading Frames levels of ionizing radiation-it
can survive 5000 to 15,000

Gy of acuteionizing radiation (depending on culture conditions) and grow
continuously under 60 Gy/hr. Our analysis used the 3116 protein-encoding open
reading frames predicted by the TI GR annotation (ftp://ftp.tigr.org/pub/data/
dradiodurans/GDR.pep) (weexclude from this analysis 71 open reading frames
predicted to contain frame shifts). However, the annotation consists of the best
prediction of open reading framesencoded by an organism based on comparison
to open reading framesidentified in other organismsand on the codon usage.
The proteomic measurementsprovide a physical validation that the open reading
frames actually encode a protein.

More than 400 liquid chromatography-MS/MS analyses of peptides from
collectiveculture conditionsyielded tentativeidentificationsfor more than
70,000 peptides havinga SEQUEST scoreabove 2. Our FTICR measurements
verified with high confidence 26326 of these (AMT). In order to confirm the
presence of an open reading framein our analysis, we required that at least two
mass tagswere identified for an open reading frame and that those mass tags
wereseen in at least three spectrain the FT I CR mass spectrometer. Using

these criteria, weidentified 2585 open reading framesfrom D. radiodurans,
representing 83 percent of the predicted open reading frames (Table4-1) for
Deanococcusradioduranscorresponding to the broadest proteome coverage for an
organism achieved to date. More than 90 percent of the open reading frames are
identifiedif only one masstag is required for open reading frame identification.
Inasingle FTICR analysis, the masses for -1,500 AMTs are typically

detected, corresponding to -700 open reading frames (depending on the culture
condition), and 15 to 20 percent of the D. radioduransproteome.

'The proteomic profile of D. radiodurans contained open reading frames assigned
to every functional category. Figure 4-84 isarepresentation of the distribution
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of proteinsinto these functional categories. The size of the pie diceindicates
the number of proteinsfrom the annotated genome that fall into the category
indicated. Each pie piece has been shaded to indicate the percentageof proteins
from that category that has been identified by the proteomic profiling. Not
surprising, the categories associated with housekeepingfunctions, protein
synthesis, amino acid synthesis, and cell envelope had representation for the
most part of over 90 percent. Hypothetical and

conserved hypothetical proteinsare proteinswhose oo Relatad Protein Synthess
expression has not been previously confirmed by sk el %y Amino/cd Rlowyuhess

physical methods. The proteomic profiling of D. 9%
radioduransconfirmed the expression of 88 percent  Hypothetical
and 80 percent of the conserved hypothetical and o
hypothetical proteins, respectively. I n confirming
the expression of these proteins, these open reading
frames represent possibletargets for further study.

Cell Envelope 99%

Transcription 89%
Purines, Pyrimidines,

Nucleotides and Nucleosides  100%
Protein Folding  99%

Encrgy Metabolism  96%

Fatty Acid and
~ Phospholipid Metabolism 94%

Transport and Binding Proteins
97%,

~

Coverage of functional category memberscan be
used to predict the expression of specific metabolic
pathways. Predicted proteinsinvolvedin various

D. radiodurans metabolic pathwayswere commonly
identifiedwith multiple different AMTs, suggesting
their high abundance. We verified the expression

Central Intermediary Metabolism
/ 96%

/ ‘ellular Processes  Y2%a
e Cel
DNA Metabolism 96%

of all the predicted proteins corresponding to the _ il TIPS of Colactors  98%
vacuolar type (V-type) proton ATP synthase, as Conserved Hypothetical Unknown Function 8%

. . 88% Regulatory Functions  90%
well as the predicted componentsof the organism's
T CA cydeenzymes. In addition, 80 percent of
the predicted proteinsinvolved in glycolyss, and the pentose phosphate shunt Figure 4-84. Distribution and
were detected. A dightly smaller fraction of electron transport proteinswere fCOVGtr_agefby TlG? annpdtat?}?f'_ |
: T . . — unction tor proteins iaentifie
identified (severd ael ntegral membrane protei n§). The patterns of expression using AMT tags from studies of D,
for all the open reading frames (data.not shown) illustratesthat many predicted radiodurans.

proteinsassociated with "housekeeping™ functions are expressed under all
conditionsevaluated. Approximately 32 percent and 16 percent of the open
reading frames from the D. radioduransdatabase are predicted to be hypothetical
and conserved hypothetical, respectively. Weidentified 80 percent of these
hypothetical proteinsand 88 percent of the conserved hypothetical proteins.
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Interfacial and Nanoscale Science Facility

TheInterfacial and Nanoscale Science Facility is aworld-class resource for
scientific expertise and instrumentation focused on the study of interfacial
phenomena and nanoscience and technology. Activitiesin thefacility address
national needsin environmental cleanup and restoration, waste management,
pollution prevention, clean energy production, and national security through
research that specializesin preparation and characterization of suitable materials
with various sizes, devel opingfundamental understanding of their chemical and
physical properties along with chemical reaction mechanisms, especially at the
surfaces and interfaces. The range of scientific expertise and instrumentation
within the facility provides a unique environment for research in areas such as
surface and interfacial science; nanomaterials synthesisand characterization

for various applications, complex interfacial catalysis, environmental interfaces,
including aerosols and minerals, material properties and interfacesincluding
radiation effects, defect properties and interactions, ionic and atomic transport,
and electronic and magnetic properties; and areas within microanal ytical science,

Molecular beam epitaxy, as

performed at EMSL’s Interfacial such as chemical and biosensingand nanobiotechnol ogy.

and Nanoscale Science Facility. ) ) o ) S ]
This system is used to grow and 'Ihe Interfacial and Nanoscal e Science Facility and its scientific staff provide
characterize thin crystalline films abroad range of instrumentation, laboratory capabilities, and expertise.

of oxides and ceramics to obtain Inst e ilablef aterial thesi TS Ao iti

a detailed understanding of nstrumentation is availablefor material synthesisusing thin film deposition
surface reactions. and chemical synthesis, ion beam processingand anaysis, various aspects of

surfaceand bulk characterization, analytical chemistry, separations, advanced
electrochemical synthesis, ultrahigh vacuum and real world catalysis and surface
chemistry, and microfabrication. Capabilitiesinclude an accelerator facility

for material modification and analysis using ion beams along with interface
characterization; ambient and ultrahigh vaccum scanning probe microscopes;
electron microscopy and x-ray analysis; spectroel ectrochemistry; high-spatial/
energy resolutionsurface analysis; catalyst preparation, characterization,

and reaction engineering; afully equipped clean room for microfabrication,
microanal ytical systems devel opment and testing laboratories; inorganic,
organic, polymer, and biochemical synthesisand characterization facilities; a
full complement of thin-film deposition and characterization facilities; and

fully equipped analytical support laboratories. The combination of surface and
interface characterization techniques that provide high spatial, depth, and energy
resolutionfor a broad array of methods is unmatched anywherein the world.
Many systemsare coupled directly to film growth chambers, and samplescan
be moved among many ultrahigh vacuum systems under controlled environment
without exposureto air using portable transfer systems.

Representative Research Activities

Researchers assigned to the Interfacial and Nanoscal e Science Facility

perform innovative research in the areas of surface and interfacial chemistry,
advanced materials synthesis and characterization, and microanalytical science.
Activities emphasi ze research relevant to the four DOE mission areas-science,

Outlook Review = Science
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energy resources, environmental quality, and national security-and to operation
of aworld-class user facility for scientific problem-solvingthat supports the
science mission. Facility staff also play a major role in the continued success

of EMSL by providing support, training, and collaboration to onsite users.
During the past seven years, research activities at the facility have focused

on four major thrust areas: 1) films and interphases; 2) surface chemistry and
catalysis; 3) material interfaces; and 4) microsensors, microfluidics, and new
biotechnologies. Facility researchers and users focustheir effortsin these four
areas, with research on the following topics:

* Structural and chemical properties of model single-crystal oxide and
complex mineral surfacesand interfaces

* High-dielectric materials, oxide dilute magnetic semiconductors, and oxide
catalysts

* Nanoscale materials, such as oxide quantum dots, nanofilmsof magnetic and
oxygen ion-conducting oxides, and buried nanoclustersin oxides

* Fundamental understanding of reaction mechanismsat oxide and mineral
surfacesand interfaces

* Development of new microanalytical separations and sensing principles,
tools, and testing

* Single-enzyme nanoparticles, enzymesin nanostructured matrices,
understanding the dynamics of these materials

* Environmental studies involvingwaste separations, structural and chemical
stability of wasteforms under different radiation and chemical environment,
and atmospheric aerosols

» Analysisand characterization using fully equipped analytical |aboratories
and characterization facilities.

Research Capabilities

* Thin-film deposition capabilities,including oxygen plasma-assisted
molecular beam epitaxy, metal organic chemical vapor deposition, sputter
deposition and sol-gel deposition

* Surface analysis suite that consists high-spatial resolution X PS, Auger
electron spectroscopy, and TOF ion mass spectrometry

* Electron microscopy suite that consists of high-resolutiontransmission
electron microscopes and scanning el ectron microscopes

» Scanning probe microscopy capabilities, including various ambient and
ultrahigh vacuum scanning tunneling microscopes and atomic force
microscopes and scanning Auger microscope

* lon-beam processing and analysis capabilitiesthat include variousion
implantation and ion beam analysis methods

» Nanobiotechnol ogy capabilities

ENVIRONMENTAL MOLECULAR SCIENCES LABORATORY

The lon Beam Materials Analysis
Laboratory of the Interfacial and

Nanoscale Science Facility consists

of a 3-MV tandem ion accelerator,
two ion sources, three beam lines,
and four end stations. All of the
ion beam processingand analysis
capabilities area available in this
accelerator facility.
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* Surface science and catalysis laboratory that consists of ultrahigh vacuum
systemswith severa surface science techniques

* Catalytic reactors, including an RXM 100 catalyst test stand

* X RD laboratorywith special applications, thin film characterization, and
powder diffraction instrumentation

* Microfabricationcapabilities
* Chemical and biological sensing capabilities

* Other analytical and characterization |aboratories.

Recent Upgrades

Scanning Probe Microscopy Capability

A great need existsto establish experimental tools that can acquiresingle-site
chemical information which will lead to important new knowledgein several
areas. In particular, heterogeneous catalysisis strongly site specific, and for
important catal ytic material ssuch as metal oxides, reactionsinvolvevarious
regular and defect sites. Ideally, onewould like to obtain chemically specific
information on asub-nanometer scale. 'Thus, the variable ultrahigh vacuum
noncontact atomic force microscope/scanning tunneling microscope purchased
by the Interfacial and Nanoscale Science Facility in 2004 isideal for these
experiments. Thefacility has added many surface science capabilities to this
instrumentation, including XPS; Auger electron spectroscopy, and plasma,
sputter cleaning, and deposition capabilities.

Liquid Delivery Sysemfor Metalorganic Oxide Chemical Vapor
Depogtion (MOCVD)

The M OCV D capability of the Interfacial and Nanoscale Science Facility is
oversubscribed because of demands for instrument time from external users,
PNNL programs, and industrial clients. Users of this capability have produced
extensivescientific output, including many publicationsin internationally peer-
reviewed journals. Becausethe M OCV D capability at EM SL has tremendous
potential to provide high-quality scientific output, the capabilityis being
equipped with anew liquid delivery system to repair afailing liquid vaporizer
system. The new liquid delivery system has been installed and tested. The

M OCYV D instrumentation was made available to usersin mid-March 2005.

Heavy lon Elastic Recoil Detection Analysis

The scientific objectiveis to develop a high-resolutionT O F elastic recoil
detection anaysis capabilityin theion beam material analysis |aboratory
(acceleratorfacility) at EM SL. Thistechniquewill provide researcherswith
simultaneousdetection and absol ute quantification of hydrogen, carbon,
nitrogen, oxygen, and other light elementsas afunction of depth in complex
matrices containing heavy elements. Becauseit is a powerful method for
investigating el emental concentrationsin surface regions, this capability will be
effectively applied in many different areas, including characterization of oxide
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thin filmsfor optical, magnetic, and catalysis applications, and characterization
" of environmental and biological sasmples. Development of this capability will be
I completeduring Fiscal Year 2005.
" Enhanced Deposition Capability in the Molecular Beam Epitaxy Laboratory
o To meet researcher demands, the state-of -the-art oxygen plasma-assisted
molecular beam epitaxy system located in the Interfacial and Nanoscale Science
" Fecility's Molecular Beam Epitaxy L aboratory was upgraded with additional
M effusion cells, bringing the total number of individually controlled molecular
beam epitaxy sourcesto eight. I n addition, the plasmasourceis being upgraded
- with differential pumping capabilities.
= Transmission Electron Microscopewith Cryo-Stage
R To meet the demandsof biological and biogeochemical research, including
i activities associated with the Membrane Biology and Biogeochemistry Scientific
Grand Challenges, a dedicated transmission electron microscopewith cryo-stage
- is being procured.
=
Future Direction
" Facility
=
=
= Membrane Biology
]
facility capabilities
- actively the
= g . .
Catalysis This will
corrected
e
=
= cven
v characterization cap.abilities
=
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applications and oxide quantum dotsfor photocataysis applications and will
pursue new capabilitiesto advanceresearchin theseareas. |n addition, facility
staff will continue to develop ion beam capabilitiesfor trace element detection in
atmosphericaerosols and biological samples and for characterization of radiation
detection materials. These capabilitieswill help to address some of the scientific
issues associated with homeland security.
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Facility Staff
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(509) 376-1375 mark.engel hard@pnl.gov
theva@pnl.gov
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(509) 376-1518 (509) 376-2413
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(509) 376-9145
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(509) 376-5220
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David E. McCready
Research Scientist

(509) 376-9648
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Y anwen Zhang

(509) 376-2006
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shuttha@pnl.gov

Chongmin Wang
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(509) 376-4292
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yanwen.zhang@pnl.gov bruce.arey@pnl.gov

Key Staff

Key steff, besides those included above, include Scott A. Chambers, Tim C.
Droubay, Michael A. Henderson, Janos Szanyi, Do Heui Kim, Donald R. Baer,
Michael L. Alexander, WeilinJiang, YueheLin, Todd R. Hart, Jungbae Kim,

and Alice Dohnalkovalisted.
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Cleanup of Environment Using
Iron Nanoparticles

DR Baer,® EJ Bylaska,® KH Pecher,® JE Amonette,® BD Kay,®
M Dupuis,® RL Penn,® PG Tratnyek,© JT Nurmi,© MH Engelhard,@
and CM Wang(@

(a) Pacific Northwest National Laboratory, Richland, Washington

(b) University of Minnesota, Minneapolis, Minnesota

(c) Oregon Health Sciences University, Portland, Oregon

(d)W.R. Wiley Environmental Molecular Sciences L aboratory, Richland,
Washington

Figure 4-85. HRTEM image
showing the nature of the
"protecting” layer on a metallic
iron nanoparticle.
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Figure 4-86. Yield of chloroform
versus type of iron nanoparticles.
Low chloroform yield suggests
2-electron reaction pathway
products: QO, etc. Chloroform
yield is typically 60 to 80
percent with iron, but one type
of nanoiron yields < 0.5. The
yield likely is controlled by the
composition of the oxide shell.
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range of chemical behaviors and reaction properties. Our research focused on
measurementsof the physical and chemical properties of two materials that
have been tested in environmental remediation sites.  Theseiron nanoparticles
included single crystal nanoparticles and aggregatesof nanoparticles. The
particles studied ranged in size from 10 to 100 nm, with the particles coated
by an iron-oxidelayer of atypical thicknessof 2to 3 nm or acoating rich in
oxidized boron (Figure 4-85) resulting from the synthesis process. Although
the reaction rates of the two nanoparticleswere similar, the reaction products
were significantly different. A commercialy produced nanoparticle material
that contained both metal particleswith acrystalline oxide coating along with
fully oxidized nanoparticles degraded carbon tetrachloride to a mixture of
relatively harmless products, while larger-sizediron particles and those with
boron-rich coatings produced significant amounts of chloroform, an undesirable
and toxic by product (Figure 4-86).

Thisresearch wasincluded in a specia journal issue focused on nanotechnol ogy
and the environment. | n addition, a February 10,2005, article written by the-

Christian ScienceMonitor (http:/www.csmonitor.com/2005/0210/p14s01-sten.
html) was picked up and published by U SA Today (http://www.usatoday.com:80/
tech/news/nano/2005-02-10-nano-iron-cleanup x.htm), and related newsitems
have appeared in the Oregonian and the web publication Nanowire.

Citation
Nurmi JT, PG Tratnyek, V Sarathy, DR Baer, JE Amonette, K Pecher, C Wang,
JC Linehan, DW Matson, RL Penn, and M D Driessen. 2005. "Characterization

and Propertiesd Metalliclron Nanoparticles: Spectroscopy, Electrochemistry, and
Kinetics" Environmental Science ¢ Tedhnoogy 39(5):1221-1230.

Early Stages of Oxidation for CrAION
Nanolayered Coatings Used to Improve
Oxidation Resistance of Steel Plates for
Applications as Solid-Oxide Fuel

Cell Interconnects

A Kayani,® RJ Smith,® CV Ramana,® PE Gannon,® M C Deibert,®
V1 Gorokhovsky,® and V Shutthanandan(©

(& Montana State University, Bozeman, Montana

(b) Arcomac Surface Engineering, LL C, Bozeman, Montana

(©)W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

Solid-oxidefuel cells are becomingincreasingly attractive as away of converting
chemical energy into electrical current by means of the electrochemical
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combination of hydrogen and oxygen via an ion-conducting solid-oxide
electrolyte. Theoperational requirementsof high-ionicconductivity and

good catalytic performancein the fuel cell must be balanced against the
practical requirements of low cost and high-temperature corrosion resistance
for componentsin the fuel cell stack. Of particular interest in our work isthe
bipolar plate serving as the current collector or interconnect between adjacent
cellsof the solid-oxidefuel cell stack. Theinterconnect must not only retain
low electrical resistivity throughout the operating lifetime of the fuel cell, but
must also have good surface stability with thermal expansion and other physical
properties that are compatiblewith the materialsin the stack.

I'n our previouswork (Smith et al. 2003), we selected the Cr-Al-N multilayer
system for study becauseit not only offers oxidation resistance at temperatures
up to 900°C, but also provideswear resistance typical of many metal nitrides.

I nour present work, we have selected the Cr-A1-ON system. A variety of
nanolayered structures with nanometer-thick layers of alternating chromium
oxynitride (CrON) and aluminum oxynitride (AION) (Figure 4-87) have been
deposited. We expect that by introducing the oxygen during the growth process,
the chromium-containing nanolayer will have mixed phases of Cr;O3 and CrN.
Eventually, theloss of nitrogen during the annealing processwill lead to the
transformation of CrN to Cr;O3. We expect that with Cr,O3 and Al,O; already
present in the deposited layers, the diffusion associated with additional thermally
grown oxideswill not affect the layer architecture nearly as much asin the
CrAlIN coatings of our earlier studies. W e used nanolayersof different bilayer
thickness consisting of AION and CrON layers, with the goal to study the

affect of individual layer thickness on oxidation kineticsfor the coating. Sample
characterization included ion beam analysisfor structure and composition of

the coating, atomic force microscopy for surface roughness, and area specific
resistancefor electrical conductivity.

'I'he nanolayered coatings were deposited by Arcomac Surface Engineering using
the Large-Area Filter Arc Deposition technology with the patented rectangular
Large Area Filtered Arc Source™ that overcomesthe limitations of conventional
filter design. Details about the samples studied here are presentedin Table 4.2.
Oxidation of the sampleswas carried out using astandard tube furnace operated
horizontally in air, with no additional fixturesto control humidity or flow rate.
The oven temperature was controlled el ectronicallywith a30-minute rise time
to 800°C. Soak timeswereincremented to givetotal oxidation periodsof 1, 4, 9,
and 25 hrs.

"The composition profileswere determined with Rutherford backscattering and
nuclear reaction analysis. The depth scale (1015 atoms/cm?) is characteristic of
the Rutherford backscattering measurement, which only determines the number
of target atoms per cm? visible to the analysis beam. |f the sample density is
known, this scaleis readily converted to alinear depth scale. Approximately,
we can take 1x1015 at/cm? to be one layer of atoms, or approximately 0.2

nm. The coatings analyzed here behave very differently when subjected to the
high-temperature oxidizing atmosphere. Sample A 3 survived the oxidation,
and after 25 hours of heating the composition remained unchanged, with
negligibleinterdiffusion of heavier elements between the substrate and coating.

ENVIRONMENTAL MOLECULAR SCIENCES LABORATORY
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Figure 4-87. Schematicdiagram
of the nanolayer structure of the
Large-Area Filter Arc Depostion
coating consisting of AION and
CrON nanolayers.
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: . However, as expected, this samplewas not electrically
sample | o ;’:i'::fm g;‘t‘;g;:; “"F"°1’"']',"5"’;‘;;I:1'§““e“ conducting and therefore of limited interest.
A3 Cro/AlO 1:0 5150. Sample B3 was found tq be qxidizi ng as heated, with
A CrO/AID o oxygen gradually replacing n!trogen (Figure 4-88, top
row). After 25 hoursof heating, lessthan 5 percent

= SO £ i nitrogen isleft in the sample. Sample B9, with a
B9 CrON/AION 2:3 TR0 thinner bilayer than B3, lost nearly all of the nitrogen
a CrON/AION 1:4 13750 after only 1 hour of annealing (Figure 4-88, bottom
€] CrON/AION 1:4 11950 row). Nointerdiffusionof elementsfrom substrate to
D3 CrN/AIN 0:1 14950 coating was observed in the case of sample B3. For B9,
D9 CrNJAIN 0:1 9550 avery small percentage of iron isfound diffusing into

the coating, but not reaching the surface. Thisindicates
Table 4.2, S o that introducing oxygen during the coating growth process creates diffusion
Paamdasd CrON/AION barriersthat stop or dow down the diffusion of iron from the substrate to the
Coatings an 440A Seds coating. Oxidation of the coatingsleadsto the formation of Cr,O3 and Al,Os,
which is evident from the stoichiometry obtained by Rutherford backscattering
for these compounds. The most likely mechanism of oxideformation for the
nanolayersis the loss of nitrogen from the CtN asit transformsto Cr,N at the
high temperature and the replacement of nitrogen by oxygen in the nanolayers.
Resultssimilar to these were reported for high-temperature oxidation of CtN
filmson steel. 1n those experiments, X PS depth profiles show that in addition
to the transformation from CeN to Cr,O3, FeO isforming at the surface asiron
diffuses from the stedl substrate out through the CrN coating.

In coating C3, nitrogen is almost completely lost to oxygen even after only 1 hour
of annealing. Also, the sample showssignificantiron diffusion from the substrate
to the coating surface after only 25 hoursin the oven. In coating C9, the nitrogen

Figure 4-88. Conoanration lossis almost the same as observed in coating C3, but the rate at which iron
vassdgh pofilesfar the diffusion occurred in C9 was less than that observed in the caseof C3. I1n C9, iron
?(bc;tﬂaeﬁ?(?w()top raA)and B9 was not seen on the surface after 25 hoursof heating. In coatingD3. nitrogen

isgradually replaced by oxygen and is completely lost in 25 hoursof annealing.
Diffusion of iron into the coating occurseven for 1 hour of annealing, and after 25
hoursof heatingironisfound on the surface. Iron diffusionfrom the substrateto
the coating surface in D9 was also observed after only 25 hoursin the oven.

I n summary, we have measured theinitial stagesof high-temperature oxidation
for 440A stainless steel aloy with nanolayer coatingsof CrON and AION. The
results from ion beam analysis are quantitative and can be used to show either
total oxygen content or oxide thickness as afunction of time. lon beam analysis
shows that oxidation rates can be greatly reduced with these coatings, and point
to a nanolayered structure with sub-nanometer layer thickness as having good
performancefor periods up to 25 hoursat 800°Cin air. Future measurements
will extend the annealing time to better simulate the interconnect applicationin
asolid-oxidefud cell.
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Molecular-Level Processes Governing the
Interaction of Contaminants with Iron and
- Manganese Oxides

GE Brown, Jr.,® TJKendelewicz,® SA Chambers,® JE Amonette,®
= JR Rustad,® S'Thevuthasan,© and NS Foster-Mills©

. (a) Stanford University, Palo Alto, California
(b) Pecific Northwest National Laboratory, Richland, Washington
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Starting in December 1996, Gordon Brown and his researchgroup at Stanford
University, dongwith PNNL researcher Scott Chambers, began a collaboration
that relied heavily on the preparation of thin-filmiron oxidesgrown by oxygen-
plasma-assisted molecular beam epitaxy (M BE) on appropriate | attice-matched
- substrates. Iron oxides are among the most common and important natural
sorbents in the Earth's near-surface environment and are responsiblefor
sequestering(and in some cases transforming) many toxic metalsand metalloids
in groundwater aguifersand soils, including Cr(VI), As(III), Se(VI), Cd(II),
Hg(1I), and Pb(II). The main benefit of employingthin-film MBE-grown
iron oxides rather than natural iron oxidesisthat the composition and surface
perfectionof the former can be carefully controlled, whereasin the latter, the
impurity content and surfaceimperfections can result in very complex samples
that make fundamental studiesof reaction mechanismsvery difficult due to the
number of variablesthat must be taken into account. Our initial collaboration
was funded through agrant from the DOE Environmental Management Science
Program to Chambers and Brown, and its main focus was a detailed molecular-
level study of the reduction of the highly toxic and mobile form of chromium
[Cr(VI)O42] to the non-toxic and immobileform Cr(IIT) on MBE-grown iron
" oxides containing Fe(II). Because of the complexity of the interfacesbetween
iron oxides and agueous sol utions, a necessary precursor to thisstudy was a
detailed examinationof the interaction of water with these surfaces, which
" was accomplished using synchrotron-based photoemission spectroscopy. This
study showed significant differencesin reactivity between a-A1,03(0001)
and a-Fe;03(0001) with respect to water (Liuet d. 1998; Kendelewicz et d.
2000a),. Thesestudieswerefollowed by photoemissionand x-ray absorption
spectroscopy studies of the interaction of aqueous Cr(VI) with Fe(II)-containing
- oxidesurfaces, including both MBE-grown single crystal magnetite(Fe;O4)
(Kendelewiczet al. 1999) and thin-film a-Fez03 (Grolimund et al. 1999; Brown
et a. 2001), in which surface Fe(I11) was partially reduced by heating under
ultrahigh vacuum conditionsto producethin savages of magnetite.

« "Thiswork was followed by similar studiesof the interaction of agueous Cr(VI)
with natural magnetite surfaces(Kendelewicz et a. 2000b). These studies of

Outlook Review Science
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both MBE-grown and natural magnetitesclearly showed that Cr(VI) is rapidly
reduced to Cr(III) by magnetite. However, they also showed that the magnetite
surfaceis quickly passivated by thin layersof (Fe,Cr)OOH, which stopsthe
electron transfer reaction when the passivating layer reachesa thickness of 15

t0 20 A (Kendelewiczet al. 1999; Brown et a. 2001). Asan example, evidence
for extensive hydroxylation in the overlayer was provided by a chemically shifted
componentin the O Is photoemission (Figure 4-89a) and O K-edge absorption
spectrataken with surface-sensitiveO KVV Auger

(b)

yield (featureA in Figure 4-89b). The overlayer
appearsto lack long-range order based on loss of
the first x-ray absorption fine structure-like feature
in the O K-edge spectrum with increasing dosing
time (featureB in Figure 4-89b). Clear evidencefor
oxidation of Fe(II) to Fe(III) in the surface region of
the magnetite substrate during reduction of Cr(VI).q
to Cr(I1I) was provided by iron 2p photoemissionand
iron L-edge absorption spectra (not shown). Strong
attenuation of theiron 2p signal during thefirst 10
minutes of the redox reaction indicated that iron does
not out-diffuseto the overlayer. Thisfinding has

111) surface andmagneve important implications for the use of magnetite and
R zero-valent iron particlesin reactive permeable barrier
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Figure 4-89. (a) Oxygenls
photoemission spectra of a Cr(Vhag-
reacted magnetite (111) sample as a
function of dosingtime; (b) Oxygen
K-edge x-ray absorption spectra of
Cr(Vl)ag-reacted magnetite(111) as a

function of dosingtime (in minutes).
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e ms s s remedi ation technol ogies to reduce agueous chromate

and removeit from groundwater plumes.

An important adjunct to these studieswas afirst attempt to determine the
surface structure of MBE-grown a-Fez03 (0001) using x-ray photoelectron
diffraction (Thevuthasan et a. 1999). Thisinitial work on the surface structure
and reactivity of hematite surfaceswas followed by grazing incidencex-ray
absorption fine structure spectroscopy on the interaction of aqueous Pb(II)
with different surfaces[(0001) and (1-102)] of MBE-grown hematite, which
showed magjor differencesin the reactivity of these two surfaceswith respect to
Pb(II) (Bargar et al. 2004). It alsoled to x-ray standing wave-fluorescenceyield
studies of the impact of microbial biofilms (Templeton et al. 1999 and 2001)
and thin polymer films (Yoon et a. 2005) on the reactivity of different surfaces
of a-Fez03 and a-A1203 with respect to aqueousPb(I1), and to the first crystal
truncation rod diffraction study of the hydrated hematite (0001) (Trainor et a.
2004 and 2003) (1-102) surfaces under in sizx conditions (i.e., i n the presence
of water vapor). These crystal truncation rod diffraction studies provided the
first detailed structures of hydrated iron-oxidesurfaces, which are the relevant
surfacesfor understanding the interaction of environmental pollutants such as
Cr(VI) and Pb(II) with iron oxides under environmentally realisticconditions.

In summary, the Chambers-Brown collaboration, built around MBE-grown iron-
oxide thin films, has resulted in a number of projectsand resultsthat havedirectly
impacted pollution problems at the Hanford Sitein Richland, Washington, and
at other similar siteswithin the D OE complex. This collaborative research has
asoled to afundamental understanding of the interactionsof aqueous metal and
metalloid ions at complex environmental interfaces.
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Formation of Epitaxial Oxide Nanodots
on Oxide Substrate: Cu,0 on Pure and
Patterned SrTi0s(100)

DR Baer,@ Y Liang,® A El-Azab,® Y Du,® J Groves,® PNachimuthu,©
| Lyubinetsky, and S Thevuthasan(@

(a) Pacific Northwest National Laboratory, Richland, Washington
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(d)W.R. Wiley Environmental Molecular SciencesL aboratory, Richland,
Washington

"The | attice mismatched heteroepitaxial growth, driven by interfacial elastic
strain, offersa possibility of producing self-assembled coherent (defect-free)
quantum dots. Although there has been successin the formation and analysis
of semiconductor quantum dots, much less attention has been devoted to oxide
quantum dots. Oxidesconstitute a highly diverseclass of materialswith rich
optical, electronic, magnetic, and dielectric properties, leading to avariety of
current and potential technological applications. Combined with their frequent
chemical stability in avariety of environments, the technologically relevant
propertiesof oxides are stimulating an increased interest into investigation of the
formation and propertiesof nanoscale oxidestructures. Copper oxide, CuzO,
is of particular interest becauseit has a unique €l ectronicstructure, suggesting
possible catalytical and photocatal ytical applications.

Oxygen plasma-assisted M B E has been successfully used to grow CuzO
nanodotson pure SrTi03(100) surfaces (Lyubinetsky et a. 2003a, 2003b,

and 2004; Du et al. 2004; El-Azab and Liang 2003; Nachimuthu et a. 2003;
"Thevuthasanet al. 2003; Liang et a. 2001). Spontaneous self-assembled island
nucleation resultsfrom the compressivestrain derived from the largelattice
mismatch (8.9 percent) between Cu,O and SrTiO3. Thechemical state of the
synthesized nanodots has been verified by combined X PS and Auger electron
spectroscopy anaysis. Evaluating the experimental parametersfor the CuzO
nanodotsformation, a phase diagram as afunction of growth temperature and
oxygen pressure been determined and is shownin Figure 4-90. It isremarkable
that at the majority of growth parameters, mixed phases (CuO/Cu,0 or Cu,O/
Cu) coexist. The region associated with the growth of pure CuzO nanodots

is observed to be very narrow, especialy if compared to the bulk Cu-O phase
diagram, making it quite achallengeto achieve the formation of nanodots
containing asingle phase of cuprousoxide. 'Therealso are two distinctive mixed-
phase bandsin phase space for the nanodots. It is considerably different from the
bulk, that outside of the fine CuzO region in the phase diagram for the nanodots,
there are the bands of temperature and pressure, within which two phase-like
forms coexist, not as the rather sharp phase boundaries observed for the bulk.
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The initial stagesof the Cu;O island growth and interfaceformation have been
examined by XPS. An absenceof the continuous (wetting) layer formation

has been found, with the metal oxide clusters starting to grow aready at sub-
monolayer coverages. X PS and the near edge x-ray absorption fine structure
spectroscopy observationsindicate some additional interaction between
deposited copper atoms and oxygen of the SrTiOs substrate. Atomic force
microscopy examination shows formation of isolated square-based, truncated
small nanodots at very initial stagesof growth (Figure 4-914). Both the shape
and orientation of nanodots, with its edges mostly along the <011> direction,
indicate a crystalline ordering and epitaxy, which has been confirmed by X RD
data. Lateral dimensionsof nanodots do not change significantly in the process
of theinitial quasi-planar growth (but increase exponentially with temperature).
Asaresult, adenselayer of small, low aspect ratio nanodots forms at this stage of
growth. I'n addition to the small nanodot layer, a subpopulationof considerably
larger clustersalso appears (Figure 4-91b). Large nanodot density increases
when growth proceedsto larger thickness. It is remarkablethat these large
dots start to form only when the small nanodots reach some critical density,

as schematicallyshownin Figure 4-91c. The theoretical simulation, based on
the kinetic model of the surface morphological evolution, have showed that

dot coalescence, driven by increasing dot density, decreasingseparation, and
fluctuationsin dot size and separation during the grown/formation process, is
the mechanism responsiblefor the sudden appearanceof large dots superposed
on the distribution of small ones.

Regarding the growth on patterned SrT'iO3; surfaces, we have synthesized
Cu20 quantum dots on SrTiO3 substrates, employing a high-vacuum

oxygen plasma-assisted MBE system at PNNL for quantum dot growth on
surfaces patterned using the University of Virginias focused ion beam facility
(Figure 4-92). Atomic force microscopy of the STO substrates before Cu,O
deposition (Figure 4-92a) reveals that focused ion beam-induced topography
evolvesinto square-sided pits during pre-growth substrate preparation (wet
etch and anneal). Subsequent Cu;O deposition generates a regular array of
auantum dots (Figure 4-92b).

In summary, formation of pure crystalline Cu2O nanodotsoccurs rather in a
narrow growth parameter window, outsidewhich a coexistenceof the multiple
phases has been observed. Cuprous oxide nanodots on the SfT'iO3(100) substrate
follow agrowth mechanism, which differssignificantlyfrom the growth modes
observed for the mgjority of semiconductor quantum dots. Growth starts
without wetting layer formation with the appearanceof well-ordered truncated
square-based nanodots at submonolayer coverages. At theinitial stages of
growth, the nanodot size only weakly changeswith coverage and exponentially
scaleswith temperature. After reaching acritical, temperature-dependent dot
density, growth of mid-sized nanoclusters starts through coalescence. The
coexistenceof the different types of the clusters at high coveragesresultsin a
multimodal distribution of sizes and shapes. Furthermore, focused ion beam-
patterned SrTiOs substrates have been successively used to control the Cuz2O
nanodot growth location.
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Figure 4-91. Atomic force
microscopy images of the
surface morphology evolution
at temperature of 990 K: () d =
1nm, (b)d =3 nm. (c) Growth
schematics.
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Nanostrucutures for Enzyme Structures
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Enzymes are useful biocatalysts of nanometer scale that regulate the chemistry of
cellsand organisms. 'The potential application of enzymes as practical biocatalysts
iswell recognized and also growing. The unique activities and specificities of
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enzymesplay a key rolein yieldingthe wide range of applications. However, the
om widespread application of enzymesis generally limited by their short lifetimes.
| W e have devel oped various nanostructuresthat can be used to stabilize enzyme
activity for severa applications.
B ‘I he first unique nanostructureis "singleenzyme nanoparticles.” We have
- developed a new nanostructure containing an enzymewithin ahybrid organic/
inorganic polymer network with sufficient porosity a) "
" to allow substratesto diffuse to the activesite o,
- (Kim and Grate 2003). The synthetic procedure,
entailing enzyme modification and two orthogonal m:_l:' t and Croasliakin
» polymerization steps, yields nanoparticles 7 ﬁﬁ‘éy;';;}gﬁ“g
| containing asingle enzyme that can be observed N Single Bty
by TEM (Figure 4-93). In experimentswith a.- . Q? Nanoparticles
n chymotrypsin, incorporation into the nanostructure "™ s
- dramatically increased enzymatic stability. Figure 4-93. Schematic of single
Furthermore. the nanoscale structure around the enzyme nanoparticle synthesis
" enzymeis sufficiently thin that it does not impose asignificant mass transfer (&) and transmission electron
1 limitation on the substrate. Because these nanoparticles remain soluble or microscopyimages SEN-CT (b)
suspended in solutions, they can be processed into avariety of forms.
" ‘I he second nanostructure is mesoporous media (Figure 4-94). W e have L\ | Yy
- devel oped nanoscale enzyme reactorsin mesoporoussilicaviaaship-in-a- ;n‘u;-.; .
bottle approach, which employs adsorption of enzymesfollowed by cross- '-\'}"z",! . . v
D linking using glutaraldehyde treatment (Lee et . 2004). Mesocellular e ofErmes ofEreme Wlsies
- mesoporoussilica, small particles (200 to 500 nm) with large mesocellular " e
- pores (37 nm) connected by mesoporouschannel.s (13 nm), was selected as a Figure 4-04. Schematic
carrier of nanoscale enzyme reactors. The resulting nanoscale enzyme reactors diagram for nanometer-scale
- show an impressive stability and activity with an extremely high loading of enzyme reactors mesocellular
. enzymes. For example, nanoscal eenzyme reactors containing a-chymotrypsin mesoporous silica.
could hold 0.5 g of chymotrypsin in 1 g of silica, which is comparable to the
maximal loading of chymotrypsin in mesocelluar mesporoussilica. However,
the specific activity of nanoscaleenzyme reactors containing a-chymotrypsin
" was 4.2 times higher than that of the adsorbed chymotrypsin, with alower
) loading (0.07 g of chymotrypsin per 1.g of silica), which was further decreased
by acontinuous leaching of adsorbed chymotrypsin.
" ‘I he final nanostructure is electrospun nanofibers. Nanofibers consisting of
- enzyme-polymer composites have been directly prepared (Figure 4-95) by ”
€l ectrospinning a tol uene sol ution containing surfactant-stabilizedenzyme and =
B polymer (Kimet al. 2005). Additional treatment with glutaraldehyde could .g
™. greatly stabilize the enzyme activity of the fibers, which could be maintained in -4
abuffer under shaking conditionsfor more than two weeks. The nanofibersaso =
™ showed great improvementin the enzyme activity over bulk films as aresult of .";-’
- increased mass-transfer for substrate molecules to and from the enzymereactive &
sites. The apparent specificactivity of nanofiberswith an enzymeloading of 6.3 o~
percent could be achieved up to 40 percent of that of freeenzymes. These stable 8
and catalytically active nanofiber-based mats were highly durableand could be E
easily recovered from asolution, making them ideal candidatesfor large-scale o

applications. W e have also devel oped a unique approach for the fabrication of
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Figure 4-95. Schamdic diagram
for the prepardion d enzyme-

pdymer composite nendfibers
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enzyme aggregate coatings on the surfacesof electrospun polymer nanofibers.
This approach employs covalent attachment of seed enzymes onto nanofibers
consisting of a mixture of polystyrene and poly(styrene-co-maleic) anhydride,
followed by aglutaraldehyde treatment that cross-links additional enzyme
moleculesand aggregates from solution onto the covalently-attached seed enzyme
molecules. These cross-linked enzyme aggregates, covalently attached to the
nanofibersviathe linkers of seed enzyme molecules, are expected to improve the
enzyme activity due to increased enzyme loading, and also the enzyme stability.
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Synthesis and Characterization of
Ferromagnetic Materials
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Using complementary experiments, we have shown that the room-temperature
ferromagnetism observed in anatase Co:TiO; filmsis not carrier mediated, but
coexistswith the dielectric state (Griffin et al. 2005). TEM and x-ray absorption
spectroscopy (Figure 4-96) reveal asolid solution of cobaltin anatase, where
cobalt is not metallic but in the +2 state substituting for titanium. Measurements
at 300 K yield a Ms of 1.1 us/cobalt atom, while all films are highly insulating.
The evidence of intrinsic ferromagnetism in the dielectric ground state of Co:
TiO; leads to new considerations for the origin of ferromagnetism in transition
metal-doped oxides. I nfact, we propose that these are a new class of materials:
dilute magnetic dielectrics. These results have significant implication for the
development of an oxide room-temperature spin electronics device.

I n related work, magnetic reversal i n ferromagnetic materials occurs either by
coherent rotation or by domain nucleation. Generally, the mechanism isan
intrinsic function of the microstructure and is symmetric with respect to the
applied field. I'n other words, on either branches of the hysterisisloop only



one (and the same) of these two mechanismsis observed. We have shown,
il for thefirst time, direct imaging evidencefor the asymmetry in magnetic
reversal mechanismsin exchange-biased systemsthat is beyond the scope of
indirect scattering measurements (Figure 4-97). This was made possible by
m detailed x-ray photoemission electron microscopy imaging at the Advanced
Light Sourceon carefully prepared samples (Blomgvistet al. 2005 and 2004)
which had been previously well-characterized magnetically, including neutron
= reflectivity measurementsat the intense pulsed neutron source at Argonne
National Laboratory . The magnetization reversal occursby moment rotation

o for decreasing fields, whileit proceeds by domain nucleationand growth for
[ increasing fields. The observed domains are consistent with the crystall ography
of the bilayersand favor a configuration that minimizes the overall magnetostatic
o energy of the ferromagnetic layer. A
m Citations
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" Griffin KA, AB Pakhomov, CM Wang, SM Heald, and KM Krishnan. 2005.
"Intrinsic Ferromagnetismin Insulating Cobalt Doped Anatase TiO,.” Physical Review
B Letters(in press).
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. Composition and Sourcing of Aerosol in

" the Mexico City Metropolitan Area with
R PIXE/PESA/STIM and Multivariate Analysis

-
KSJohnson,® B Zuberi,® B de Foy,® LT Molina,® MJ Molina,®
V. Shutthanandan,® Y Xie,® R Disselkamp,® K Dzepina,© J. Jimenez,©

> and D Salcedo@

= (8) Massachusetts I nstitute of Technology, Cambridge, Massachusetts

o (b)W.R. Wiley Environmental Molecular SciencesL aboratory, Richland,

Washington

" () University of Colorado-Boulder, Boulder, Colorado

e (d) Universidad Auténoma del Estado de Morelos, Morel os, México
Air pollution in the Mexico City Metropolitan Areais a serious problem
affecting the health of its nearly 20 million habitants (Molina2002). The
dangers associated with exposure to particulate matter < 2.5 um in diameter
(PM3.5) (Borja-Aburto 1998) have demonstrated an immediate need to better
understand chemical composition and particulate emissionssources. A three-
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Figure 4-96. Transmission
electron micrographand cobalt
K-edge x-ray absorption spectra
from cobalt-doped TiOz films
grown on LaAl203(100).

Figure 497. Photo-electron
emission microscopeimages

of the sample saturatedina
magnetic field of 1500 Oe along
Fe{110] (a), Fe[-1-10] (b), Fe[010]
(), and then measured in zero
field. The arrowsindicate the
direction of the magnetizationin
the domains. The bottom panel
shows the relationship between
the in-plane crystallographic
directions, the bias direction, and
the direction of saturation, while
the grey scale links the direction
of the magnetization (M) to the
image intensity.
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Sai stage rotating DRUM impactor was used to

collect particlesin sizeranges1.15t0 2.5 pm
2 (StageA), 0.34to 115 pm (Stage B), and 0.07 to
s 4% 0.34 pm (Stage C) from April 3 to May 4,2003,

o duri n?:_the Mexico City Metropolitan Area-
Stage A Stage B Stage C 2003 Field Campaign.” Sampleswere analyzed

a PNNL by roto on-induced x-rav emission.

Figure 4-98. Positive Matrix proton-el astic scattering analysis, and scanning transmission ion microscopy

Factorization factors of PM2,5 durin . . . .

o . 23 2 to determine concentrationsof elements sodium-lead, hydrogen, and total ion
Mexico City Metropolitan Area-2003 .
(A=1151t02.5um, B=0.34 to mass, respectively.
1.15pm, C= 0.07 to 0.34um).

Scanning transmission ion microscopy measured 20.0 pg/m3 on average for

PM..s (sum of all size categories), including all mass except volatileorganics,

nitrates, and water that were assumed to have been lost during analysis. Among

individual proton-induced x-ray emission elements, sulfur (1.74 ug/m?3), lead —
020 - ~10  (0.54 ug/m3), silicon (0.47 ug/md), and potassium

{ 0.27 ug/m=) were highest i concentration.

- PositiveMatrix Factorizationwas used to help
identify correlations between individual e ements to
determine possible emissions sources (Figure 4-98).

0.15 —

0.10

0.05
A silicon-lead factor was dominant in the
accumulation mode (0.34 to 2.5 pm, Stages
A and B), and most likely related to traffic
and secondary sulfate sources. By contrast, silicon and other soil elements

Figure 4-99. Evidence for

anthropogenic source of $02. (aluminum, californium, magnesium, titanium, manganese, and iron)
(2) Time series for vanadium, contributed to the mgjority of fine aerosol (0.07 to 0.34 pm, Stage C). Trace
nickel, and SO at CENICA metals associated with industrial emissions, and biomassburning markers

(Mexico City Metropolitan Area-

2003 sampling site). (potassium, chlorine, and hydrogen) suggest additional emissions sources.

Industrial emissionseventswere observed during Mexico City Metropolitan

Area-2003 as sharp increasesin trace metals. On April 10, for example, fuel F
oil components vanadium and nickel correlated with astrong SO, plume

from the north (Figure 4-99), in the direction of a mgjor refinery. Thus, an

anthropogenic rather than volcanic source of SO, was most likely responsible; =
the Popocatepet! volcano lies to the southeast.

Organic carbon may comprise alarge fraction of urban aerosol, yet cannot be

directly measured by the methods used in this study. However, hydrogenwas
ableto provideaproxy for organic matter after subtracting the contribution to
ammonium sulfate (S/4 by molar ratio). Organic hydrogen wasin fact nearly

equal to sulfate hydrogen during Mexico City Metropolitan Area-2003 (Figure p=
4-100). Quantitative comparison to organic aerosol measured by aerosol mass

spectrometry and determination of percentage lost during low-pressureproton-

elagtic scattering analysis provides an indication of the volatility of organics. In e
addition, good agreement between the two techniques has been observed for

aerosol mass spectrometry sulfate and proton-induced x-ray emission sulfur

sulfate equivalent. ;
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Figure 4-101. Thiophene
hydrodesulfurization activities
(after 100 h on-stream) for silica-
supported metal phosphide
catalysts (20to 25 wt% MexPy)
as well as'for sulfided Mo/SiO2

Development of Highly Active Metal D
. . . catalysts (7.9 wi% NiO, 304 wt%
Phosphide Hydrodesulfurization Catalysts

M003, Ni/Mo = 0.5).

SJ Sawhill,® DC Phillips,® KA Layman,® D Van Wyk,® M E Bussell,®
MH Engelhard,® and CM Wang(®

(&) Western Washington University, Bellingham, Washington

(b) W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

Hydrotreating catalysisis acritical processin the petroleum industry, selectively
removing sulfur and nitrogen from heteroatom compounds found in crude oil.

A new classof materials, the transition metal phosphides, has recently been
shown to have high hydrodesulfurization activity and, therefore, may help

meet future environmental regulations requiring significant reductionsin the
alowable sulfur levelsin transportation fuels. Studies in our laboratory have
investigated the hydrodesulfurization catalytic properties of a number of silica-
supported metal phosphide phases; the thiophene hydrodesulfurization activities
of these materials are plotted in Figure 4-101. Asindicated in thefigure, silica-
supported molybdenum (MoP/SiO2) and nickel phosphide (NiP/SiO;) have
higher hydrodesulfurization activitiesthan conventional sulfide-based catalysts
(Phillips et a. 2002; Sawhill et al. 2003 and 2005). Under moreindustrially
relevant hydrotreating conditions, Oyama and coworkers have shown Ni2P/5iO,
catalyststo have higher hydrodesulfurization activitiesthan commercial Ni
Mo/A1,03 and Co-Mo/Al,O3 catalystsfor the hydrodesul furization of liquid
feeds containing dibenzothiophene and methyl-substituted dibenzothiophenes
(Oyama 2003).

@
k..J
c
5]

'S

wN

k-
>
7]

(=4

-
(=]
o

=
S

=]

ENVIRONMENTAL MOLECULAR SCIENCES LABORATORY




1V : Science

Figure 4-102. Transmission
electron microscopy #mages of a
25 wt%Ni2P/SiO catalyst.
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Figure 4-103. XPS spectra for
25 wt%Ni2P/Si02 and 20 wt%
Ni2P/Al;03 catalysts, as well as
for unsupported NizP and its
calcined precursor.
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W e have undertaken extensive characterization
studies of Ni,P/Si0O, catalysts, some of which
are carried out at EM SL, in order to understand
the promising hydrodesulfurization catalytic
properties of these materials (Sawhill 2003;
Layman and Bussell 2004a). Shown in Figure
00 0 - ¥ 4-102 arelow- and high-resolution transmission
—— ' electron micrographs acquired at EM SL of a25
wt% Ni,P/SiO; catalyst (Sawhill et al. 2003).

The low-resolutionimage (Figure 4-102, |eft) showsthe silica-supported

Ni,P to be relatively evenly dispersed on the silicasupport with particle

sizes ranging from 5 to 30 nm. The high-resolution image in Figure 4-102b
(middle) reveasthat Ni,P particles adopt aglobular morphology on the silica
support, and the thin passivation layer (- 2 nm) formed on the Ni;P particles
following synthesisis resolved in Figure 4-102¢ (right). On the basis of
infrared spectroscopy and chemisorption measurements, we have concluded
that the high hydrodesulfurization activity of Ni,P/SiO, catalystsis associated
with both a high site density and a high turnover frequency (Sawhill et al.
2003; Layman and Bussell 2004a and 2004b).

XPS measurementscarried out at EM SL indicate the presence of oxidized
nickel (853.5 eV, Ni2+)and phosphorus (134.3 eV, PO43-) speciesin the surface
passivation layer of a Ni,P/SiO; catalyst, aswell as reduced nickel (853.5

eV, Ni* and phosphorus (129.5 €V, P¥) in the underlying Ni,P particles (see
Figure 4-103). Comparison of the binding energieswith literature spectra
indicates asmall amount of electron transfer from nickel to phosphorusin
Ni,P, but the magnitude of & issmall. Thisconclusionis consistent with DFT
calculationscarried out by Rodriguez et a. 2003, which show the extent of
charge transfer to be small. Based upon the X PS and other characterization
results, we concludethat the high turnover frequency of silica-supported Ni,P
is associated with the low-oxidation state of nickel, the participation of surface
phosphorusin bonding with adsorbed species, and the strong resistance of
Ni,P toward sulfur incorporation under the sulfiding conditionsfound in a
hydrodesulfurization reactor.

Since commercial hydrotreating catalysts are typically supported on y-Al,O3, we
have also investigated the hydrodesul furization properties of alumina-supported
NizP. While asmall amount of excess phosphorus (P/Ni = 0.8) was necessary

to prepare phase pure Ni;P on silica, alarge excess of phosphorus (P/Ni = 2.0)
was required to synthesize phase-pure Ni;P on y-Al,O;. Examination of the
XPS spectrum of the Ni,P/A1,O3 catalystin Figure 4-103 reved s the peak
intensitiesand binding energiesin the Ni(2p) region to be similar to those of

the NioP/SiO; catalyst, but substantial differencesare apparent in the P(2p)
region. The spectrum for the Ni,P/A1,O; catalyst showsa peak at 134.7 eV

that isdramatically larger and at a higher binding energy than the phosphate
peak for the Ni,P/SiO; catalyst (134.3eV). Thelarge P(2p) peak at 134.7 eV
for the Ni,P/A1,0; catalyst has a binding energy in the rangefor Pin AIPO.
molecular Seves (134.6 to 134.8 €V),10 indicating that impregnated phosphorus
is reacting with the y-Al,O;3 support to form asurface layer of AIPO4 during the
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synthesis of the supported Ni2P. The hydrodesulfurization activity of a NioP/
A1203 catalyst isjust 37 percent of that of a Ni,P/SiO, catalyst under similar
conditions. Future research will investigate in detail support effectsfor oxide-
supported metal phosphide catalysts.
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Field Deployable EMSL Capabilities for
Chemical and Physical
Environmental Measurements
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" Research areas for remote deployment of the proton transfer reaction mass
spectrometer and aerosol mass spectrometer have included atmospheric
chemistry (Jobson et al. 2004), diesel engine characterization, and emissions
from the explosion of military ordnance and inhalation toxicology (Anderson
et al. 2003). Laboratory studies using these capabilities at EM SL have
included ion-molecul e reactions, characterization of membrane materials
(Alexander et a. 2003; Boscaini et al. 2004), and methods for improving the
instruments themselves (Prazeller et a. 2003).
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Proton Transfer Reaction Mass Spectrometer
Figure 4-104. Proton transfer

reaction mass spectrometer ‘Thisinstrument is capable of fast, real-time, online quantification of volatile
measurements aboard Battelle's organic compoundsin air. Detection limitsfor a one-secondintegration time
Gl researchaircraft in Seattle. range from 50 pptv to about 300 pptv, depending on the nature of the analyte.
"The response time of the instrument is about one second. Organic speciesare
measured by chemical ionization mass spectrometry using H3O+ as the reagent
ion yielding ionization with negligiblefragmentation. Organic species having
aproton affinity greater than that of H>O will react with H3O* in a proton
transfer reaction:

E R+ H;0* ---> RH* + H,0

=

5888 8

1 Steady state (st)
0% of st

"The major constituents of air do not react with H3;O*. A small portion of
the flow through the reaction chamber is sampled by a quadrupole mass
2 2  gpectrometer, where the RH* ions are massfiltered and detected by anion
multiplier. Theamount of analyte (R) in the sasmple air isdetermined by a
Figure 4-105. Proton transfer simpleformularelating the H3O* count rate, the RH* count rate, the rate

reaction mass spectrometry constant for the ion-molecule reaction, and afixed reaction time.
response to benzene through the ¢

;neti-gﬁ;)irratr:)es\g/:%ﬁ]es;\i/rl.tchlng itk EMSLs proton transfer reaction mass spectrometer has been deployed for
atmospheric studies both as a ground-based instrument and on Battelle's G-1
research aircraft. Measurements have been madein Seattle, Mexico City, and
LaTrobe, Pennsylvania, as part of large air quality studies. Figure 4-104 showsa
time series of toluene measurementsmade by the instrument as the Battelle G-1
aircraft flew west across Seattle towards the town of Bremerton, Washington.
M easurements of toluene were made every 15 secondswith adwell time of two
seconds. The black trace showsthe 0.1- to 3-um particle concentration, while the
red trace shows the 3- to 20-nm particle concentration. 'Thislatter particle size
rangeisindicative of newly formed particles. Thespikein thissizerange at 2:48
p.m. coincideswith a spikein toluene concentration, suggesting evidencefor the
role of anthropogenic hydrocarbonsin new particleformation.

o

L aboratory-basedstudies using thisinstrument have included the
characterization of semi-permeable membrane materials, including measurements
of diffusion coefficientsand partition coefficients for various chemical species of
interest. Figure 4-105 showsatypical proton transfer reaction mass spectrometry
response to the introduction of asample thorough a semi-permeable membrane.
The rise time (from 10 and 90 percent of the steady state) and steady-state
concentration inside the membrane can be derived from these data and used to
calculate the diffusion coefficientand partition coefficient.
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=L
Researchers are working to develop the next-generation LT T LT T
proton transfer reaction mass spectrometer. The new Wj- =
50

instrument uses an ion-trap mass spectrometer in place of " I Eas
alinear quadrupole and boasts faster time response and w1 N/}‘j&
the ability to resolveisobaric interferences. A laboratory 1 M‘”"
IQDPM

prototype has been constructed, and external funding 0
from DOE’s Atmospheric Science Program has been a4
granted to further develop the new proton transfer ion

trap mass spectrometer and deploy it on Battelle's G1

research aircraft.

Aerosol Mass Spectrometer

This state-of-the-art instrument simultaneously measuresthe size and chemical
composition of aerosolsin real time. Figure 4-106 shows data taken by the
aerosol mass spectrometer aboard Battelle's G1 research aircraft for the 2004
New England Air Quality Study.
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Date and Time

Figure 4-106. Data from the
Aerosol Mass Spectrometer
aboard Battelle's G1 research
aircraft as part of the 2004 New
England Air Quality Study.
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Figure 4-107. Nanosensor
based on carbon nanotube
nanoelectrode array.
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Synthesis and Characterization of
Nanostructured Electrochemical Sensors
and Biosensors
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(@ University of Cincinnati, Cincinnati, Ohio

(b) State University of New Y ork, Albany, New Y ork
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() New Mexico State University, Las Cruces, New Mexico
(f) Arizona State University, Tempe, Arizona
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Washington

Toinvestigate the use of carbon nanotubes for biosensor devel opment, we
immobilized carbon nanotube thin films on electrode surfaces. The catalytic
oxidation of NADH and highly stable amperometric NA D H responseat glassy-
carbon electrodes modified with carbon nanotube coatings were observed.

A substantial decreasein the overvoltage of the NA DH oxidation reaction
(compared to ordinary carbon electrodes) using single-wall and multiwall carbon
nanotube coatingswas also noted. Furthermore, the NA DH amperometric
responseof the coated el ectrodeswas found to be extremely stable. The carbon
nanotube-coated el ectrodes thus were found to allow highly sensitive, low-
potential, stable amperometric sensing. Such ability of carbon nanotubesto
promote the NADH electron-transfer reaction suggestsgreat promisefor
dehydrogenase-basedamperometric biosensors.

We also investigated the ability of the perfluorosulfonated polymer Nafion to
solubilize single-wall and multiwall carbon nanotubes and the electrocatal ytic
detection of hydrogen peroxide at carbon nanotube/Nafion-coated €lectrodes.
Nafion films have been used extensively for the modification of electrode
surfacesand the construction of amperometric biosensors due to their unique
ion-exchange, discriminative, and biocompatibility properties. We found that
carbon nanotubes can be suspended in solutionsof Nafion in phosphate buffer.
Such suspensionis attributed to noncovalentinteractions and permits avariety
of manipulations, such as modification of electrode surfaces. The electrocatalytic
properties of carbon nanotubes are not affected by their associationwith Nafion.
The resulting carbon nanotube-/Nafion-coated electrodes are shown to offer a
marked decreasein the overvoltage/detection potential for hydrogen peroxide.
The use of Nafion as solubilizing agent for carbon nanotubes, along with the
electrocatalyticdetection of hydrogen peroxide, provide a useful avenuefor
preparing carbon nanotube-modified el ectrodes and suggest great promise for
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oxidase-based amperometric biosensors. Glucosesensor, amodel biosensor, was
also developed based on the immobilization of glucose oxidase/Nafion/CNT on
glassy carbon and gold electrodesas part of this research.

Nanosensors based on carbon nanotube

nanoel ectrode arrays have also been successfully
fabricated from low site density-aligned carbon
nanotubes (Figure 4-107). The carbon nanotubes
were grown by plasma-enhanced chemical vapor
deposition on nickel nanoparticles made by
electrochemical deposition. Each nanotubeis
separated from the nearest neighbor by several
microns. The nanoel ectrode arrays, consisting of
up to millions of individual nanoelectrodes with
diameters of 50 nm, were madein al-cm2 area
by this nonlithography method. Electrochemical
characterization such as cyclicvoltammetry

and sguare wave voltammetry was performed to Figure 4-108. Nanostructured
characterize these nanoelectrode arrays. Electrochemical Sensor Based on
SAVIMS Thin-Film

I n addition, biosensors based on immobilization of enzymes, DNA, and
antibodies have al so been successfully devel oped for biosensingapplicationsin
biomedical, environmental, and homeland security applications.

In related research, various self-assembled monolayers on mesoporoussilica
(SAMMS) with selective functional ligands for toxic heavy metals and actinides
have been developed using the capabilitiesof EM SL. Recently, we successfully
coated the SAM M S thin-films on electrode surfacesto form selective
nanoengineered el ectrochemical sensorsfor detection of copper, cadmium,
lead, mercury, and uranium (Figure4-108). The microchip gold electrode with
SAMM S thin-film was integrated in a microfluidicsystem. Heavy metalsor
radionuclideswere selectively preconcentrated on SAM M S thin-films when
sample solution continuously flowed through the electrode surface. A clean
electrolyte solution was used to remove the sample matrix from the electrode
surface. Square-wavevoltammetry was used to quantify the surface-bound
metal species. The SAMM S-based el ectrochemical sensorswere demonstrated
to be quite selective for simultaneous detection of copper, cadmium, lead,

and mercury with adetection limit at part per billion level. Theseresults
demonstrate that SAMM S-based el ectrochemical sensors are quite promising
for analysis of toxic metals and radionuclides.
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Molecular Science Computing Facility

'I'he Molecular Science Computing Facility supports awide range of
computational activitiesin environmental molecular research, from benchmark
calculationson small moleculesto reliable calculationson large molecules,

from solidsto simulationsof large biomolecules, and from reactive chemical
transport modeling to regional cloud climate modeling. The facility provides
an integrated, high-performance production computing environment with links
to external facilities and laboratorieswithin the DOE system, collaborating
universities, and industry.

Representative Research Activities

The Molecular Science Computing Facility provides massively parallel
computational resourcesand expertise to researchers at hundreds of sites across
theworld to conduct research and devel op applications, such as groundwater flow

EMSL's Molecular Science

Computing Facility is equipped simulations; climate models; geochemical applications; modeling of chemistry on

\C/itt? a ?rapthriC?aﬂd Visuaﬁzatﬂon poroussites; heavy element chemistry; molecular thermodynamics and kinetics;
apboratory that allows users to Cp H . 5 A= [ i 5

VisualzeandlanaRee e i predlc;tl on of exc_:lted states; nanotechnology; gatalys s; biol oglcal mgmbranes,

sets generated by the facility's and bioinformatics. Staff of the Molecular Science Computing Facility also

computing resources. develop extremely scal able software such as the award-winning Mol ecular

Science Software Suite. A Graphics and Visualization Laboratory within this
facility provides researcherswith visualization capabilitiesof large data sets
generated by thefacility's computing equipment.

Research Capabilities

* Production cluster of 978 Hewlett Packard rx2600 nodes, 1956 1.5-gigahertz
| A64 processors, 450 terabytesof local disk, 6.8 terabytes of memory, and
11.8 teraflops of theoretical peak performance

Shared cluster file system called /dtemp, 53 terabytesin size
* EM SL long-term data store, 300 terabytesin size

* Network comprised of OC12 (600 MBit/sec) internet connection, Gigabit
Ethernet

* Visualizationserver comprised of Silicon Graphics Incorporated Onyx 3400
Graphics, eight processors, 16 gigabtyesof memory, two Infinite Reality3
pipes, 144 gigabytes of disk space, with a PanoramTech three-screen monitor

* Digital video editing suite
* Molecular Science Software Suite comprised of:

° Northwest Chemistry Software (NWChem), the massively parallel
computational chemistry software that performs quantum, classical, and
combined quantum/classical computationsin molecular chemistry and
structural biology

5
U
e

L
U

(Y}
-
3>
=
>
7
(=4
§
=
=
o

APRIL 2005



Gl e&u s

3

|

q
I

° Extensible Computational Chemistry Environment (Ecce), a problem-
solving environment for setting up, running, and analyzing chemistry
computations

°* Global Array (GA) Tools, an efficientand portable" shared-memory"
programming interfacefor distributed-memory computers.

Future Directions

I'n 2005, the Molecular Science Computing Facility will be astable production
facility focused on accomplishinglarge, impactful science, including support for
Computational Grand Challenges and Pilot Projects, aswell as EM SL Scientific
Grand Challenges and continuing support and devel opment of the Molecular
Science Software capabilities.

'The planned lifecyclefor the facility's primary computing resourceis three to
four years (the current supercomputerwill befour yearsold in June 2007). As
of April 2005, work is nearing completion on a Greenbook that describesthe
evolving science driversfor performing environmental molecular research at
EMSL and providesguidance associated with the next generation of high-
performance computing that must be developed to address this critical research.
Once completed, the M SCF Greenbook will guide procurement of the next-
generation supercomputer and associated supporting equipment. Theintent is
to render the replacement computer operational in time to allow six months of
overlap between the new computer and the old to facilitateuser migrationin a
nondisruptive manner.

Software improvementswill center on the science areasdescribed in the EM SL
vision and algorithms specificallyidentified in the Greenbook activity. In
addition to porting, debugging, and improving the scalability of the software,
improvementswill be made in the cost of high-accuracy computations (especially
with respect to excited states) and enabling simulationsthat more closely
resemblecomplex experimental conditions. Problem-solvingenvironment
improvementswill include additional interfacing with molecular dynamicsand
planewavecomputations. Software tutorials and manualswill continue to be
updated to ease the use of the software.

I n addition to hardware and software improvements described above, the
Molecular Science Computing Facility will continueto provideexpert staff who
possess knowledge and experiencein many areas of high-performancecomputing
and are also specialistsin the scientific areas of focus. Thefacility team will
remain dedicated to providing a complete production environment that efficiently
and effectively allows researchersto solvelarge scientific challenges.

Facility Staff
Visualization, User Services, and Software

TheresaL. Windus WibeA. deJong
Technical Lead Senior Research Scientist
(509) 376-4529 (509) 376-5290
theresa.windus@pnl.gov wibe.dejong@pnl.gov
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JesscaM. Foreman
Administrator

(509) 376-3412
jessicaforeman@pnl.gov

BettinaM. Foley
Administrator
(509) 376-2767
tinafoley@pnl.gov

Yuri Alexeev

Postdoctoral Research Fellow

(509) 376-5152
yuri.alexeev@pnl.gov

Edoardo Apra

Senior Research Scientist
(509) 376-1280
edoardo.apra@pnl.gov

DougJ Baxter

Senior Research Scientist
(509) 376-3751
douglas.baxter@pnl.gov

Operations

Kevin M. Regimbal
Technical Lead

(509) 376-2246
kevin.regimbal @pnl.gov

David E. Cowley

Senior Research Scientist
(509) 376-9181
david.cowley@pnl.gov

EvanJ. Felix

Senior Research Scientist
(509) 376-1491
evan.felix@pnl.gov

Kevin M. Fox
Research Scientist
(509) 376-4465
kevin.fox@pnl.gov

Brandon H. Hayden

L TE College Student
(509) 376-1493
brandon.hayden@pnl.gov

Mahin Hackler
Scientist

(509) 376-2746
mahin.hackler@pnl.gov

Karol Kowalski

Senior Research Scientist
(509) 376-6751

karol .kowal ski@pnl.gov

JunLi

Senior Research Scientist
(509) 376-4354
jun.li@pnl.gov

Marat Vdiev

Senior Research Scientist
(509) 376-2514
marat.valiev@pnl.gov

Erich R. Vorpagd
Chief Scientist

(509) 376-0751
erich.vorpagel @pnl.gov

Cindy Marasco

Senior Research Scientist
(509) 376-1241
cindy.marasco@pnl.gov

Ryan W. Mooney

Senior Research Scientist
(509) 376-3590
ryan.mooney @pnl.gov

Kenneth P. Schmidt
Technician

(509) 376-4178
kenneth.schmidt@pnl.gov

Gary B. Skouson

Senior Research Scientist
(509) 376-5401
gary.skouson@pnl.gov

Ryan P. Wright
Research Scientist
(509) 376-3052
ryan.wright@pnl.gov



Scott M . Jackson

Senior Research Scientist
(509) 376-2205
scott.jackson@pnl.gov

Key Staff

Key staff, besidesthose listed above, include Gary D. Black, EricJ. Bylaska,
Brett T. Didier, Todd O. Elsethagen, Jarek Nieplocha, Manojkumar Krishnan,
CarinaS. Lansing, Michael C. Perkins, Kenneth A. Perrine, Michael R.
Peterson, Karen L. Schuchardt, and T. P, Straatsma.

Biomolecular Simulation of Base Excision
Repair and Protein Signaling

TP Straatsma,® ER Vorpagel,® M Zacharias,® PE Smith,© CF Wong,d
JA McCammon, @ JH Miller,(© and K Wei©

(@ Pacific Northwest National Laboratory, Richland, Washington
(b) Institute for Molecular Biotechnology, Jena, Germany

(c) Kansas State University, Manhattan, Kansas

(d) University of California, San Diego, California

(e) Washington State University, Pullman, Washington

Environmental factors, including ionizing radiation, contribute to continuous
damage of cellular DNA, in addition to endogenoussources. The damage
resulting from oxidative stress and ionizing radiation is primarily in the form of
oxidized bases, singlestrand breaks, and loss of bases. 'These are the targets of
the base excision repair mechanism enzymes, including polymerase13 Failure
to repair these damaged DN A sites correctly and in atimely manner can result
in cell death, carcinogenesis, or genetic diseases. Resulting mutationsin cell
signal transduction enzymescan lead to uncontrolled cell proliferationor
differentiation. For example, mutationsin Ras, the molecular switchin severd
growth-factor signaling pathways, have been found in about 30 percent of human
tumors. These signaling pathways often involve a chain of protein kinasesthat
activateor deactivate each other through phosphorylation reactions, eventually
controlling the activation of transcription factorsin the cell nucleus. 'This
research seeks the massively parallel computing resources required to perform
molecular modeling and simulation studies to enhance our understanding of the
mechanism of human polymerase 13 one of the key enzymesin base excision
repair, and the cell signaling enzymes cyclic-adenosine monophosphate (AM P)-
dependent protein kinase and Ras. Specifically, thiswork will focuson the:

* dynamics of DNA and damaged DNA

* dynamics and energeticsof baseflippingin DNA

BENVIRONMBNTAL MOLECULAR SCIENCES LABORATORY
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Figure 4-109. Polymerase active
site of the DNA repair enzyme,
polymerase B.
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* co-solvent effects on biomolecular structures, including DN A mechanism
and fidelity of nucleotideinsertion by base excision repair enzyme human
polymerase3

* mechanism and inhibitor design for cyclic-AM P-dependent protein kinase

* dynamicsand energeticsof Ras and its complex with effector molecule Raf
for the molecular dynamics simulations and el ectronic structure calculations.

The proposed investigationswill rely on NWChem, the massively parallel
software for computational chemistry developed at EM SL. NWChem will also
be used for the analysisof the generated molecular dynamics trajectories, and any
additional analysistoolsrequired for the proposed work will be developed within
the analysis modules of NWChem.

Characterization of the Active Site of DNA Polymerase 8

Itiswell established that the fully formed polymerase activesite of the DNA
repair enzyme, polymerasel3 including two bound M g2+cationsand the

nucleosi detriphosphate substrate, exists at only one point in the catalytic cycle
just prior to the chemical nucleotidyl transfer step. The structure of the active
conformation has been the subject of much interest as it relatesto the mechanism
of the chemical step and a so to the question of fidelity assurance. While crystal
structures of ternary polymerasef? - (primer-template) DNA - deoxyribonucleoside
triphosphate (dANTP) complexes have provided the main structural features of

the active site, they are necessarilyincomplete due to intentional alterations(e.g.,
removal of the 3'OH groups from primer and substrate) that were needed to
obtain astructure from mid-cycle. Working from the crystal structure closest

to the fully formed active site (pdb: 1bpy), molecular dynamics simulations of

the solvated ternary complex were performed, with the missing 3’OHs restored,
viamodeling, to the primer and substrate, and without restoration of the 3’OHs.
'The results of these simulations, taken together with ab initio optimizations on
simplified active site models, indicate that the missing primer 3OH in the crystal
structure is responsiblefor a significant perturbation in the coordination sphere of
the catalyticcation and allow us to suggest severa correctionsand additions to the
active site structure as observed by crystallography. |n addition, the calculations
help to resolve questionsthat have been raised regarding the protonation states of
coordinating ligands (Figure 4-109).
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Biomolecular Interfaces: Simulation of
Sedimentation of Biomolecular Assemblies

AD Haymet,® BW Beck,® GC Lynch,® BM Pettitt,® TC Rogala,® and
K Wong®

(@ University of Houston, Houston, Texas m
Q, (0= +2 .

'The goal of this projectis to provide acomprehensive computational model,

spanning many length and time scales, of the characteristicsof biological

molecular assemblies, such as associating proteins, lipid vesicles, and viruses, q'-“ () = m ’ ;m " m
when placed in a modern analytical ultra-centrifuge. Sedimentation equilibria e ,

and velocitiesfor polydisperse and self-assembling systemswill be studied.

This problem has an explicit coupling of length scales from the microscopic m -

correl ations between moleculesin the assembly to the shape of the resulting o, ® :% ' ‘M“ m
assembly to the hydrodynamic flow around the irregularly shaped bodiesduring

sedimentation. The resultswill be tested against experiments and checked for Figure 4-110. Theoretical bridge
consistency with known thermodynamic and structural data. diagrams for 2 set of topologically

dense, large dimensional integrals
of Interest in study of liquids.

Computationally Useful Bridge Diagram Series

I n many-body theory, bridge diagrams are a set of topologically dense, large
dimensional integrals of interest in the theoretical study of liquids. We
calculated a new seriesfor ssmple fluid mixtures of argon and krypton. Our
resultswere both numerically encouraging for this system, and theoretically
encouraging for the ongoing extension to more complex fluids and solvation
studies (Figure 4-110) (Dyer et a. 2002; Perkynset a. 2002).

Base-pairing on Surfaces for Untethered Oligonucleotides Figure 4-111. Molecular

dynamics simulation of base-
Recent designs of DNA microarraysuse nontethered DNA probes, which are pairing on surfaces for untethered
bound to a positive charged surface by nonbonded, electrostaticinteractions. oligonucleotides.

They show specific, high-affinity binding of large targets with relatively rapid
kinetics. A 10-ns all-atom molecular dynamics simulation of the system was
performed and found that the probe was bound to the surface primarily with the
phosphates attracted to the surface. The bases remained stacked and pointed
preferentially upward, availablefor hybridization with complementary target
strand (Figure 4-111) (Belodudtsev et a. 2001).

Solvation of Biomolecular Interfaces: Role of Solvent in
S. marcescens Endonuclease Dimerization

Simulations have revealed the presence of a solvent-filled channel leading
from the active site cavity of the enzyme to three distinct openings near the
dimer interface. The presence of this channel has implications to both protein
stability and regulation of enzymatic activity. Thischannel appearsto have an
intermittent barrier midway down its length near residueslle174, Ala186, and
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Phe188 that acts as a"gat€e” to control the diffusion of water between the active
and the dimer interface. The behavior of this gate appears to beimportant in the
function of this enzyme and may help explain the evolution of the dimeric state
for this system (Figure 4-112).

Citetions
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M Hogan. 2001. "DNA Microarrays Based on Noncova ent Oligonucleartide

Attachment and Hybridization in Two Dimensions." Analytical Biochemidry 292(2):250-
256.

Dyer K, J Perkyns, and BM Pettitt. 2002. "Computationally Useful Bridge Diagram
Series. II1. Lennard-Jones Mixtures.”" Journal of Chemical Physics 116(21):9413-9421.

Perkyns JS, KM Dyer, and BM Pettitt. 2002. " ComputationallyUseful Bridge Diagram
Series. II. Diagramsin h-bonds" Journal of Chemica Physics116(21):9404-9412.

Chemical Fate of Contaminants in the
Environment: Chlorinated Hydrocarbons
Figure 4-112. Average channel |n the Groundwa’ter

solvent density in enzyme
monomer over ins.

DG Truhlar,® CJ Cramer,® JD Thompson,® AW Jasper,® BJ Lynch,®

N E Schultz,® C Zhu,® A Chakraborty,® YA Borisov,® K Morokuma,(®
IV Khavrutskii,© S Mo,© Slrle,© Q Wang,© G Zheng,© HA Witek,©
J Liu,© A Dutta,© P Zhang,© D Quinonero,© K Omiya,© DG Musaev,©
TP Straatsma,d M Dupuis,d BC Garrett,@ and DT Chang@

(&) University of Minnesota, Minneapolis, Minnesota

(b) Russian Academy of Science, Moscow, Russia

(c) Emory University, Atlanta, Georgia

(d) Pacific Northwest National Laboratory, Richland, Washington

Chlorinated hydrocarbons, which can include carcinogens, are the most
common contaminants found at hazardous waste sites, and are also the

most prevalent contaminants at D OE sites that were involved in production
of nuclear weapons. They are resistant to biodegradation, but can degrade
by abiotic processessuch as hydrolysis, nucleophilic substitution, and
dehydrochlorination. Unfortunately, disagreement still exists about the
mechanisms and rates of many of the key reactions. Our work is focused

on modeling the reactions involved in the degradation of chlorinated
hydrocarbons,in the groundwater. ‘There are three primary goals for this
research: 1) development of acomputational approach that will allow reaction
pathways and rate constants to be accurately cal culated; 2) development of
more approximate approaches, evaluated against the more accurate approach,
which will lay the groundwork for exploratory studies of more complex
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chlorinated hydrocarbons; and 3) application of these approachesto study

the degradation pathways of chlorinated hydrocarbons in agueousliquids. A
major focus of thiswork is on the development of continuum solvation models,
which are based on the solvation models of Cramer and Truhlar (1995) and are
appropriatefor calculations using DFT. Applications are focused on the initial
elementary steps in reactions of hydroxidewith chlorinated methane molecules,
CH,CI#n), and studies of reactions of hydroxidewith chlorinate ethylene
molecules, C;H,Cl1¢4-0),

Significant progress has been made toward devel oping a continuum solvation
methodol ogy needed to simulate the reactionsof hydroxidewith chlorinated
hydrocarbons. |In our initial work, the need to use diffusefunctions to obtain
accurate thermochemical simulations became clear. However, our solvation
and charge models were not stable when diffuse functions were used. To solve
this problem, wefirst derived a new type of population analysisthat was stable
to diffusefunctions (Thompson et al. 2002), then we used this new type of
population analysisto develop charge models that provide stablechargeswith
diffuse basis sets (Winget et al. 2002; Thompson et a. 2003). W e are making
excellent progressin using the new charge modelsto create new solvation
models. "This methodological developmentwill be used on the originally plannea
large computations. Although it was more efficient to perform preliminary
work on desktop workstations and computer servers, the Computational

Grand Challengework on this project using this methodology requiresthe
supercomputer located at EM SL.

Use of the supercomputer has been essential for the applicationsto the reactions
of OH- with chlorinated methane molecules, CHyCl-n) with n=1-4. In previous
work, we completed a hierarchy of calculationsfor the gas-phase reactionsfor

all valuesof n and for microsolvated reactions (with up to two water molecules)
for n=1-3. Recent work on this project hasfocused primarily on the high-level
electronic structure cal culations (e.g., methods that include electron correlation
such as second-order Meller-Plesset perturbation theory and couple cluster
methods) for the microsolvated reactionsof carbon tetrachloride (n=4), which are
asignificant computational challenge and require the use of advanced software
such as NWChem on the massively parallel computers. These cal cul ationsshow
asignificant increasein the reaction barrier for the nucleophilicsubstitution
reaction as the number of water moleculesisincreased.

To account for the effectsof bulk solvation (i.e., increase of the amount of
water moleculesto a macroscopic number), we use a computationally tractable
and efficient procedure for the calculation of potentials of mean force using
mixed Hamiltonian models of electronic structure where quantum subsystems
are described with computationally intensive ab initio wavefunctions. The
mixed Hamiltonian is mapped into an all-classical Hamiltonian that is
amenable to a thermodynamic perturbation treatment for the calculation of
free energies. A small number of statistically uncorrelated (solute-solvent)
configurations are selected from the Monte Carlo random walk generated
with the all-classical Hamiltonian approximation. "Thoseconfigurations are
used in the averaging of the free energy using the mixed quantum/ classical
Hamiltonian. In Figure 4-113, the dashed and solid lineswith circlesare
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Figure 4-113. Application of
this methodology is illustrated
for the nucleophilic substitution
reaction of methyl chloride by
hydroxide.
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calculations of the energies for the gas-phase reaction using HartreeFock
theory with a6-31G* basis set (dashed curve with open circles) and Meller-
Plesset perturbation with an aug-cc-pVDZ basis set (solid curvewith filled
circles). Theenergies are computed at geometries along a minimum energy
path for the gas-phase reaction that is calculated using Meller-Plesset
perturbation/aDZ theory. The dashed line with open squares shows the results
of bulk solvation on the Hartree-Fock/6-31G* results using the quantum
mechanical/molecular mechanical approach described above. The most
accurate value of the solvated potential energy curveis given by combining

the Maeller-Plesset perturbation results with those of the quantum mechanical
(Hartree-Fock)/molecular mechanical and Hartree-Fock/6-31G* results, using a
layered electronic structure approach, to give the solid curve with filled squares.

Another aspect of thiswork is the development of efficient DFT methods

to study chemical reactivity. |n another research effort at the University of
Minnesota, we are developing new force fields for aluminum nanoparticles
that are important to energy research because of their potential as high-energy
materials. The computer hardware and software at EM SL has been essential
to the latest stage of thiswork.

I n particular, we have been studying the transition from small-molecule
propertiesto their bulk limit in aluminum molecules, clusters, and
nanoparticles, specifically the evolution of the binding energy per particle as
the cluster gets bigger. W e also studied the multiplicities of the clusters. We
recently developed a new effective core potential method for usewith hybrid
DFT that provides accurate energies and geometries. 'This development

was performed using computers at the University of Minnesota, but we have
been able to use the resulting technology to run large production runs on
Alyg, Als, Alss, Alyy, and Alg; on EMSL’s supercomputer using NWChem.
For nanoparticle-sized aluminum (more than 50 atoms), the capabilities of
the software and hardware are impressive. Therefore, we have been taking
advantage of the parallel capabilities of NWChem and anticipate running even
larger systems that will take full advantage of the computing power of EM SL
for this kind of research.
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The Growth Morphology of the {100}
Surface of KDP (Archerite)on the
Molecular Scale

AG Stack,® JR Rustad,® J) DeYoreo,® TA Land,® and WH Casey®

(&) University of California, Davis, California
(b) Lawrence Livermore National Laboratory, Livermore, California

First-principle calculations were conducted to examine the surface
morphology of the (100) face growth hillock of potassium dihydrogen
phosphate ([KNH4]H,PO4) (Figure 4-114), also known as KDP or
archerite (Stack et a. 2004). KDPisacrystal structure used extensively
inindustrial applications (e.g., the National Ignition Facility at Lawrence
Livermore National Laboratory) (Stack et a. 2004). To perform the
calculations, the plane-wave pseudopotential DFT and Car-Parrinello a2
initio molecular dynamics functions of the NWChem software package
were used. The plane-wave pseudopotential DFT function provides a good
economy of calculation time, especially for nontransition metal systems as
large as this one, yet provides accurate energy predictions. Step energies
also were calculated using the difference between astep and aslab, with the
same number of atoms and cell dimensions. The (100) surface energy was
calculated by subtracting the total plane-wave pseudopotential energy of a
bulk phase from the energy of the same cell, but with space added in the
[100] direction, so that the area of the calculation and the number of atoms
were the same. Detachment energies of KH>PO4 growth units adsorbed to
steps were calculated by subtracting the energy of the step with the growth
unit adsorbed from the energy of astep and the energy of the isolated growth
unit. Typical simulationswere run for approximately 2000 iterations at 5 atomic
units per time step (1.2 x 10716 seconds per time step) with steady-state reached
after approximately 1000 iterations.

Calculated detachment energies of the (010)-facing step were +4.2 and +4.5
eV (for two different terminations of the step) and +3.8 eV for the {001}-
facing step. A more unfavorabledetachment energy indicates aless-labile
growth unit and alarger net rate of step advancement. Because the calculated
detachment energies of the (010)-facing steps are larger than the (001)-facing
step, thisindicates that the (010)-facing step should have a higher net rate of
growth. Thisfinding isin qualitative agreement with experimental results.
The detachment energies of subsequent growth units show that the energy
stays approximately the same for the (010) face, but goes up (+5.1 V) for the
(001) face. Therefore, it islikely that in the dow (001) direction, the initial
adsorption of new material to the step is limiting the rate, and onceit has been
adsorbed, the second unit adsorbsvery quickly and reproducesthe step.
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Figure 4-114. Atomic structures
of the KDP surface. Potassium
atoms are shown as purple
spheres, oxygen atoms are red
spheres, phosphorous atoms are
grey spheres, and hydrogen atoms
are black spheres. Hydrogen
bonds are shown with alternating
grey and white stripes linking the
H2PO4- molecules. Blue dashed
lines indicate the supercell
boundaries. Top: A step facing
the (010) on the (100) surface,
viewed down the [001] axis.
Bottom: Same step viewed from
looking down the [100] axis, with
an adsorbed growth unit. Only
the top-most layer is shown. The
double-ended arrow shows the
direction of hydrogen-bonded
phosphate chains.
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Figure 4-115. Theoretical
studies predict that some alloys
consisting of a host metal

(large blue spheres) such as
platinum or palladium and a
subsurface solute (red) such

as tantalum or tungsten will
make excellent hydrogenation
catalysts because of their unique
ability to dissociate Hz (small
spheres) readily and bind atomic
hydrogen weakly.
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By examining the hydrogen bond chains and their directionality on the
different steps, this work proposes that the first growth unit on the {001}-
facing step has alack of hydrogen bonds to the step edge, which increases
its lability. 'Thisstudy provides a qualitative picture of how crystal structure
may control growth morphology of KDP and emphasizes the importance of
anisotropic hydrogen bonding in the system.

This research was supported by the National Science Foundation and
performed in part using EMSL’s Molecular Science Computing Facility.
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Computational Design of Catalysts: The
Control of Chemical Transformation

J Greeley,® and E Mavrikakis®

(@ University of Wisconsin-Madison, Madison, Wisconsin

Historically, development and discovery of catalysts have been expensive
processesof trial and error. For agiven reaction type, hundreds or thousands
of candidate catalysts must be painstakingly developed and tested before
asuitable catalyst isidentified. Designing acatalyst from first principles
based on the details of areaction, a vrocess known as rational design, would
dramatically impact the field of catalysisbecauseit could help eliminate most
of the candidates that are unlikely to succeed, thus providing a substantial
reduction in the cost of developing a new catalyst. Rational design has been a
long-standing goal of catalysis science, but realizing thisvision has remained
elusive. However, recent developments in the areas of pure and alloy metal
catalysts have the potential to yield catalysts of greatly improved activity

and selectivity. Using DFT calculations, we discovered a new class of near-
surface alloysthat can yield superior catalytic behavior for hydrogen-related
reactions. Some of these near-surface alloys bind atomic hydrogen (H) as
weakly as the noble metals (copper, gold) while, at the same time, dissociating
H> much more easily (Figure4-115). 'Thisunique set of properties may
permit these alloysto serve as low-temperature, highly selective catalysts

for pharmaceuticals production and as robust fuel-cell anodes. 'Thiswork
represents an important progress i n using fundamental first-principles and
computational modeling to predict catalysis materialswith unique properties.
EMSL’s supercomputer, located within the Molecular Science Computing
Facility, was partially used to perform these calculations. The results were
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published as afull paper in Nature Materials (Greeley and Mavrikakis 2004)
and have been highlighted by the American Chemical Society news magazine
Chemical & Engineering News.
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Figure 116a. Exciton-induced
damage process in amorphous
silica. Part of the 72 atom glass
configuration. No coordination
defects are present.
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Figure 116b. Exciton-induced
damage process in amorphous
silica. Self-trapped triplet state
exciton configuration. A silicon-
oxygen bond has been broken.

APRIL 2005

Immobilization of Radionuclidesin Oxides

H Jonsson,® F Vila,® K Tsemekhman,® A Arnaldsson,® L Arnadottir,® MA
Gabriel,® J Garza-Olguin,® F Gao,© EJBylaska,© L R Corrales,©
SHirata,® RM Van Ginhoven,© and D Makarov(®

(@ University of Washington, Seattle, Washington
(b) Universidad Autonoma Metropolitana, 1ztapalapa, Irakium, Mexico
(o) Pacific Northwest National Laboratory, Richland, Washington

(d) W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

(e) Commissariat al’Energie Atomique, Gif Sur Y vette, France
(f) University of Texas, Austin, Texas

I n this project, we are using computer simulationsto study structural changes -
in oxide glasses that result from el ectronic excitationsoccurring over long time
periods-for example, hydrolysis driven by radioactivedecay.

At the most basic level, our project involvestesting a methodology to establish
what level of theory is needed to accurately reproduce el ectronic defects and
chemical reactionsin oxides, especialy quartz and amorphous silica. We
recently reported an extensive study of excitonsin silicaclusterscalculated by
both wave function methods and DFT (Van Ginhoven et a. 2003). Itisclear
from this and other studies that we performed that DFT calculationswith
functionals commonly used in condensed-phasesimul ations are inadequate for
the study of excitons and electron holes. We found that the B3LYP functional
is much superior, but it is too computationally demanding when extended
systems are studied because of the need to evaluate exact exchange. Instead, we -
developed an algorithm and implementation in the NWChem software package

for self-interactioncorrection—or SIC-to DFT. Thisis thefirst implementation

that we know of that includes self-consistency and incorporates periodic o
boundary conditions to allow simulations of extended systems. Furthermore,

our implementation includes atomic forces and, therefore, enables usto calculate

minimum energy structures and transition states. The computational cost is, =
in principle, only afactor of 3 to 5 over regular DFT calculations, but more

optimization of the codeis needed before that theoretical limit can be achieved. <

The DFT-SIC calculationsprovide solutions to many of the problems associated

with regular condensed-phaseDFT calculations, and our code opens the A
possibility of addressing various questionsthat could not be computationally

addressed in the past. Several test problemsindicate that, with some simple o
modifications, the DFT-SIC approach can give comparable accuracy for both

stablestructures and transition states as the much more expensive B3LYP

functional. We applied the DFT-SIC method to severa problemsin oxides. —
Oneisthe spin density of a hole created by substituting an aluminum-atom

for asilicon-atomin quartz. Regular DFT, using local -density-approximation

or generalized-gradient approximation functionals, shows a spin density that —
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is delocalized over all four oxygen-atom neighbors of the aluminum-atom.
However, experimental results show that the spin density is localized on one of
the oxygen-atoms, as manifested, for example, by lengthening of only one of the
aluminum-oxygenbonds. The DFT-SIC calculations indeed show localization
on only one of the oxygen-atoms. Another example comesfrom triplet state
excitonsin quartz. With DFT/generalized-gradient approximation (GGA)
calculations, the spin density of thelowest energy structure is distributed over all
72 atomsin the ssimulationcell. Localized excitonscan, however, be found and
have been studied in this project previoudy, but they are metastable with respect
to the delocalized state.

With DFT-SIC, thelocalized excitons become lower in energy, which agrees
with experimental findings. Finally, asimilar reversal of the relative energy

of localized and delocalized statesis found for el ectron holesin amorphous
silica. The DFT-SIC calculationsshow stable localized holes that agree with
experimental results, while the holes delocalizeat the DFT/GGA leve of theory.

The relative energy and structure of different localized excitonicstatesin silica
are still quite well described by DFT/GGA. We used thisleve of theory to
study the formation of defectsin silicadue to exciton formation. Ten different
glass samplesthat are free of coordination defectswere generated (Figure 116a).
The figure shows an unexpected damage process that was observed in one of the
glasses. 'The damage was unexpected because no thermally activated process
was required to form the defect. First, the system was excited to the triplet
state, representing afast process of initial excitation to somevery high-energy
singlet state and then intersystem crossingand trapping in the lowest triplet
state. Becausethisisalong-livedstate, the system was then relaxed in the triplet
state, and abreak in asilicon-oxygen bond was observed (Figure 116b). When
the system was returned to the singl et state to represent radiative decay and then
relaxed, the defect did not disappear, but rather devel oped into two coordination
defects, 1) afivefold coordinated silicon-atom and 2) asmall, strained, four-
member ring consisting of two silicon-atomsand two oxygen-atoms (Figure
116¢). The energy along this path was evaluated both in the singlet and triplet
state, asshownin Figure 117.

W e then searchedfor varioustransition paths from this state. A transition to
the original defect-freestructure involves asignificant energy barrier of 0.76 eV.
However, several other processeswith similar activationenergies could represent
further migration of the defects. This could, therefore, be the first step in the
formation of an interstitial oxygen-atomdefect. 1tiswell known experimentally
that radiation of glasses resultsin the formation of oxygen bubbles. Further
simulation studieswill address thisissue and other defect formation mechanisms
in glasses.

W e have aso studied theinsertion of water moleculesinto glass samplesthat
were free of coordination defectsand found, surprisingly, that sites exist where
the energy of the water moleculeis comparableto the energy in liquid water.
Thebarrier for dissociation of the moleculewas found to be very small, on the
order of 0.1 eV, and leads to alower energy state with two hydroxyl groups.
Thisrepresentsan initial stage in hydrolysisof the glass. Theimportance
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Figure 116¢. Exciton-induced
damage processin amorphous
silica. Relaxed singlet, ground-
state configuration after decay of
the exciton. A fivefold silicon-
atom (circled left) and a small,
strained, four-membered ring
(circled right) are now present.
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Figure 4-117. Exciton-
induced damage processin
amorphous silica. Energy of
the singlet and triplet states

for the configurational changes
described in Figure 4-116 a-C:
first a minimum energy path
on the triplet state surface, and
then a steepestdescent path on
the singlet state surface.
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of strain and anomalous silicon-oxygen rings has been studied to identify
particularly reactive sites and sites where el ectronic defects such as excitons and
holes are likely to self-trap.

Citation
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Degradation Mechanism of Solar Cells in
an Adverse Environment
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CdTeisapromising candidate for large-scale, thin-film solar cells because ot

its nearly ideal bandgap, high-absorption coefficient, and ease of fabrication
asafilm. Thestructure of atypical CdTe/CdS solar cell consistsof aglass
superstrate, then athin layer of SnO; (front contact), n-type CdS, p-type CdTe,

Figure 4-118. Side a) and top and aback contact. Currently, low efficiency and degradation are the two major -
b) views of the structure of a

water m olecule adsorbed on obstacles preventing further commerci alizr?\ti on of this technology. It hasbeen
the perfect (2x1) reconstructed reported that the current-voltagecharacteristicsof CdTe/CdS solar cells degrade
CdTe(001) surface. when the cells are exposed to moisture and oxygen over extended periods of -

time. Currently, two scenarios have been proposed to explain the degradation
mechanism. Thefirst scenariois that water vapor may cause peeling of the front
contact and oxidization of the back contact. The second is that water molecules
interact with CdTe and then dissociateand produce hydrogen or oxygen
impurities, which diffuseinto CdTe and alter its properties.

W einvestigated the adsorption of water moleculeson the CdTe(001) surface -
by density-functional, total-energy cal culationswithin the generalized gradient
approximation. We found that dissociative adsorption of water molecules on
CdTe(001) is energetically unfavorable-water can only adsorb molecularly on -
cadmium atoms. We also found that the formation of cadmium and tellurium

vacancieson the surface and electron and hole doping do not change the

adsorption behavior of water on the CdTe(001) surface. Our results suggest that =
thefirst scenario could be the mechanism for moisture-induced degradation.

Figure 4-118 shows the side and top views of the structure of awater molecule
adsorbed on the (2x1) reconstructed surface. The oxygen atom of the water
moleculeis at the top of acadmium atom on the surface. The black balls
represent cadmium atoms, and the grey ballsrepresent tellurium atoms. 1 n the
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top view, the large, medium, and small balls represent atoms of thefirst layer,
second layer, and below the second layer, respectively. Adsorption of the water
molecule causes rumpling of the CdTe(001) surface under the water molecule.
The cadmium atom under the oxygen atom is pushed inward by 0.3 A. The two
tellurium atoms marked by two arrows are pushed downward slightly

(-0.05 A). TheH-O-H bond angleis 106.8°, about 3° larger than that of a
freewater molecule (103.9"). The O-H bond length is0.96 A, about the same
asthat of afreewater molecule. The cadmium-oxygendistanceis2.5 A. The
calculated adsorption energy is 0.22 €V, indicating that the adsorption could be
just molecular, aconclusion that is confirmed from the charge-density plot of
the oxygen-cadmium-telluriumplane. We further found that the adsorption
of water moleculeson the CdTe(001) surfacecan only be molecular, not
dissociative.

W e found that the formation of cadmium and tellurium vacancies did not
significantly change the adsorption energy of a molecule on the CdTe(0010)
surface. Figure 4-119 shows the side and top views of the structure of awater
molecul e adsorbed on the cadmium atom near the tellurium vacancy site on the
(2x1) reconstructed surface. The adsorption energy was calculated to be 0.21 eV,
which is comparableto the adsorption energy on the perfect surfaces.

We further used indium- and copper-doped CdTe to simulate the effects of
electronsand holes, respectively, on the adsorption of water moleculeson the
CdTe(001) surface by substituting a cadmium atom, which islocated five layers
from the surface, with acopper atom or an indium atom in our calculations.
However, no significant change on the adsorption energies was observed. Our
resultssuggest that the first scenario-that water vapor may cause peeling of the
front contact and oxidization of the back contact-is more likely the mechanism
for moisture-induced degradation of a CdTe solar cell.

ENVIRONMENTAL MOLECULAR SCIENCES LABORATORY

Figure 4-119. Side (a) and top
(b) views of the structure of the
adsorption of a water molecule
on the cadmium atom near the
tellurium vacancy site on the
(2x1) reconstructed surface.
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Multifluid Flow and Multicomponent
Reactive Transport in Heterogeneous
Subsurface Systems
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(e) Lawrence Livermore National Laboratory, Livermore, California

‘Thisresearch has resulted in devel opment of new capabilitiesthat advancethe
understanding of processes and properties controlling contaminant behavior

in complex environmentsin the subsurface. New science that expands the
robustnessand range of subsurface process modeling has been included in our
simulations. Advanced parallel programming tools, utilities, and interfaces

have been designed and implemented to increase usability, computational
performance, and efficiency of the simulation software used in this research.
"These accomplishmentswere achieved with 416,689 central processing unit hours
of computation on EMSL's Linux cluster supercomputing system.

Radionuclide Migration at the Nevada Test Site

The parallel code PFLOTRAN for modeling reactive flowsin porous media
was developed by Peter Lichtner and tested on EM SL's supercomputer.
PFLOTRAN isbased on the Portable ExtensibleTool kit for Scientific
computation (PETSc) parallel libraries developed at Argonne National
Laboratory by Baay and co-workers (2004).

Preliminary resultsfor afield-scale problem describing radionuclide migration
from the BENHAM underground test at the Nevada Test Site were obtained
using EMSL's supercomputer. A relatively small three-dimensional problem
with 926,250 degreesof freedom was run on the system twice, once using 64
processorsand then using 128 processors. Excellent scaling was obtained with
run times of 50 and 25 minutes, respectively. Results based on an effective
porous medium model suggested that plutonium moved more rapidly compared
to other radionuclidesbased on fit-to-breakthrough data collected from alimited
set of observationsfrom nearby groundwater monitoring wells.

=
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Multifluid Subsurface Flow
and Transport

CO:; Injection at the Mountaineer Power Plant Site

The parallel Fortran 90 version of STOM P, ascalable,
parallel-processingimplementation of the multifluid
subsurfaceflow and transport simulator, was devel oped
by the PNNL for investigating carbon dioxideinjection, redistribution, and

sequestration in deep geologic reservoirs. |t was used for a pilot study at Figure 4-120. Simulation of

. . , . . carbon tetrachloride migration
American Electric Power's Mountaineer Power Plant in New Haven, West and remediation beneath the
Virginia(Whiteet a. 2004a). The comprehensive and detailed numerical 216-2-9 trench on the Hanford
simulationswill be used to support integrated risk assessmentsand design Site using soil vapor extraction.

guidance for injection strategies, protocols, and permits for a demonstration
project for carbon dioxideinjection in these deep saline aquifers.

Residual Nonagqueous Phase Liguid Migration Processes

High-resolution STOM P90 simulations were used to investigate the historical
migration of carbon tetrachloride at the Hanford Site 200 West Areain
Richland, Washington, during the disposal period (beginning in 1954) to
date, including the soil vapor extraction activities (Figure 4-120), and to
predict the current distribution and fate. Thiswork successfully demonstrated
ascientifically defensiblescalable simulator for three-phase, three-component,
agueous-nonagqueous phase liquid-gas systems undergoing phase transitions ¥ (meters)
(Whiteet al. 2004b).

40

3
:
H

Figure 4-121. Predicted
Coupled Multifluid Flow and Reactive Transport

The parallel processing CRUNCH multicomponent reactive transport simulator
isajoint development between Lawrence Berkeley National Laboratory and
PNNL and has avariety of attributes that makeit ideal for investigating
movement of different contaminants simultaneouslyin complex geochemical
environments (Fang et al. 2004).

This simulator was combined with the STOM P simulator to model the migration
of high-ionicstrength waste from a historical leak beneath the SX-Tank Farm

at the Hanford Site. A simulation using 1 million grid cellswith 29 chemical
species predicted the formation of an uncommon mineral, cancrinite, which has
been observed to form at elevated temperature (Figure 4-121).

Unsaturated Flow and Multicomponent Strontium lon Exchange

At the Army Loop Road Vadose Zone Test Sitein the Hanford Site 200 East
Area, acombined CRUNCH/STOMP simulation (Figure 4-122) was used

to study strontium ion exchangein the soil zone above the water table (i.e., the
vadose zone).
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Figure 4-122. Calcium ion
exchange sites after six days of
infiltration of high strontium
and magnesium solution
(equivalents per cubic meter).
Red and yellow represent
higher calcium concentrations,
and blue and green represent
lower concentrations.
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New PETSc Algorithm

PNNL’s implementation of the block Krylov solver, developed by PNNL for
subsurface multifluid modeling under this Computational Grand Challenge
project, was recently adopted by the PET Sc.
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| Dynamical Nucleation Theory

The main goal of thistask is the development of computational methods to
calculate rates of vapor-to-liquid nucleation. In dynamical nucleationtheory,
nucleationis treated as a kinetic mechanism of cluster growth. 'lhe nucleation
mechanism is assumed to be described adequately by simple condensation and
evaporation of monomersfrom clusters

Bi-1 (1)
Al +Ai -1 — Ai
dq
where o, is the evaporation rate constant for loss of a monomer from an i-
molecule cluster and ;-1 is the condensation rate constant for addition of a
monomer to an (:-1) molecule cluster. Dynamical nucleationtheory consists
of anew theoretical approach, based upon approximate molecular dynamics of
the cluster for obtaining the kinetic parameters of the nucleation mechanism
(ou and Bi-1), followed by solution of the kinetic equationsfor cluster evolution.
"The emphasisof dynamical nucleationtheory is the evaluation of monomer
evaporation rate constants. Condensation rate constants are obtained from
the evaporation rate constants by detailed balance, which requirescalculation
of equilibrium constants or populations of clustersin equilibrium with the
monomer concentration. The cluster popul ations are determined from the
absolute Helmholtz free energy of agiven cluster is afundamental quantity,
asit determines the population of clustersin equilibrium with the monomer
concentration. Using detailed balance, the ratio of the evaporation and
condensation rate constantsis related to differencesin Helmholtz free energy
between adjacent-sized clusters. This molecular approach entails three subtasks:
1) devel opment of accurateinteraction energies for moleculesin the cluster
needed for molecular simulations; 2) calculation of condensation and evaporation
rate constants; and 3) calculation of the steady-state nucleation rate fromthe
kinetic mechanism. 'lhe major focus of the work during the last year has
been on the calculation of condensation and evaporation rate constants. 'lhe
major computational expensein these rate constant cal culationsis determining
Helmholtz free energiesfor forming i-moleculeclustersthat are constrained
within spherical shellsof fixed radii. Our initial calculationsaddressed
nucleationin supersaturated water vapor, for which the nucleationis controlled
by clusterscomprised of up to 50 to 100 molecules. Molecular simulations of
the Helmholtz free energiesfor these size clusters are computationally intensive
and benefit greatly from accessto EMSLs supercomputer. To perform these
calculations, a new Monte Carlo simulation codewasimplemented in parallel
during thefirst year of the project. During the second year, we have learned a
significant amount about the extreme sensitivity of computed nucleation rates to
the evaporation and condensation rate constants, and this knowledge has guided
our further development of computational tools.

For small clusters, the rate constants for evaporation are typically much larger
than those for condensation. 'lherefore, the formation of larger clustersis
unlikely, and cluster populations decrease as afunction of the increasing cluster
sizein thissizerange. As the cluster grows, condensation becomesfaster while
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evaporation decreases, until ultimately the two processes are approximately
equal. The cluster size at which the forward and backward rates are about equal
iscaled the critical nucleus. Thisisthe cluster with the smallest population.
Small changesin kinetic parameters can shift the critical cluster size and greatly
alter the nucleation rate. Given the delicate nature of the nucleation processit
isimportant to assess the effects of uncertaintiesin the kinetic parameters that
govern the steady-state nucleation rate. Sensitivity analysis providesinsight into
the influence and identity of the dynamical quantities to which the nucleation
rate, J, is most sensitive. This, in turn, aidsin the elucidation of specific reaction
mechanisms and reduces computational effort by focusing only on those clusters
that affect the nucleation rate. The sensitivity analysiscan be performed in
twoways. One, when the nucleation rate is expressed as afunction of the
evaporation and condensation rate constants (o; and Pi), 3=Ja.,B), then the
nucleation rate has nearly unit sensitivity to all pre-critical clusters (e.g., afactor
of two changein one of the kinetic parameters resultsin afactor of two change
in the nucleation rate). Two, when the nucleation rate is expressed as afunction
of the condensation rate constants and equilibrium cluster populations (NE£Q),
J=0B,NEQ), then the sensitivity is peaked about the critical cluster. Thus, if the
condensation rate constants and equilibrium cluster populations (or equivalently,
the absolute Helmholtz free energies) of the clusters around the critical size can
be determined directly, then the sensitivity of the nucleation rate on all the pre-
critical clusters can be minimized. Calculationsof equilibrium constants needed
in the detailed balance expression require determination of the differences of
Helmholtz free energies between adjacent clusters. Absolute free energy of

the i-cluster can be obtained by accumulating free energy differences between
adjacent clusters

)

A=AA  +AA _+..+AA

[ 2,1 3.2 b
However, uncertainties for each free energy difference are also accumulated so
the uncertainty in the absolutefree energy Ai contains uncertainties from all
precritical clusters. To minimize sensitivity to the parameters of the precritical
clusters, we need a method to directly cal culate the absolutefree energy of an -
cluster, which computationally is much more demanding. The major focus of the
second year has been the development of new computational tools, based upon
the external work technique (Reinhardt and Hunter 1992), to directly calculate
the absolutefree energies of clusters near the critical cluster.

I n the external work technique, an estimate of the absolute Helmholtz free
energy is provided by determining of the external work, W. The changein
internal energy of asystem AE for agiven processisgiven by

©)
AE=Q+W

where Q_is the heat absorbed by the system. For areversible process, the change
in Helmholtz free energy of the system AA isequal to the work done on the
system. For an irreversibleprocessW = AA. For calculating the absolute free
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energy of an i-moleculewater cluster, we calculate the work for the process ot
"turningon” theinteraction potential between moleculesin the cluster. The
potential energy surfaceis dowly changed from noninteracting (an ideal gas
state) to afully interacting potential, the total heat released to the bath is
accumulated during this process, and the change ininternal energy AE=E(final)
- E(initial) is calculated. Theexternal work is then determined by W = AE-Q,
which provide an upper bound to the free energy difference between the fully
interacting and ideal gas states. The absolute free energy of theideal gas state is
obtained from an analytical expression, thereby allowing determination of the
absolute free energy of the interacting state. A lower bound to the freeenergy is
obtained by reversingthe process (starting with the interacting state and dowly
changing to theideal gasstate). A Monte Carlo code was developed to perform
external work calculationson water clusters. By using many different starting
configurations athorough sampling of the (nearly) reversible paths, which join
the two thermodynamic states of interest, can be achieved.

Theory of Sum Frequency Generation Spectroscopy for
Surfaces Important for Heterogeneous Reactions of
Atmospheric Significance

The microscopic structures of the surfaces-both liquid and solid-that serve as
reaction sitesfor many heterogeneous reactionsof atmospheric significanceare
currently very poorly understood, which severely retardsthe understanding

of the reactionsthemselves. Sincethese surfacesare generally believed to be

quite complex, avery important potential guide for the ultimate performance

of theoretical calculationsfor reactions on these surfaceswould beinsightson

the surface structure provided by experimental surfacesensitive spectroscopy.

I n particular, the surface-sensitivesum frequency generation nonlinear optical
spectroscopy technique, which alows the examination of asurfacevibrational
spectrum, is an especiallyimportant tool for the study of liquid-vapor interfaces,
where many high-vacuum techniquessuitablefor solid surfacescannot be
employed; in view of itsdetailed vibrational character, it holds high promisefor
s0lid surfacesaswell. On the other hand, connecting an observed sum frequency
generationsignal to the underlying molecular structureis not at all simple, and
itself presents amajor theoretical/computational challengethat must be met before
the technique can provide the desired molecular-level view of the surface structure.

W e have begun the construction of a theory for sum frequency generation

by developing afirst generation theoretical description of the sum frequency
generation spectrum that includes the requisite microscopic hyperpol arizability
tensors and their dependence on molecular vibrations, for the water surface,
using a combination of electronic structure cal culationsand molecular dynamics
simulations. Direct simulation of the vibrationswas finessed via a separate
theoretical analysisof the frequency shifts, dipole moment, and polarizability
vibrational coordinate derivatives, etc. W e also made certain simplifying
approximations. Analysisof the resulting sum frequency generation spectrum of
water, which isin overall good agreement with experimental results, established
the (different) degree of surface sensitivity for different OH stretching vibration

ENVIRONMENTAL MOLECULAR SCIENCES LABORATORY
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regions, and also revealed a number of surprising microscopicfeatures. For
examplethe dangling bond. OH portion of the spectrum-usually thought of
as arising exclusively from water OH bonds perpendicular to the surface, and
hence free of any hydrogen bonding to the hydrogen-in fact has considerable
contribution from OH bond configurations, which are significantly tilted from
the surface normal.

Despite this considerablesuccess, it is clear that further improvements are
definitely required. "Thus, application of the theory to a water/methanol
mixture, where the surface structureis already well characterized, succeeds
only qualitatively in reproducing the observed behavior of the sum frequency
generation OH dangling bond signal.

List of Significant Methods/Routines or Codes Developed

MetropolisMonte Carlo simulation of cluster Helmbholtz free energies

A Monte Carlo code was written to perform external work calculations on

water clustersand was adapted to run on any number of nodes on EMSLs
supercomputer. The Monte Carlo code usesintrinsic commands that specify
which nodeitison. Given this node number, an initial random configuration
of water moleculesis generated. Jobs are submitted to the supercomputer using
aqueuing system, which requires a batch script. The batch script specifiesthe
following: the total number of nodesto be used, to what directories to write the
output, how much time will be required for job completion, from what account
to charge the computer time, on what nodesto place the executables, and to erase
all fileson each node after completion. The resulting data sets are combined

and averaged. By using many different starting configurations, athorough
sampling of the reversible paths which join the two thermodynamic states of
interest can be achieved. For a40-water-moleculecluster with 10 initial starting
configurations run for 3 million Monte Carlo stepsat T = 243 K, the Helmholtz
free energy differenceis AA = A-Aideal = (-146.7+3.1) kcal/mol.

Citation
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4.1.7
Instrument Development Laboratory

The Instrument Development L aboratory designs, builds, and deploys advanced
state-of -the-art instrument systems and custom application software in support
of the ongoing experimental research effortsat EM SL.. Staff in thislaboratory
support EM SL researchersand users by providing awide variety of design and
fabrication servicesfor hardware and software, custom engineered solutions

to research problems, and in-depth experiencein the interfaceand control of
commercial instrumentation. Because most EM SL user projects have unique
needs, the I nstrument Development Laboratory staff are especially skilled in the
integration of commercial and custom hardware/software packagesto suit the
exact specificationsof specific research projects.

Representative Activities

Instrument Development L aboratory staff provide support in real-time

data acquisition and instrument control, aswell as data visualization and
management. They have experiencein avariety of programming languages,
including Visua Basic, Java, C, C++, LabView, Assembly, Access, and SQL
Server. | n addition, software staff are familiar with a number of instrument
control strategies, including GPIB, Serial (RS-232), IR, TCP/IP, Analog and
Digital I/0, and high-speed event counting and timing. Some of the Instrument
Development Laboratory's most recognizableexpertise and capabilitiesfall into
thefollowing areas:

* high-voltageel ectronics

* radio frequency electronics

* high-speed analog and digital systems

» digital signal-processingand field-programmabl egate array technologies
* databases

* |aboratory automation

* data acquisition

* instrument control

* common communications methodologies

» software design and implementation (.NET, C, C++, Visual Basic,JAVA)
* embedded systems and personal digital assistants.

The Instrument Development Laboratory Design Laboratory offers a staffed
electronicsand fabrication shop for EM SL research staff and facility users.
Customerswill find afully stocked parts supply, €lectronic components and small
hardware, test and measurement equipment availablefor checkout, and ready
assistance during business hours. For immediate hardware assistance, customers
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may access and receive assistance from staff at the Instrument Devel opment
Laboratory electronics laboratory. For work that islimited in scope and not
time consuming, there usually is no chargeto EM SL staff for services. For
larger projects, staff may also access the electronicslaboratory and speak with
astaff member, who will happily assist the customer in defining the work to be
performed and begin the process of designing solutions.

Custom software design, development, and support are critical servicesoffered to
customers of the Instrument Development Laboratory. Staff members specialize
in several key services related to research: data acquisition, instrument control,
laboratory automation, systemsintegration, data analysisand visualization, data
management and archiving, and handheld and embedded systems. Using a
modular code design model astheir basis, the laboratory's software developers
can efficiently devel op software in a number of languages, tools, and scripts

(e.g., Visua Basic, Java, C, C++, Labview, Assembly, Access, and SQL Server).

I n addition, software developersare skilled in a number of instrument control
strategies, including GPIB, Serial (RS-232), IR, TCP/IP, Analog and Digital
1/0, and high-speed event counting and timing.

'The Instrument Development Laboratory Support Queue is accessible by
customers viaemail (idlsupport@emsl.pnl.gov). The queueis monitored daily,
and customers are encouraged to submit their requests for any type of service
offered by laboratory staff. The Instrument Development Laboratory website
(http://idl.emsl.pnl.gov) providesafull description of capabilities, accessto the
support queue, team highlights, recent projects, statement-of-work access, and a
downloadable business plan.

Technical Support is readily availableto assist research by providing
software modifications, troubleshooting, equipment fabrication, and research
instrumentation support.

Capabilities
* Electronics shop, workstations, tools, and user/staff assistance
* Parts and supplies, electronic components, and small hardware
* Test equipment checkout
* Custom software design, development, and support

* Data acquisition, instrument control, laboratory automation, and systems
integration

* Dataanalysisand visualization, data management, and archiving
* Handheld and embedded systems

* Software modifications and bug fixes

* Research instrumentation fabrication and modification

* Electronics hardware design
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 Data management and automated data analysis

« Systems engineering
= Embedded control

Instrument Development Laboratory Staff

Daniel J. Gaspar,
Acting Technical Lead
(509) 376-2413
daniel.gaspar@pnl.gov

Kenneth J. Auberry
Senior Research Scientist
(509) 376-1453
kenneth.auberry@pnl.gov

Michael A. Buschbach
Scientist
(509) 376-7207

michael .buschbach@pnl.gov

EricY. Choi
Scientist

(509) 376-4509
eric.choi @pnl.gov

James L. Eick
Technician

(509) 376-4540
james.eick@pnl.gov

James C. Follansbee
Research Scientist

(509) 376-4689
james.follansbe@pnl.gov

Navdeep Jaitly

Senior Research Scientist
(509) 376-6160
navdeep.jaitly@pnl.gov

Brian LaMarche
L TE Student
(509) 376-2127

brian.lamarche@pnl.gov

David C. Prior
Technologist

(509) 376-3923
david.prior@pnl.gov

Samuel O. Purvine
Senior Research Scientist
(509) 376-3013

Samuel.purvine@pnl.gov

Thomas A. Seim
Senior Research Scientist
(509) 376-2533

thomas.seim@pnl.gov

Kerry D. Steele
Chief Engineer
(509) 375-2880
kerry@pnl.gov

Kenneth R. Swanson
Senior Research Scientist
(509) 376-0826

kenneth.swanson@pnl.gov

Beverley K. Taylor
Technician

(509) 376-5095
beverley.taylor@pnl.gov

NikolaTolic

Senior Research Scientist
(509) 376-3090
nikola.tolich@pnl.gov

ENVIRONMENTAL MOLECULAR SCIENCES LABORATORY

B}
o
e
e
]
A
-
=
2
>
%)
o
=
(=}
2
e
=
o




j<B]
o
=
i
o
(¥l
L]
=
k.
>
[+%]
o
-
(=}
[=]
-
-
o

Figure 4-123. Automated liquid
chromatography cart.
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Key Staff

Key staff, besidesthose listed above, include David A. Clark, Marie C. Gibbons,
Gary R. Kiebel, and Elena S. Peterson.

Liguid Chromatography/Mass
Spectrometry Automation - Enhanced
Throughput and Reproducibility

M A Buschbach,® DF Hopkins,® EA Livesay,® DC Prior,® CC Langley,®
BK Taylor,® K Swanson,® and R Zhao®

(@ W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

(b) Pacific Northwest National Laboratory, Richland, Washington

High-resolution mass spectrometry typically requirestwo or three hours of data
collection per samplerun, and an entire campaign devoted to the study of a
single organism may include hundreds or thousands such sample runsin order
to produce conclusive results. Idedlly, data collection should be as reproducible
as possible, minimizing unwanted varianceswhich may impact the results.
Automated sample handling and data acquisition provide numerous advantages
in reducing slight procedural variations can lead to less reproducibleresults.

W e have worked closely with the scientistsat EMSL’s High-Performance

Mass Spectrometry Facility to develop the automated liquid chromatography
cart (Figure 4-123) to enhance the throughput of ssmpleson the FTICR and
ion trap mass spectrometers. For versatility and convenience, different valve
and pump configurations can be set up on different carts. The mobile cart
configuration makesit extremely convenient for researchersto movealiquid
chromatography setup from one mass spectrometer to another instrument, or a
samplefrom one cart configuration to another cart. The automation project has
produced a system which enables continuous (24 hours a day, seven days aweek)
unattended operation, while minimizing procedural variations.

Furthermore, we automated the process of liquid chromatography/mass
spectrometry sample delivery and data acquisitionthrough the use of custom
software. Another generation of automation software has recently been
implemented, enhancing reliability and adding increased flexibility for future
improvements. The overhaul to the software established two fundamental
differences between the original and the revision.

First, where previoudly the timing and logic of the sample delivery processwere
coded into the software with astate machine, thisinformation is now carried
within an easily modifiablescript and executed using ascripting engine. The
scripting engine executes each script instruction in succession, giving the



operator areferencefor proper operation. Adjusting the sampledelivery process
no longer requires the involvement of an engineer, asit can be accomplished with
the script editor included with the software.

Second, creating afluidics cart configuration for use in the E

liquid chromatography/mass spectrometry system is now a -.-t — %Ed
.,

visual process (Figure 4-124). Operators and researchers

select a representation of each fluidics component I—@——-

(pump, vave, mixer, etc.) in the software, placeit on @

theliquid chromatography/mass spectrometry fluidics
design window, and then route the components together
with visible connections that represent fluidics tubing.
Components themselves are given the communication : B
properties necessary for interfacing with the physical " b
device they represent. Once thisisdone, operatorscan
use thisvisual design to alter the state of the components

at will. For instance, an operator can shift the position

A

m .
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of avave, run apump, or move acolumn simply by using

the software component interfacein the design window. In addition to easing
the process of fluidics cart configuration, the visual representationwill changein
responseto executed script instructions. Consequently, during asample delivery
the operator can monitor the status of the process by observing the various
component statesin the design window.

In addition to these foundational changes, I nstrument Development Laboratory
staff also developed a more consistent method for initiating a Bruker Mass
Spectrometer acquisition. The Bruker acquisition software, XMass, often failed
to start correctly at the outset of asamplerun; thiswould resultin the loss

of the pending sampleand often prevented the liquid chromatography/mass
spectrometry samplequeuefrom progressingfurther. The updated software
continually restarts XMass until it hasinitialized correctly, then proceeds

with theacquisition. A number of other usability enhancements were al'so
added, including the ability to save sample queuesfor future use, the option to
enable the usable columnsfor each sample run, and a consistent error handling
mechanism, among others. Over time, various errors are discovered and
addressed, and this has resulted in asubstantial decreasein the error rate.

Instrument Development L aboratory staff have devoted considerable effort to
produce an enhanced application that is consistent, easily configurable, and

able to manage any reasonable configuration and sample delivery process that
researcherscan envision. With these updates to the liquid chromatography/mass
spectrometry software, EM SL proteomicsresearchershave been provided the
tools necessary to increasetheir efficiency and maximize sample throughput.

Figure4-124. Theliquid

chromatography/mass spectrometry

fluidics design window.
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Confocal Microscope with FPGA Processing

M S Resat,® JC Solinsky,®@ HS Wiley,® KA Perrine,® DF Hopkins,® and
TA Seim®

(a) Pacific Northwest National Laboratory, Richland, Washington

(b) W.R. Wiley Environmental Molecular Sciences L aboratory, Richland,
Washington

EMSL’s high-speed confocal microscope can simultaneously acquire two color
images at speeds up to 30 frames per second, providing the capability to perform
near-real -timefluorescent resonanceenergy transfer and ratiometric analysis

of confocal images. Confocal capabilitiesare necessary for three-dimension
reconstruction and correlation of image diceswith identified signaling and
propagation chemistry, using observation of the fluorescenceoriginating from
spatially localized portions of cells. Such information isimportant not only for
adding to the existing knowledge base related to cellular signaling in general,
but it also provides primary data to critically test devel oping spatial models of
intercellular signaling.

The high-speed confocal microscopeis designed to simultaneously capture
output from two intensified charge-coupled diode cameras. Software provided
by the Instrument Development Laboratory controlslaser output from the
microscope viaan eight-channel acoustic-optictunable filter. "Thiscustom
software also controls the XY axis of the microscope using a high-resolution
Ludl stage, and controlsthe Z-axis using a PT piezo focusdrive. Images
from the two cameras are acquired synchronously and merged using a software
package developed at PNNL . To maximize the flexibility of the control
software, this software package uses a text-based script engine that exposesthe
functionality of all hardware componentsof the system, allowing the operating
scientist to build or customize ad soc experiments.

Thefundamental software/hardware infrastructure needed to conduct real-time
fluorescent resonance energy transfer includestwo cameras that are matched and
aligned to the pixel level so that alternate frames are acquired using aternate
excitation wavelengths, and also the ability to capture imagesfrom both cameras
simultaneously. "The capability to match and fuse two imagesin real timeis
being devel oped using afield-programmablegate array as a reconfigurable
processor. Additional manipulations include averaging of multipleimages,
co-adding imagesto create 16-bit pseudo-color images, and achieving aratio of
differentimages, with a correct registration of pixels.
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A Control System for an Inexpensive and
Configurable lon Trap Mass Spectrometer

DF Hopkins,® M L Alexander,® K Swanson,® and M A Buschbach®

(& W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

(b) Pecific Northwest National Laboratory, Richland, Washington

"This projectinvolved the development of an ion trap mass spectrometer that is
both inexpensive and flexible, opening up the applicationof ion trap technology
to a number of research areas. The primary thrust of this effort was to develop
abasic hardware and software platform for ion trap mass spectrometry that will
alow the construction and deployment of systemswith capabilitiestailored to
the specific needs of avariety of scientific applications, with emphasison the use
of chemical ionization techniquesto addressthe need for highly sensitiveand
specific measurementsas well as analytical needs dictated by research areas such
as atmosphericchemistry, catalysis, materials science, biology, and inhalation
toxicology.

Thision trap mass spectrometry platform can be used to develop and deploy
systemsfor critical applications such as chemical weapons detection and nuclear
proliferation monitoring. Although commercial systems are available, their
hardware and software are tailored for specific needs and are not easily modified.
Additionally, the cost of commercial systems ($20K for the new ion trap mass
spectrometry platform versus $60K to $200K for acommercia system) places
them beyond the means of many academic researchers, particularly at smaller
institutions. Thus, we have created a platform using inexpensive, commercially
available computers, data acquisition systems, and control equipment combined
with open source softwarefor instrument control, data acquisition, and anaysis.
As such, the software can be readily tailored to specific applications, in contrast
to commercia systems.

The hardware and software developed as part of this project enhance and extend
the capabilities of two instruments used within EM SL : the proton transfer ion
trap mass spectrometer and the laser desorptionion trap mass spectrometer. The
control system includes some componentsspecific to the laser desorption ion trap
mass spectrometer. system for the analysis of single biologica and nonbiological
particles, asan illustration of one application. The remainder of the system can
be used by awide range of ion trap mass spectrometry applications.

The control and acquisition hardware consists of four National I nstruments
PCI boards that provide the signal generation, timing, and data acquisition for
the system. An optional component of the system is afield-programmablegate
array-based particlediscriminator. Developed in the Instrument Devel opment
Laboratory, this particle discriminator is used to trigger an ablation laser asa
particle passes through its beam. The control softwarewaswrittenin Visua
Basic 6.0 to take advantageof its Rapid Application Devel opment environment
and straightforward integration with the control hardware.

ENVIRONMENTAL MOLECULAR SCIENCES LABORATORY
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The system described here was showcased at National Instruments NIWeek
2003 conference, whereit was afinalist in the Lab Automation/ Research and
Development category of the paper contest. |t was also featured on the cover of
Scientific Computingand | nstrumentationMagazine, April 2004.

Citation

Hopkins, DF, ML Alexander, K Swanson, and M A Buschbach. 2004. "Control
Sygem for an lon Trap Mass Spectrometer: Inexpensive and ConfigurablePlatform
Can be Tailored to Specific Applications.” Scientific Computing and Instrumentation
Magazine (April 2004), http:/Avww.scimag.corm.

SprayCool Project

T Seim,® K Regimbal,® M. Khaleel,® RS Studham,© and N D Tenney@

(8 W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

(b) Pacific Northwest National Laboratory, Richland, Washington

(c) Oak Ridge National Laboratory, Oak Ridge, Tennessee (formerly of
PNNL)

(d) Isothermal Systems Research, Spokane, Washington

Researchers from EM SL, PNNL, and Isothermal Systems Research are
collaborating on the design and evaluation of a novel cooling technology—
SprayCool (patented by the latter company) — ona portion of PNNL's
supercomputer. This evaluation will be conducted to measure improvements
in computational speed and system reliability through this improved
equipment cooling.

Heat generation is one of the most critical limitations in high-performance
computing, and electronicsin general. Electronic circuits consume power and,
hence, generate heat, in direct proportion to their clock speed. With clock
speeds now well into the gigahertz range, performanceis often limited not by
semiconductor technology, but instead by how much heat can be removed. |f the
heat is not adequately removed, the circuit will be destroyed. This is analogous
to an automobileengine that overheats under load and thus must slow down

to avoid being permanently damaged. Next-generation microprocessorshave
potential power dissipation of morethan 100 watts, well beyond the capacity
of current air cooling technologies. Thislimitation is resolved by slowing the
microprocessor, which in effect reducesits computing capacity, thus impacting
the effectivecomputational rate of PNNL's supercomputer.

SprayCool technology addressesthis problem by replacing the typical cooling
medium (movingair) with afluorinert (3M™) liquid that is sprayed directly in a
finely atomized stream on the component being cooled. Theliquid isvaporized
on contact, and the heat of vaporization is supplied by the component, effectively
coolingit. Thevapor is removed from the cooling apparatus and sent to a heat



S
-

exchanger outside of the equipment cabinet. The heat exchanger cools the vapor,
returning it to liquid form for reuse. The system is compl etely closed-1ooped,
with noneof the coolingliquid vented to the atmosphere. The SprayCool
technology can potentially remove 500 times the heat of conventional forced air
cooling methods.

Quantifying Peptide Abundance Ratios

M Goshe®
(&) North Carolina State University, Raleigh, North Carolina

Regulation of protein expression and modul ation of post-trandational

Figure 4-125. Complex datasets

modificationsare biochemical processesthat arevital to cellular function. were searched for isotopic
Phosphorylation and glycosylation are two of the moreimportant post- pairs and inspected using
translational modificationsin eukaryotic cells because they areinvolved in many software developed by staff of

the Instrument Development

cell signaling cascades and pathways. Laboratory.

This research focuses on analysis of yeast sample datasets to identify the changes
occurring in protein abundanceand the phosphorylation/glycosylation states

of the detected proteins. Various methods using stable isotope |abeling have
been reported to examineglobal protein expressionlevels, but few have the
ability to quantify and monitor post-trandl ational modifications. A combination
of metabolic labeling using ¥N/15N isotopically enriched mediaand the
phosphoprotei nisotope-coded affinity tag approach using liquid chromatography
MS/MS has been devel oped to identify and quantify phosphorylationand
glycosylation for global proteomicstudies.

Protein-identificationand abundance-change analyseswere performed using
I nstrument Devel opment L aboratory-designedsoftware (ICR-2L S and
LaV2DG) (seethevisualizationexamplein Figure 4-125).

Datasets originating from previous collaborationswith the primary researcher
were stored in the Proteomics Research Information and Management System.
Dataset complexity and size required automated proceduresfor rapid processing
and toolsfor inspecting and visualizing results. Original algorithmswere
developed and implementedin order to assist with data interpretation. Results of
the analysesare expected to be published with contributorsfrom the I nstrument
Development Laboratory listed as co-authors.
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Digital Signal Processing with Field- _
Programmable Gate Arrays -
TA Seim,® M A Buschbach,® and EY Choi® -
(& W.R. Wiley Environmental Molecular Sciences L aboratory, Richland, ==
Washington -
Veay large-scaedigital circuitscalled field-programmable gate arrays (FPGA'S) are -
being used to perform real-timesignal processing of ultrasonic signals produced by =
chemical reactions.
ke Thesearrays makeit possible to move computations g
Generator Otghal Aneiog that were previoudy generated by computersdown to i
Fived-gain Varlable-gain Comvartal the transducer level. The advantageof this approach
Ampiar hapiie is greatly accelerated signal processing, which means =
Ul faster analysisof ultrasonic phenomenawith higher -
Taaucy Fied precision and significantlylower measurement noise.
Progiamirable Personal -
een —1 C" wm [ 17| Photoacoustic spectroscopy is anew area of chemical
Adduoral 3 ol FPGA) analysisthat offersthe selectivity of absorbance -
nnels i og-Digital S
— Converter spectroscopy at nearly the same sensitivity of [
e o refl ectance spectroscopy. With this technique, the
analyte isexposed to an intense pulse of noncoherent -
Figure 4-126. Block diagram whitelight. Theinjection of this optical energy triggers achemical reaction that
A e yieldsan ultrasonic emission as a byproduct. An ultrasonic transducer is used to -
analysis system based on FGPA detect thisemission. =
technology.
Thefrequenciesof ultrasonic signalscan extend into the megahertz range, which -
requiresdigitizing rates of up to 10 times thosefrequencies. Computers have
difficulty just transferringdata at those rates, let alone performingany meaningful —
processing of the data. \s
FPGA s have two highly desirabletraits; they have avery large logic density,
containing up to 10-million logic gates, and they are field programmable. Thevery ™
largelogic density gives them the complexity to perform involved signal processing (-
taskssuch as digital filteringand pattern recognition. Field programmability
permitsthisfunctionality to be rapidly and cost effectively applied to adiverse -
range of applications. Thedetection of very weak ultrasonic signalsrequiresthe e
] repeated co-addingof many waveforms to increase the signal-to-noiseratio. An
= FPGA hasinternal random access memory that is used to store the co-added -
'g waveforms of each of its 16 transducers. Internal logic controlsthe number of
; samples per waveform, the sampling rate, and the number waveforms to co-add. -
'§ A novd sdf-cdibration feature alows the coupling coefficient between -
g the transducer and the medium to be measured for accurate quantitative -
¢ measurements. When operated, the transducer is pulsed to turn it into asound
8 emitter or transmitter. When the pulseis stopped, the transducer becomesa -
E receiver. Theemitted sound pulse reflectsoff the samplewell and is detected
c by the same transducer that produced it. The pulse magnitudeis a measure of -
the degree of acoustic coupling between the transducer and the sample, thereby -
alowing system calibration.
-
Ll
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'The instrumentation packageincludesfor each of its 16 transducers, in addition
to the FPGA, an electronic pulse generator, afixed-gain analog amplifier, a
variable-gainamplifier, an analog multiplexer, and a high-speed (10-MHz)
analog-digital converter. The FPGA communicateswith a personal computer
through the computer's printer port. Thecomputer write capability to FPGA
registersto control all aspects of data acquisition. A block diagram of the data-
collection and analysissystem isshown in Figure 4-126. A commercial FPGA
development board was used as the foundationfor thisdesign. The application-

specificinterfacee ectronicswere developed on acustom electronicscard that plugs

into the devel opment system, as shown in Figure 4-127. 'This design allowed rapid
prototyping of theinitial system.

Proteomics Research Information Storage
and Management System

GA Anderson,® GR Kiebel,® KJ Auberry,® D Clark,® M E Powers,® and
N Tolic®

(& W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

(b) Pacific Northwest National Laboratory, Richland, Washington

The Instrument Devel opment L aboratory overseesand manages the Proteomics
Research Information Storageand Management (PRISM) System, an essential
part of the laboratory facility that is being used for proteomicsresearchon a
number of different organisms. "Thissystem manages the very large amounts of
information that the facility generates and the data processingthat it requires

by collecting mass spectradata files directly from multiple mass spectrometers,
managing the storage and tracking of these data files, and automating their
processinginto both intermediate resultsand final products. It also collectsand
mai ntains information about the biological samplesused i n research experiments
and thelaboratory protocolsand procedures used to prepare them. Finaly, this
system alows usersto readily locate and examine theinformation that it contains,
and alowsother information systems to access appropriate portions of it.

Aerosol Sampler Controller

TA Seim,® M E Conley®

(& W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

The aerosol sampler is aself-contained portabl einstrument that acquiressamplesof

airborne particles. The heart of the sampler isadisk with 561 collectiongrids that
capture the aerosol particles. Sampleacquisitionisfully programmable, including
start time, sampletime, sample mode and the number of samples.

ENVIRONMENTAL MOLECULAR SCIENCES LABORATORY

Figure 4-127. Commercially
available FPGA development
board with custom engineered
application-specificinterface.
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The aerosol sampler controller is an embedded microprocessor from Rabbit
Semiconductor. ‘This microprocessor, together with a custom-designed interface
printed circuit board, provides motion and pump control of the rotational
sampler assembly. A n analog-to-digital converter monitors air mass flow.
Motion control uses a12-volt DC motor with an effective gear ratio of 17340:1.
Rotational position is monitored with an incremental optical encoder. A
Compaq Personal Digital Assistant (PAQ) implements the operator interface.
The controller initializes and receives data from a particle size counter through a
serial RS-232 interface.

Sensor System for Monitoring Tc-99
In Groundwater

TA Seim,® GA Anderson,® DC Prior,® M E Conley,® T Harper,® and
M A Buschbach@

(@ W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

With the new underground storage site for spent reactor fuel in Nevada, thereis
agreat deal of concern for radioactiveleakageinto the groundwater. |n order to
monitor the amount of technetium-99 in the groundwater around the base of the
mountain, a probe must be developed that would samplethe groundwater and
return the resultsto the surface.

Size requirementsstated that the probewould be able to fit down a4-inch-
diameter well, which greatly limited the size of the hardware components that

could be used. There are multiple pieces of hardware associatedwith this project.

Each has a specificfunction within the process of sampling the groundwater.

M ost of the hardware that specifically dealswith the sampling is concealed
within a3.5-foot by 4-inch Delron capsule. Within the capsulethere arethree
photomultipliers; aflow cell; a Rabbit 3000 embedded processor with Ethernet
on acustom fabricated board, which containsadigital to analog converter for
high voltage control aswell as acomplex programmablelogic device for counting
light pulses from the photomultiplier tubes; two amplifier/discriminator boards;
ahigh-voltage controller board; and all interconnect wiring. Outside of the
probe capsule are the 15- and 24-volt power supplies that are mounted in a box
along with a Sapphire stepper pump and its controller board. Thereisasoa
wireless modem that will be used for hardware control from adumb terminal as
well as transmitting data. Becausewe are using a Rabbit 3000 as the processor
for this project, al the codewas written in C using National Semiconductor's
Dynamic C editor and compiler.

"The software controls all hardware associated with the sampling of the ground
water. The applicationis broken down into separate tasks. Using the Dynamic
C's Micro OS-I1, we are able to assign prioritiesto each of the tasks by using the
operating system's pre-emptive multitasking features
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Computing and Networking Services

The primary mission of EMSL’s Computing and Networking Services Group

is to provide the infrastructure and computing serviceswithin EM SL for an
advanced computing environment that enables staff, visitors, and collaboratorsto
effectively use computer and network resourcesfor their scientific and business
requirements. | n supporting the growing business and research needs of EM SL
in the area of information sciences, this group secures global information

access to EM SL facilitiesby providing online remote access to both computing
resources and scientificequipment. A large portion of the efforts undertaken by
group staff involves providing customer support to EM SL researchers and offsite
users. For offsite users, staff provide secureinformation access and dissemination
among EM SL researchers and aglobal scientific user community.

Representative Activities

One of the primary roles of the Computing and Networking Services Group
isto provide computer support to all EM SL users and visitors, including
scientists, technicians, and support staff. Computing support includes computer
procurement assistance, setup, delivery, connection, upgradeinstallation,
and 24-hour computer emergency support. System administration services

' include configuration management, software upgrades, security standards,
account setup, and automated backup. Thisgroup is responsible for the design
and implementation of EMSL's computing infrastructure, software, and
Internet application development and support; conference room support; and
management of computer maintenance contracts.

Staff within the Computing and Networking Services Group are responsible for
| avariety of tasks related to EMSL’s computing infrastructure, including:

* security

* remote access

* configuration control

* desktop computing

* scientific computing

e compute clusters

* wireless and wired network

* infrastructure design and upgrade

* web hosting and services

* software application devel opment and deployment

* auditorium and conferenceroom support
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1
* scientific user accountsand access control )
« distributed file services and data management -
- distributed service applications h
» file and source code version control services ~
* database services
* personal digital assistants -~
* wirelessdevices. -
Capabilities "
* Design, install, configure, and maintain Windows, Macintosh, and Unix/ -
Linux hardware and software =
* Manage office, laboratory, workgroup, and clustered configurations =
* Maintain network system architectures -
* Develop security and remote access methodologies -
* Develop and manage distributed file systems o
* Manage audio/visual hardware and software -
* Develop software applications. o
Upgrades .
EMSL Endave iy
T o encourage open access while protecting PNNL from computational o
vulnerabilities, EM SL and PNNL implemented the" EMSL Enclave —a series =
of firewalsthat “compartmentalize” EMSL's computer network from that of
PNNL's and the open internet. -
"The enclaveimplementation provides the foundation for easier accessto EM SL A
by creating the framework for differentiating EM SL's computer security -
requirementsfrom PNNL’s. The 2004 implementation of the EM SL Enclave
was the result of athree-year effort involving multidisciplinary teams of staff —
from both EM SL and PNNL. Continued improvementsto the architecture are ]
planned in 2005.
Collaboration Enclave
The existing EM SL network is not positioned to use greater network bandwidth
when it becomes available. 1n 2004, this project was started as afirst step =
in enabling EM SL to use existing and future network bandwidth, acritical -
component for improving EM SL's collaboration and data-sharing capabilities.
The increased bandwidth will be achieved by providing a high-performance -
collaborative network environment where a central firewall complex is not the |
main bandwidth-limiting factor to EM SL's connection with remote peers. o
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PNNL hasshown agreat deal of interest in the successof this project, and
is providing funding in 2005 to take the Collaboration Enclavefrom an
exploratory project to a production network.

Sygate Security Agent

In 2005, Sygate's Security Agent softwareisbeinginstalled on all EM SL
Windows desktop computers. The software provideskey security features
that detect malicious network attacks and protect the system from revealing
information about itself. If rollout of this softwareto EM SL systemsis
successful, then the softwarewill beinstalled on al PNNL systems aswell.

Computing and Networking Services Staff

LindaM. Connell
Technica Lead

(509) 376-2375
linda.connell @pnl.gov

Scott W. Campbell

IT Specialist

(509) 376-2952
scott.campbel | @pnl.gov

Timothy S. Carlson
Senior Research Scientist
(509) 376-3423
timothy.carlson@pnl.gov

Boyd L. Champion

IT Specialist

(509) 376-2287
boyd.champion@pnl.gov

PatriciaM . (Shelly) Fangman
Research Scientist

(509) 376-5382
shelly@pnl.gov

Phillip P. Gackle

Senior Research Scientist
(509) 375-2130
philip.gackle@pnl.gov

Dan N. Hagedorn
Senior Research Scientist
(509) 376-8206
dan.hagedorn@pnl.gov

TimJ. Lawson

Research Scientist
(509) 376-2137

timothy.lawson@pnl.gov

Jeffrey Larsen

I'T Specialist

(509) 376-1729
jeKlarsen@pnl.gov

"ThomasJ. Mathieu

User Support Coordinator
Senior Research Scientist
(509) 376-9711
thomas.mathieu@pnl.gov

NicholasA. Nanni
Technician

(509) 376-1714
nick.nanni @pnl.gov

DouglasJ. Nordwall
Senior Research Scientist

(509) 376-4308
doug@pnl.gov

Shaun T. O’Leary
Senior Research Scientist

(509) 376-3505
shaun@pnl.gov

Andrew E. Rakowski

Senior Research Scientist
(509) 375-2238

landrew@pnl.gov
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Cheryl A. Hartwell

I'T Specialist

(509) 376-2327
cheryl.hartwell @pnl.gov

Zoe C. Johns
Research Scientist

(509) 376-2038
zoe.johns@pnl.gov

Bryce P. Kaspar

| T Specidist

(509) 376-3949

bryce kaspar@pnl.gov

Key Staff

Michael S. Russcher

| T Specialist

(509) 376-0300
Mike.Russcher@pnl.gov

Aaron|. Thronas
Research Scientist
(509) 376-1170
aaron.thronas@pnl.gov

Tyson A. Tucker
Research Scientist
(509) 372-6766
tyson@pnl.gov

Ralph S. Wescott

Senior Research Scientist
(509)372-6901

ral ph.wescott@pnl.gov

Key staff, in addition to thoselisted above, include Gerald A. Funnel1and

BruceJ. Herrin.
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41.9
User Services and Outreach

"The User Servicesand Outreach Group promotes awareness of EM SL, leading
toitsincreased usage and impact to science, and facilitates and documentsthis
usagefor the national user facility and its sponsors.

Representative Activities

"The User Servicesand Outreach Group plans, develops, and coordinates
implementation of EMSLs outreach strategy to promote the awareness,
reputation, and use of EM SL as a national user facility. ‘'lhe group is one of the
primary points of contact for PNNL and external mediarequestsfor general
information. Outreach activities, which are undertaken to increaselocal,
regional, and national awareness of the capabilities and accomplishments at
EMSL, include:

* organizing the EM SL User Meeting and workshops

* providing tours of EM SL

* promoting the facility through local and offsite events

* creating print media, such as brochures, newd etters, posters, fliers, and photos

* developing and maintaining €l ectronic mediaand websites.

Capabilities

'Ihe User Servicesand Outreach Group provides support servicesto facilitate
and promote the effective use of EM SL resources by staff and users. 1t oversees
those systemsthat enable users to submit proposalsfor research and staff to track
the users proposals, and aso provides reportsto PNNL, DOE, and federal and
state regulatorsto document the successof EM SL as a national user facility.
Activitiesinclude:

* coordinating production of the EM SL annual and monthly reports
* providing training for the EM SL User System
* providing access control for the facility

distributing proximity cards, computer passwords, and IDs to staff and users.

Future Direction

Thisyear, the User Servicesand Outreach Group will focused on building
awareness of EM SL research capabilities and expertise. Examplesof future
activitiesinclude:

* identifying and establishing relationshipswith potential strategic users
* providingoutreach to regional institutions to increase advocacy for the facility

ENVIRONMENTAL MOLECULAR SCIENCES LABORATORY

The User Services and Outreach

Group is responsible for a
variety of EMSL-related activities,
including providing tours and
developing products to advertise
the user facility's achievements
and capabilities.
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* reporting research accomplishments and productsto sponsors.

‘ * attending national meetings

\ User Services and Outreach Staff
|
|

€13 ¢t

JuliaC. White Amy R. Selch
Technical Lead Administrative Assistant
(509) 376-1369 (509) 376-4452
juliawhite@pnl.gov amy.selch@pnl.gov a
JessicaM. Foreman PamelaK. Stevens
Administrative Secretary Administrative Assistant a
(509) 376-3412 (509 372-2567
jessicaforeman@pnl.gov pam.stevens@pnl.gov
Gailann Thomas-Black
Senior Administrative Assistant

(509) 376-4366
gailann.thomas-black@pnl.gov

Recent Outreach Activities Sponsored by EMSL

I n addition to participation in outreach activities, EM SL staff membersinitiate
and sponsor various outreach events, many that pertain to education. Onsite
activitiesrange from small, one-day training sessionsfor undergraduates to
12-week sessions providing graduate-level lectures and hands-on experience
with EM SL capabilities. Education outreach extends beyond EM SL wallsas
well. For example, this last year saw the first-ever adoption of EM SL -created
science software by a university department for instruction in graduate courses.

) oW =9 e .

More discussion on EM SL user outreach is provided in Section 5, EM SL user
Outreach and Administration.

Eastern Oregon University Students Learn Chemical Shifts

In March 2003, Anna Cavinato of Eastern Oregon Universityin La Grande,
and four undergraduate students (Richard Champion, BinaHall, Dean Kuenzi,
and AliciaMcRoberts) visited for aone-day hands-on classto learn how to
assign chemical shifts of several dipeptides using one-dimensional and two-
dimensional NM R on a500-MHz NM R system in the High-Field Magnetic
Resonance Facility. The students |earned basi ¢ spectrometer operation skillsand
were given a perspective of how NM R is used to determine critical structural
information of larger biomolecules. 'Thisclasswas taught by EM SL scientists
David Hoyt and Joseph Ford, with additional instruction by PNN L postdoctoral
fellow John Bagu and visiting EM SL user Peter Brzovic (University of
Washington, Seattle). A graphics presentationwas also given by EM SL scientist
Erich Vorpage of the Molecular Science Computing Facility.
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The hands-on experiencefilled agap in the Eastern Oregon University
curriculum, which offered a course entitled " Instrumental Analysis L aboratory™
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but had no accessto NM R instrumentation. The Eastern Oregon University
Chemistry and Biochemistry Department is currently in the process of acquiring
a400-MHz NM R spectrometer. Installation and operation of this new
instrument will in many ways be enabled by their experienceat EM SL, both as
students and as users.

EMSL Software Deployed for First-Ever Educational Use

For the first time, EMSL’s Ecce softwareis being formally used in a classroom
setting by an institution for educational purposes.

Matthew Asplund, Assistant Professor of Chemistry at Brigham Young
University, persuaded the faculty of the Chemistry Department to forego
their current chemistry software and implement Ecce—a problem-solving
environment for computational chemistry —in their physical chemistry lab
classes. About 100 chemistry and biochemistry magjors benefited from the

; . , Studentsin the three-week
use of Ecceduring the fall and winter semesters. Ecce dlows Asplund’s course on Fabrication

students to leverage the university's large supercomputer to perform higher- and Characterization of

Nanomaterials, held at EMSL in

leve calculationsthan with their previous software—and the software's user
January 2005.

friendliness and no cost served as added driversfor incorporating Ecceinto
Brigham Young's curriculum.

Ecce provides a sophisticated graphical user interface, scientific visualization
tools, and the underlying data management framework that enable scientiststo
efficiently set up calculationsand store, retrieve, and analyze data produced by
computational chemistry studies. The software has been downloaded by more
than 400 sites with multiple users at each site.

| ntensive Courses | ntroduce Studentsto Nanosdence, Nanotechnology, and
EMSL Resources

Two intensive nanosciencecourses, devel oped with partial support from a
National Science Foundation program through the University of Washington,
have been offered at PNNL. A two-week course, Nanodusters, Nanomaterials,
and Nanotechnologies, was given in May 2003 and 2004 and is scheduled for
2005. A three-week course, Fabricationand Characterization 6 ‘Nanomaterials,
was given inJanuary 2004 and 2005.

These courses, designed mostly for high-level undergraduate or beginning
graduate students, involve both traditional classroom lecturesand small project
activities that provide students with hands-on introduction to severa EM SL
capabilities. The coursesare coordinated by Fumio Ohuchi, University of
Washington in Seattle, Lai Sheng Wang, Washington State University in the
Tri-Cities, and Don Baer, PNNL. These courses provide a number of benefits:

* Reflecting current research paradigms, these coursesare multidisciplinary
and multi-institutional, offering students from avariety of backgrounds
insight into how different disciplines contribute to new developmentsin
nanoscienceand nanotechnology.
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* Subj ect experts introduce students to the topics and areas of current research.
Course lecturersincludeleading researchersfrom PNNL aswell asfrom
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Six of the 2004 Summer Research
Institute participants.
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the University of 1daho, University of Washington, and Washington State
University. Special lectures have been given by faculty from Stanford
University and the University of Alaska.

* Project activitiesare designed so that students receiveintroductionsto many
areasin nanotechnology. Most projectsare small and question driven.
Published papersand proposalsfor new externally funded collaborative
research have evolved from these projects.

* | n addition to the educational valuefor students, the interaction among
students, faculty, and staff provide many formal and informal opportunities
to share and develop collaborativeresearchinterests.

"The project activities provide relatively in-depth training on severa different

EM SL capahilities, especially in surface fabrication and characterization
methodol ogies(e.g., molecular beam epitaxy, ion accelerator studies, Auger
electron spectroscopy, XPS, and HRTEM). Morethan 30 PNNL staff
members (most of who work in EM SL) and university faculty areinvolved in the
course.

Approximately 65 students from Alaska, California, Florida, Missouri, South
Carolina, and South Dakota—as well as Idaho, Oregon, and Washington— have
attended the four coursesat PNNL.

Summer Research I nstitute in Interfacial and Condensed Phase
Chemical Physics

PNNL, alongwith DOE, identified a DOE Office of Basic Energy Science
Mission Stretch Goal: "To establish PNNL in anational leadership rolein the
area of theoretical and experimental condensed phase and interfacial chemical
physics research.” Part of achieving this goal was to establish the Summer
Research Institute in Interfacial and Condensed Phase Chemical Physicsin
2004. Steve Barlow, of EMSLs Chemistry and Physics of Complex Systems
Facility team, is Director of the Institute.

The Summer Research Institute providesaccessto highly qualified staff and state-
of-the-art research facilitiesat EM SL. Research and mentoring tailored to each
participant was designed to help educate young scientists to meet the demanding
multidisciplinary challengesof the future science research environment.

"The Summer Research Institute is an advanced program that focuses on
graduate students, postdoctoral staff, university faculty, and students entering
graduate school. Projectsare structured to maximize the participant's training
and experiencewith advanced theoretical and experimental techniques. The
Institute's goal is to bring outstanding young scientiststo PN N L for a10-week
summer research and training experiencein condensed phase chemical physics.
"Thisalso provides an opportunity to establish long-term collaborationswith the
participants or their supervisors at their homeinstitutions. Each participant
works closaly with aPNNL research mentor.

The I nstitute is advertised through brochures, the Summer Research Institute
webpage (http://www.pnl.gov/si/), university contacts, EM SL users, and
PNNDLs Officeof Fellowship Programs. Participants with awide range of
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backgroundsare considered, including thosein chemistry, physics, materials
science, and related biol ogical sciences.

L ast year, approximately 25 candidatesapplied. Each was evaluated based on
their application, letters of recommendation, proposed research, and resume. ‘I he
applicantand aPNNL research host jointly created a summer research project
proposal, acritical part of the selection process. The summer research either
becamea part of alarger, existing program or it became a new collaborativeeffort
between PNNL staff and faculty at the participant's home institution.

Ultimately, 14 PN NL scientistshosted 16 young scientists from 11 universities.
Of the participants, 14 were graduate students, one was transitioning to graduate
school, and one was a university faculty member. 'l hese participants worked
alongside scientistson research projects ranging from * Soft-Landing of Peptide
lons onto Self-Assembled Monolayer Surfaces' to "' Chemical Characterization of
Phosphorous Containing Soot Particles.” The second year of the Institute begins
in summer 2005.

ENVIRONMENTAL MOLECULAR SCIENCES LABORATORY
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4.2
EMSL Crosscutting Highlights

=

M any scientificchallenges addressed by research at EM SL involve use of -
multidisciplinary experts and approaches. One of EMSL’s missionsisto bring
theoreticians with expertise in computer modeling of molecular processes
together with experimentalists from the chemical, physical, and life sciences.
While many of EMSL’s user projects use resources required for the project
within one of EMSL's six research facilities, several current and past research
projects have benefited by use of resourcesfrom two or more facilities. As

EM SL movestoward the future, it isthe desire of the user facility to take full
advantage of its problem-solvingenvironment by soliciting user research projects
that " cross-cut” EM SL resources. 'This section providessix examples of research
projectsat EM SL where resources were used from multiple facilities. These
projectsinvolved:

* NM R experiments and associated theoretical calculations for uranium and
technetium compounds, which are critical to the development of remediation .
technologies

* characterization of gold clusters (Auzo) using XPS and abinitio calculations;
these materials may have unusual catalytic properties and potential usein
nanoel ectronics applications

* Examination of phosphorous containing soot particles collected from engine
exhaust using avariety of spectroscopiesand microscopies; this research
may lead to an increased understanding of engine characteristics, additive
chemistry, catalyst poisoning, and potential environmental effects

* Identification of a mineral never observed before as part of bacterial activity;
this research has implicationsin elucidating the biogeochemical cycle of
microbe-mineral interactions and enabling of bioremediation processes

* Synthesis of ceramic materials, nanomaterials, and composites and
identification of their unique properties (e.g., extreme mechanical properties)
using avariety of resources, including NMR, XRD, and TEM -

* Studies of the chemistry and physicsof sea salt particles, which affect health —
and climate.

'The following research highlights provide more detail and illustrate how multiple
facilitiesat EM SL are used to support critical research.
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Reliable Electronic Structure Calculations
for Heavy Element Chemistry: Molecules
Containing Actinides, Lanthanides, and
Transition Metals

WA deJong® and H Cho®

@ W .R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

(b) Pacific Northwest National Laboratory, Richland, Washington

Inwork by Cho et a. 2004, the temperature and isotope dependenciesof the
technetium-99 chemical shift were examined. Temperature dependenciesare
aresult of the changesin vibrational motion of the molecular structure. The
property and potential energy surfaces need to be cal culated to determine the
effect of thevibrational (and rotational) motion on the molecular properties and
structure in solution at afinite temperature and for variousisotopes. The results
for the temperature dependencein pertechnetate are shown in Figure 4-128.

The calculated results show the correct trends but slightly underestimate the
dependencies. This is caused by the dynamics of the molecular environment,
and some rough calculationsconfirm this. Theisotope dependencieswere found
to bein very close agreement with experimental data. Similar calculations
were performed for the technetium-oxygen indirect spin-spin coupling vaues.
The temperature dependence is much smaller, but calculationsmatch very well
with experimental data. The isotope dependenceistoo small to be measured,
but it can be calculated. Thisisotope dependence and the combined isotope-
temperature dependence have been calculated as predictionsfor future, more
accurate NM R measurements.

I n addition to the pertechnetate, the electricfield gradient and the chemical shift
tensor of the uranium-bonded 17O (oxygen directly bonded to uranium) have
been calculated for the experimental crystal structures of rutherfordine, a uranyl
carbonate structure. The calculated N M R property tensorsfor 17O in uranyl
carbonate systems predicted alarge chemical shift anisotropy of around 1500
ppm. This anisotropy will dominate the shape of the NM R spectrum of the 170
N M R signal in uranyl carbonate crystalsand produce avery broad NM R signal
of around 1600 ppm. The predicted broad signal suggeststhat experimental
measurement of 17O in uranyl compounds requiresalong sampling time at

EMSLs High-Field Magnetic Resonance Facility to perform experimentson
rutherfordine. The experimentally obtai ned spectrum is shown in Figure 4-129.

This figure also containsthe spectrum generated from calcul ated results. For these

calculations the molecular structurein the left top portion of Figure 4-129was
used. Thereis aready a reasonable agreement between theory and experiment,

ENVIRONMENTAL MOLECULAR SCIENCESLABORATORY
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Figure 4-128. Theoretical versus
experimental NMR shielding
temperature dependence in
pertechnetate of the technetium-
99 chemical shift.
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Figure 4-129. (Top, right)
Rutherfordine, a uranyl carbonate
structure. (Bottom) NMR
spectrum of rutherfordine: theory
versus experiment.
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although some featuresare missing. To account for those features, thelocal
environment around the central uranyl molecule needsto be accountedforina
more extensive manner. During the course of the project, cal culationswere started
using acrystal structure model. Thissubstantial calculationwith 187 atoms
(including17 uranium atoms) is atrue grand challenge calculation that will be
continued next year.

Citation
x Cho H, WA deJong, BK McNamara, BM Rgpko, and | E Burgeson. 2004.
e "Temperatureand | sotope Substitution Effects on the Structure and NMR the
Pertechnetatelon in Water." Journal of #he American Chemical Society 126(37):11583-11588.
\ Au,o: A Tetrahedral Cluster
Nonm X

JLi,® X Li, 9 HJ Zhai, 9 and LS Wang(®-)

(8 W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

(b) Pacific Northwest National Laboratory, Richland, Washington
(c) Washington State University Tri-Cities, Richland, Washington

Relative Electron Intansity

Small clusters often have different physical and chemical properties than their

1 2 3 i 5 ‘ bulk counterparts. Materials assembled from finite-sized clusters have been
intensively sought ever since the discovery of C¢. One of the criteriathat
Figure 4-130. Photoelectron must be met for f'acl gstgr to be _used asa potentia_l building block for cluster-
spectra of Auyg -: (a) at 355 nm assembled materialsisits chemical stability relativeto other reagents. A closed
(3\/-;‘96 %V():)(bz i‘ggﬁﬁ ”(”6‘[(1‘;?6%/ ) electron configuration with alarge energy gap between the highest occupied
ev),ana (c) a nm (o. ev). . f . a Rq
Note the large gap in (¢) between molecular or_bltal anq ‘Fhe lowest unoccuplgd m_oI ec_ular orbital is a prerequisite
X and A, indicating that Auzo is for the chemical stability of acluster. Besidesits high symmetry, the large
a closed shell molecule with a highest occupied molecular orbital - lowest unoccupied molecular orbital gap

large highest occupied molecular

T e of Ceo is responsiblefor its chemical inertness and its ability to assembleinto

molecular orbital gap. The inset molecular crystals.
shows the pyramidal structure . . . ) o
of Auap. In this research, we describe a highly stable Au;o cluster discovered by combining

photoel ectron spectroscopicexperiments and g4 initio calculations (Li et al.
2003). Photoelectron spectroscopy reveaed that Auzo has an extremely large
energy gap (Figure 4-131), even greater than that of Ceo, and an electron affinity
comparablewith that of Ceo. This observation suggests that the Auzg cluster
should be highly stable and chemically inert. Using relativistic density functional
calculations, we found that Auo possessesatetrahedral structure (inset in Figure
4-130), which is afragment of the face-centered cubic lattice of bulk gold with a
small structural relaxation. Auzg is thus aunique moleculewith asimilar atomic
packing as the bulk, but with very different properties.

Each of the four faces of Auz representsa (111) surface of fcc gold. It hasa
very high surface area (all the atoms are on the cluster surface), aswell asalarge
fraction of corner siteswith low coordination. The three different kinds of atoms
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in the Td structure-four at the apexes, four at the center of each face, and 12

~ along the edges-havedifferent coordination environmentsand may provideideal

- surface sites to bind different moleculesfor cataysis(e.g., CO, 02, and COy).

L Citation

- LiJ, X Li, HJ Zhai, and LSWang. 2003 “Au20: A Tetrahedral Clugter." Sience
299:864-867.

.

il Chemical Characterization of Phosphorous

n Containing Soot Particles

L

- Z. Yang,® A. Laskin,® B.G. Bunting,©J P. Cowin,® M.L. Engelhard,®
P.L. Gassman,® M. J. Iedema,® C. Wang,® H. Wang,®

-

(@ University of Delaware, Newark, Delaware

(b) W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
] Washington

(0) National Transportation Research Center, Oak Ridge National
Laboratory, Knoxville, Tennessee

=

- Zinc dialkyldithiophosphatewas used for more than 50 yearsin lubricating oil as

- antioxidant and antiwear additive. Engine oil can enter acombustionchamber
through many routes: oil film formed on the cylinder liners' surface, pushing up

- effect by movement of pistonsand rings, by blow-by gas, or from the valve guides

- and other components. Phosphorus had long been found to decrease the activity
of automotive catalysts, affect the performanceof oxygen sensors, and resultin a

= degradation of emission control.

- "Thisresearch examines the chemical propertiesof phosphorous containing soot,
which may link engine characteristics, additive chemistry, and catalyst poisoning

o aswell as environmental effects.

v

We collected soot samplesin the exhaust of the Engine Test Stand at Oak
Ridge National Laboratory at three different working conditions: varying
consumption rate of lube oil doped with zinc dialkyldithiophosphate, varying
- load with zinc dialkyldithiophosphate doping, and varying load without zinc
dialkyldithiophosphate doping. Here as a preliminary study, we focused on

. the study of soot in the series of varying load with zinc dialkyldithiophosphate

- doping. Thesampled was collected with Carbon Type-B TEM grid (Ted Pella,
Inc.) by atime-resolved aerosol collector developedat EMSL. SEM, TEM,

= CCSEM/EDX, XPS, and Fourier transform infrared spectroscopy were used

- characterize the phosphorouscontaining soot. The advantage of the sampling
techniquewith the TEM grid wasthat it fit with all of the above experimental

- techniques; more will be discussed later.

oo From the SEM images of soot samples of 2 percent, 29 percent, 57 percent,

- and 93 percent loads, a marked differenceis noted in the particle morphology.

-
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At 2 percent load, unburned oil may be collected on the substrate. With
increasing load, the morphology of soot particles changes from dispersive
distribution to more aggregate distribution. TEM images provided more
detail information about particles, showing that phosphorous containing soot
particles changes from amorphous form into crystallized form, as seenin the
images of particles of 2 percent and 93 percent loads.

With CCSEM/EDX, particle morphology changes can be quantified in aspect
ratio and size distribution, and particle composition can be examined. From the
CCSEM/EDX results, particle distribution iswider in the higher load case. In
theternary plots, the most evident change of particle compositionisthat the
sulfur content reduced drastically from 2 percent to 93 percent loads. X PS data
yield the chemical bond energy information of elements. From XPS results, the
chemical states of phosphorousand zinc changed from 2 percent to 93 percent
loads. Further experimental techniques such as mass spectroscopy are needed
to identify the compounds that phosphorousand zinc formed in soot particles at
different loads.

W e used Fourier transform infrared resonance spectroscopy to study the
hygroscopic properties of phosphorouscontaining soot particles. The sample
grid wasimaged by SEM before and after the spectroscopicstudy. By carefully
selecting the secondary aperture on the Fourier transform infrared resonance
microscopy, we were ableto study the samecell on the TEM grid that had been

imaged by SEM . The samplestage was kept at 23°C by atemperature controller.
A dew point generator was used to supply water vapor of given relative humidity.

Fourier transform infrared resonance spectroscopy resultsshowed that for

soot at different loads, there are marked differencesin the water absorption
spectrum when changing relative humidity and characteristic spectrum at zero
relative humidity. However, the fresh phosphorous containing soot is generally
hydrophobic.

The aging of phosphorous containing soot needs to be studied to understand
overall environmental impact, since fresh soot released into atmosphere will be
oxidized gradually during their lifetimein the air.

Ferrous Hydroxy Carbonate is a Stable
Transformation Product of
Biogenic Magnetite

RK Kukkadapu,® JM Zachara,® JK Fredrickson,® DW Kennedy,®
A C Dohnalkova,® and D E McCready®

(@ W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

(b) Pacific Northwest National Laboratory, Richland, Washington



Dissimilatory iron-reducing bacteria catalyzes the reduction of iron (I1I) to iron
(IT) in soils, sediments, and subsurfacesediments. A variety of biomineraliation
products result from the interaction of dissimilatory iron-reducing bacteriawith
iron (111)-oxides, including fine-grained magneite under specific conditions
(Kukkadapu et al. 2004). Although fine-grained magnetite is afrequently
observed |aboratory transformation product of iron (IIT) oxides by dissimilatory
iron-reducing bacteria, there are few reports of biogenic, fine-grained magnetite
in soils, sediments, and subsurface materialsthat have experiencedin sizu
dissimilatory iron reduction. 'lhe reasonsfor this absence in natural settings are
unknown. Perhaps magnetite is unstable under iron-reducing conditions because
of its small size or other properties resulting from biosynthesis.

Recently, we noted that theiron (II)/iron-total ratio of afine-grained biogenic
magnetite (approximately10 nm) produced by dissimilatory iron-reducing
bacteria (Kukkadapu et al. 2004) wasin excess (0.5to 0.6) of stoichiometric
magnetite (0.33). Iron (11)-excess magnetites or cation-excessmagnetite of
varying iron (II)/iron-total ratio (0.4 to 0.6) have been reported in the catalyst
research area. Combustion-excessmagnetites promoted complete reduction of
carbon dioxideto carbon. The high reactivity of cation-excessmagnetites for
oxidized carbon compounds compared to stoi chiometric magnetites, and its lack
of persistencein natural settingswhere bacterial reduction has occurred, may
result from its excessiron (II) or small particle size.

I n this study, we followed the stability of afinegrained biogenic cation-

excess magnetite in the presence of microbial oxidation products of |actate
(carbonate and acetate). Theinitially bioproduced cation-excessmagnetite
dowly transformed (partially) with aging to ferrous hydroxy carbonate observed
inTEM (Figure 4-131) and X RD (Figure 4-132). TheX RD peaksand
morphology (micron-sizeplaty crystallites mixed with cation-excess magnetite)
matched well with ferrous hydroxy carbonate (Erdos and Altorfer 1976).

Ferrous hydroxy carbonate grew at the expenseof cation-excess magnetite.
Approximately 50 percent of the cation-excess magnetite was transformed to
ferrous hydroxyl carbonate during a 22-month period. Consistent with X RD
and microscopy, adoublet due to an iron (IT) mineral phase was observedin

M ossbauer spectra (not shown). Reaction with carbonate and recrystallization
to eliminate iron (111), or to enrich in the residual cation-excess magnetite,
apparently led to the ferrous hydroxy carbonate structure. Combined M ossbauer
and chemical measurementsindicated ageneral decreasein theiron (IT)/iron-
total ratio of the residual cation-excess magnetite (to approximately 0.45)
during theinitial stagesof ferroushydroxy carbonate formation (21 to 28 days),
implying recrystallization of a portion of the cation-excess magnetite.

Our findings indicated that ferrous hydroxy carbonate can result from
remineralization of fine-grained, biogenic cation-excessmagnetite from
dissimilatory iron-reducing bacteria under anoxic conditions. 'l he apparent
susceptibility of fine-grained biogenic cation-excessmagnetite to transform

to ferrous hydroxy carbonate may explain why the former phaseis not more
commonly observedin the sediments that have experiencediron (I1I) reduction.
Whether biogenic cation-excessmagnetite instability is promoted by its small,
nanometer crystallite size or excessiron (II) remains undetermined: presumptive
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Figure 4-131. TEM image of

a 22-month sample showing
ferrous hydroxyl carbonate
(micron-sized plates) and ground
mass of magnetite.
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Figure 4-132. X-ray
diffractograms: Transformation
of cation-excess mapnetite

to ferrous hydroxy carbonate
with time. Magnetite peaks
are labeled by “o.” Diffraction
peaks for ferrous hydroxyl
carbonate are shown in red.
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evidence suggests that excessiron (II) isimportant. Cation-excess magnetites

are likely, however, to be unique products of topotactic magnetite formation ES
by dissimilatory iron-reducing bacteria. I n contrast, single-domain magnetite

crystallites resulting from magnetotactic bacteria are larger (approximately 50

nm) and stoichiometric in composition, and they appear more stable because they o
can persist for long periods as microfossils. The apparent instability of cation-

excess magnetite to ferrous hydroxyl carbonate has important implications for

magnetic stratigraphy, as our results show that a certain sequence of microbially

mediated reactions may rapidly transform fine-grained magnetite from

dissimilatory iron-reducing bacteria to anonmagnetic iron (II) compound.
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Synthesis and Properties of Ceramic
Materials and Nanomaterials/Composites ‘

L An,® SBurton,® JFord,® DE McCready,® and C Wang,®

(& University of Central Florida, Orlando, Florida

(b)W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

Dr. An's research group at the University of Central Floridaisinvolved in
mi crofabrication of ceramicsfor micro-electro-mechanical systems applications,
processing structure property relationships of ceramic materials, polymer-derived

ceramics, synthesis and properties of nanomaterials and composites, aswell as ks
the mechanical behavior of materials. Dr. An's research has benefited from the

use of multiple capabilitieswith the EMSL, includingNMR, TEM, and XRD. -
Summarized below are highlights of three of An's research projects.

Polymer-Ceramic Conversion of Liquid -
Polyaluminasilazanes for SiAICN Ceramics
I n contrast to traditional methodsfor the formation of ceramic precursors, -

An's group synthesized liquid-phased polyaluminasilazanesby reacting aliquid
polyureasilazanewith aluminum isopropoxide. This unique direct chemical-to-
ceramic route has recently attracted attention sinceit possesses many advantages -
over conventional powder-based ceramic processing. For example, many
unconventional structures, such asfibers, coatings, ceramic matrix composites
and ceramic-based micro-electro-mechanical systems, can be easily fabricated by

-
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this technique. The direct chemical-to-ceramic technique aso offersa unique
opportunity to manipulate compositions and structures of ceramicsat atomic/
nano levels through tail oring the chemistry of the precursors, thus, new materials
with chosen properties could be designed and synthesized. Amorphous SiCN
and SiBCN ceramics synthesized by this technique have shown unique thermal
stability, creep resistance, and tunabl e electric properties.

Professor An's recent visitsto EMSL’s High-Field Magnetic Resonance Facility
made use of a300-MHz NM R spectrometer to analyze the aluminum and

silicon coordination present within the materialsfollowing progressive processing
conditions. Results revealingthe structural evolution of polyaluminasilazanes
during pyrolysis showed that the polymer-ceramicconversion can be classified
into three stages: 1) cross-linking, 2) thermal decomposition, and 3) structural
rearrangement. M easurementsof the thermal mechanical propertiesinfluenced
by the ceramic structural alterations arein progressand a manuscript detailing the
above study has been submitted for publication (Dhamne 2005).

0.34nm
2R s tialed) o,

Carbon-Nanotube-Reinforced Polymer-derived Ceramic Composites

HRTEM was used to study the microstructure of carbon nanotube-reinforced

polymer-derivedceramic composites. The research focused on 1) determining if Figure 4-133. HRTEM image
the nanotubes can survivethe processing and 2) observing the interface between of carbon nanotubes within
the nanotubes and ceramic matrix polymer-derived ceramic matrix.

Theresults (An et al. 2004) have clearly demonstrated the survivability of the
nanotube through high-temperature processing and there is no chemical reaction
between the nanotubes and ceramic matrix (clear interfaces). Figure 4-133 shows
atypical HRTEM image of carbon nanotubes within the ceramic matrix.

Synthess, Characterization, and Optical Propértiés

I n thisstudy, Wang et al. 2005 reported the synthesis of pristine, silicon-,

and silicon/neodymium-doped Y AG nanopowders viacalcination of complex
compounds of aluminum and yttrium with triethanolamine. The effects of
doping and calcination temperature on phase composition, lattice parameter, and
crystallite sizewere studied with x-ray diffractometry and TEM. Wefound that
silicon and silicon/neodymium doping have significant effects on crystallization
and phase formation. The results showed that silicon doping can promote
formation of YAG phase, and that single-phasesilicon/neodymium:YAG can

be synthesized at temperatures aslow as 920°C. The emission and absorption
characteristics of nanocrystalline silicon/neodymium:YAG were also investigated.
Thesilicon/neodymium:YAG powder exhibited similar absorption behavior as
single-crystal neodymium:YAG. This work has potential use for applicationsin
high-power solid-statelasers.

Citations
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Reactions at Interfaces as a Source of
Sulfate Formation in Sea-Salt Particles

A Laskin,@ D Gaspar,(a) W Wang,(b) S Hunt,® J Cowin,©@ S Colson,© and
B Finlayson-Pitts®)

(& W.R. Wiley Environmental Molecular Sciences Laboratory, Richland,
Washington

(b) University of California, Irvine, California

(o) Pacific Northwest National Laboratory, Richland, Washington

Figure 4-134. Animage of NaOH

coating an NaCl particle obtained Understanding the formation of sulfate particles in the troposphereiscritical
using the environmental _ because of their health effectsand direct and indirect effectson radiative forcing,
scanning electron microscope in henceon climate. Laboratory studies of the chemical and physical changesin
EMSLs Chemistry and Physics of . . .

Complex Systems Facility. This NaCl, the major component of sea-salt particles, show that NaOH is generated
image was recently published in upon reaction of deliquesced NaCl particles with gas phase OH. Theincreasein
Science (Laskin et al. 2003). alkalinity will lead to an increase in the uptake and oxidation of SO2 to sulfatein

sea salt particles.

Atmospheric modelstypically overestimate the amount of SO2 and
underestimate the amount of sulfate near the Earth's surface. "The explanation
for this discrepancy may liein the chemistry of seasalt particlesthrown into the
atmosphere by wind and waves. Using particles of NaCl, researchers at PNNL
have demonstrated that salt can react with atmospheric hydroxyl radicals (formed
from the reaction of ozone, light, and water vapor) to produce NaOH, whichis
shown coating asalt particlein Figure 4-134.

The NaOH increasesthe pH of the salt particles, and the alkalinity in turn
promotes the oxidation of SO, by ozoneto yield sulfate. 1 n apublication of this
work (Laskin et al. 2003), the researchers noted, "' This chemistry is missing from
current models, but is consistent with a number of previously unexplained field
observations."
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4.3
EMSL Scientific Grand Challenges

At EMSL, groupsof users are focusing on important scientific challengesthat
requireasignificant fraction of EM SL resourcesfor considerableperiods of

time. Asaresult, Scientific Grand Challenges— coordinated, multi-investigator
research focused on resolving a magjor scientific problem—are being implemented
at the user facility. 'These Scientific Grand Challengeswill:

* Focus on critical milestonesin the advancementor use of science

* Support D OE mission areas

* Be user driven

* Take full advantage of EMSL's unique resources and technical expertise
* Increase the scientificimpact and robustness of EM SL as a user facility.

'The scope of the scientific problemsto be addressed will involve multidisciplinary
teaming, and the breadth of a challengewill be of such magnitude that it cannot
be addressed at any other existing singlefacility. EMSL's Scientific Grand
Challengeswill require not only the capabilities of the facility, but possibly

other DOE user facilitiesand specializedinstrumentation and capabilitiesat the
participants homeinstitutions. They will also require significant management
and coordination to meet their aggressive goals and are expected to attract and
involve userswho are among the best scientistsin the world.

EM SL has currently launched two Scientific Grand Challenges, onein
biogeochemistry and another in membrane biology. Both are funded at
approximately $2M/year (usingacombination of EM SL operating and PNNL
internal dollars) for threeto five years.

431
Biogeochemistry Scientific Grand Challenge

Background

EMSL initiated planning for a Biogeochemistry Grand Challengein

alignment with the D OE Office of Biological and Environmental Research's
Environmental Remediation Sciences Divisionin September 2002. The
planning activity, closely coordinated with Environmental Remediation Sciences
Division programmatic staff, culminated in November 2003 with aworkshop of
international expertsin microbiology, biology, and geochemistry that identified
high-impact topicsfor the Scientific Grand Challenge. The deliberationsof the
workshop and the recommended topics were summarized in aworkshop report
"Earth Life Interaction at the Microbe-Mineral Interface” written by John
Zachara andJim Fredrickson, the PNNL coordinators. The report has been
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delivered to DOE, PNNL management, the Biogeochemistry Scientific Grand
Challenge advisory panel, and the workshop participants.

Science Question Driving the Scientific Grand Challenge

‘I he science question driving this Scientific Grand Challengeis asfollows:

Do multiheme cyzochromes assodiated with the outer membrane of metal-reducing bacteria
(merC in Shewandla oneidens's and omoB in Geobedter sulfurreducens, for example)
transfer dectronsto Fe(III) and Mn(IV) oxidesand if so, by what mechanisrs?

‘I his topic was selected becauseit aligned with a high-impact science topic
identified at the November 2003 workshop, aswell as with EMSL's experimental
and computational capabilitiesand PNNL scienceexpertise. The answer to

this question has potential to greatly advance the understanding of bioreductive
geochemical processes that regulate contaminant migration in subsurface and
sediment/water systems.

Scientific Brief

Knowledge of the genomesof Shewanella oneidendsand Geobacter sulfurreducens
and well-developed genetic systemswill greatly facilitate the proposed
experimental investigations. ‘I he cloning and expression system devel oped for
S oneldengsas part of Genomes-to-Life projectswill be leveraged to allow
relatively rapid production of sufficient quantities of outer membrane protein
mtrC for research. ‘'l he structures of mtrC from Shewanellaand omcB from
Geobadter, which are expected to be different, will be determined by NM R
spectroscopy and X RD, and the biophysical properties of their heme centers
characterized by EPR spectroscopy and other methods. Structural and
biophysical information on mtrC and omcB and their heme groupswill be used
to develop molecular modelsto compute their conformation before and after
surfaceengagement, and also to compute electron transfer rates and mechanisms
with solid-phaseand soluble electron acceptorsin different electrostatic and
hydration environments as may occur on and within the outer membrane.

In vitro experimentswill be performed with mtrC to understand the
fundamental mechanismsof itsinterfacial engagement with mineral surfaces.
MtrC, and other companion proteins as necessary such as mtrB and mtrA,
either as free cytochromes or embedded in suitablesimulants of the cell
envelope (e.g., micelles), will be used with artificial electron donors to probe
the formation of electron transfer precursor surface complexes and rates of
electron transfer to Fe(I11) and Mn(IV) sitesin oxidesurfaces. Epitaxially
grown thin oxidefilmsand mineral electrodeswill be used to investigate the
metalloprotein electrochemistry, surface coordination and site specificity, and
the kinetics and thermodynamics of the cytochrome/mineral interfacial electron
transfer reactions. 'l he influence of mineral surface properties such as structure,
defects, and the el ectronic properties thereof will beinvestigated and monitored
with modern surface science methods. Integrated molecular modeling of the
biochemical and mineral surfacesystem componentswill provide insights on the
roles of protein surface conformation and orientation, the reorganization energy,
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and el ectronic coupling between the cytochrome heme centersand the valence
- and conduction bands of the oxide.

= I nvivo experimentswill exploit genome information to develop mutants of
S oneidensisand G. suffurreducens where genes related to outer membrane
cytochromes [e.g., their regulation, cellular location, secretion pathway, electron
i transfer partner(s)] are deleted or over-expressedfor hypothesisevaluation.
Mutants and the wild types cultured to specific and reproducible metabolic states
will be contacted with model and natural mineral surfacesto evaluate whole-cell
| electron transfer ratesand controlling factors. New high-resolutionelectron,
soft x-ray, and force microscopy techniqueswill be developed to determine the
architecture of the microbe-mineral interface and the molecular environment
within the interfacewhere the cytochrome-mineral interaction occurs.

Integration of these studies with the others described abovewill provide the first
comprehensiveunderstanding of how outer membrane cytochromes accomplish
= biodirected electron transfer with mineral surfaces.

Science Teams and Logistics

EMSLs Biogeochemistry Scientific Grand Challenge is coordinated by PNNL
researchersJohn Zachara and Jim Fredrickson who, along with severa other lead
scientists, will integrate individual research componentsto resolve the science
question driving this Scientific Grand Challenge. Internal and external science
= teamswill interact and coordinate closely with each other and engage with

EM SL staff to resolve specific science needs related to the topic.

Theinternal scienceteam isdrawn from PNNL’s Biological and Chemical
Sciences Divisions. The following are the team members and associated roles:

» Tjerk Straatsma and Michel Dupuis - Biophysical modeling of cytochromes JohnZachara
and hemes

' * Michael Kennedy and Michael Bowman - Structural characterization of
cytochromeswith NM R and EPR

* Margie Rornineand Alex Beliaev - Microbia genomics and mutagenesis

» Kevin Rosso and Eugene Ilton - Mineral physics, surface chemistry, and
electron transfer

* Peter Lu - Scanning probe and single mol ecul e spectroscopy
- * Scott Chambers - Oxide thin film synthesis and surfacescience
- * Liang Shi - Cloning, expression, and purification of mtrC and related
proteins

* Yuri Gorby - Bacterial culturing and physiology

* John Zachara and Jim Fredrickson - Biogeochemistry of microbial metal
reduction.

gl
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'I'he external science team isdrawn from the university community. 'lheir
names, affiliations, and contributions are as follows:

* Carrick Eggleston, University of Wyoming - Cytochrome interaction with
mineral surfaces

* David Richardson, University of East Angleia- Metalloprotein
spectroscopy, electron transport in cytochromes, and bacterial electron
transport systems

* Terrance Beveridge, University of Guelph - Ultra-structure of the microbe-
mineral interface

* Michael Hochella, Virginia PolytechnicInstitute - Mineral electronic
properties and biologic force microscopies

* Derek Lovley, University of Massachusetts - Cloning, expression, and
purification of omcB and related proteinsfrom Geobacter

* Gill Geesey, Montana State University - Microchemistry and dynamics of
the microbe-mineral interface

* Kenneth Nealson, University of Southern California- Soft x-ray microscopy
of the microbe-mineral interface, Shewanella physiology

* Thomas DiChristina, Georgia I nstitute of Technology - Genetics and
physiology of metal-reducing bacteria

* Scott Fendorf, Stanford University - Molecular surface chemistry of oxide
surfaces and hard x-ray spectroscopy.

4.3.2
Membrane Biology Scientific
Grand Challenge

JimFredrickson

Background

EM SL initiated the Membrane Biology ScientificGrand Challengein

spring 2004 with ads placed in Sience magazine and the American Society for
MicrobiologyNews that solicited callsfor concept papers. Sixteen paperswere
received and reviewed by internal and external panelsfor scientific merit,
appropriatenessfor use of EM SL, and relevance to DOE missions. The winning
proposal, lead by Dr. Himadri Pakrasi from Washington University at St Louis,
was selected. | n December 2004, Pakrasi led aworkshop at EM SL that brought
together scientists from multipledisciplinesand institutions to refine the science
questions driving this Scientific Grand Challenge aswell asidentify EM SL
capabilitiesto be used.

Outlook Review = Science
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Science Questions Driving the Scientific Grand Challenge

The ultimate goal of this Scientific Grand Challenge is to use systems biology
approachesto determine the underlying network that governsthe forms and
functions of cyanobacterial membranesand their components. The key questions
that confront the researchersare:

* What is the relationship between plasma membrane and thylakoid
membrane, two intracellular membrane systemsin cyanobacteria?

* How does the transcriptome of cyanobacteriarespond to environmental
changes such aslight intensity, CO; level, metal concentrations, and
circadian rhythm?

* How does the cyanobacterial membrane proteome change under similar
perturbations, and how well does such dynamic pattern relate to that of the
transcriptome?

* What are the functional changesin key biological membrane processes
(energy transduction, photosynthesis, metal homeostasis and signal
transduction) under the sameenvironmental perturbations?

Thecellular components are awaysin flux, and molecular machines assemble,
function, and disassemble as afunction of time and environmental alterations.
Itisimperativeto use a systems biology approach and integrate all temporal
information into a predictive, dynamic model to understand the functioning of a
cell, in general, and the cellular membrane systems, in particular.

Scientific Brief

The recent achievementsin genome sciences have opened new paradigmsin
biological research. Complete genome sequences have become availablefor
many microorganismsand afew eukaryotes, including humans and plants. To
extract useful information about the biological functions of any organism from
such sequences, the challengeis to develop and use new computational and
experimental toolsto integrate data at various levels of biologically relevant
interactions. Such a" systemsbiology" approach should provide enabling
technologiesto examine complex biological processes, which should in turn
result in an integrated and predictive understanding of how an organism behaves
and respondsto environmental changes.

Clearly, the successful implementation of such asystems approachwill require
collaborativeinteractions among biologists, computer scientists, mathematicians
and model builders, engineers, physicists, chemists, and perhaps specialistsin
other disciplines. Thecurrent call for a Scientific Grand Challenge in membrane
biology at PNNL offers an excellent and timely opportunity to assemblea

team of academicresearchers, and scientistsat PNNL toinitiate a systems
biology project for afundamental understanding of membrane processesin
cyanobacteria.
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Organisms

Cyanobacteriaare oxygenic photosynthetic prokaryotesthat make significant
contributions in harvesting solar energy in the biosphere, planetary carbon
sequestration, metal acquisition and Hz-production. The genomes of more
than a dozen different cyanobacterial species have been sequenced. During this
project, team members plan to focus on two cyanobacterial species. Snechocystis
sp. PCC 6803, and Cyanothecesp. ATCC 51142. Smnechocyis6803 is afresh
water organism, and is arguably the most widely

e O it studied cyanobacterium during the past decade.

DO (
State Mostly State 2 ———— More State 1

A i L i TSI -

I Mostly State 1 ———-—p More State 2

Itisalso thefirst photosynthetic organism with a
completely sequenced genome (1996), and has nearly
3700 annotated genes. This speciesis naturally
transformable, and targeted gene replacements

s [—0 -0~ g—0—m0------ can be readily generated. Cyanotheceis a marine

Monomer Formation

Trimers — Monomers —Trimers

Dimer Formation organism that is capable of oxygenic photosynthesis,
nitrogen fixation as well as heterotrophic growth
inthedark. Mostimportantly, this organism
displaysone of the mog striking circadian rhythms
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Figure 4-135. Diagram of
metabolic rhythms in Cyanothece
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is highly sensitiveto oxygen, an obligatory product
of oxygenic photosynthesis. Becausethisisa
unicellular organism, it cannot form specialized cells to protect its nitrogenase.
"Thus, the strain uses time as away of separating the peaks of photosynthesis
from peaksof nitrogenase activity (Figure 4-135). Thegenome of Cyanothece
51142 has not been sequenced yet. Recently, Pakrasi and Sherman have
submitted a proposal to the Washington University Genome Sequencing Center
for draft sequencing of this genome.

Controlledcultivation

For this Scientific Grand Challenge, it isimperativethat the cyanobacterial
cultures are grown in continuousor semi-continuousmode in illuminated
fermentors (photobioreactors). Cultivation technologiesmust be used that
provide continuous monitoring and control of culture conditions so that well-
characterized and reproducible samplesare produced. The microbial growth
facility at PNNL will soon havefiber opticsilluminated fermentorsfor the
cultivation of photosynthetic organismsin place. Both Snechocysis6803 and
Cyanothece 51142 strains will be grown in such photobioreactors under defined
environmental conditions (light, CO,, metal concentrationsetc.). Most
importantly, cultureswill be grown in sufficientlylarge volumes so that aliquots of
the same sample are used for parallel transcriptomics, proteomics, ultrastructural,
and functional studies. Careful analysis of such well-defined data setswill greatly
facilitatethe network inference and model-buildingactivities.

I maging of cyanobacterial cells
Like other bacterial cells, cyanobacteriaare relatively small in size. Advanced
electron microscopy techniques will be used to obtain high-resolution, albeit
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static pictures of the membrane architecture in both Synechocystis 6803 and
Cyanothece 51142 cells. | n addition, correlated atomic force microscopy and
confocal fluorescencelifetimeimaging microscopy expertise at EM SL will be
accessed to examine the dynamic behaviors of the membrane systemsin live
cyanobacterial cells.

Microarrayanalysis of the cyanobacterial transcriptome

For global gene expression studies, two different versons of DNA microarrays

for Synechocystis 6803 are available: a spotted array that has PCR fragments
corresponding to the mgjority of the chromosomal geneson it and a more recently
printed 60-mer oligonucleotidemicroarray that has been produced by the Agilent
Co., and includesan additional 460 plasmid-encoded open reading frames.

The microarray measurementswill be differential expressionvaues of the
perturbed state relativeto the unperturbed state. Different perturbations will
be used, such aslight intensity, CO, concentration, and available metal (iron,
manganese, zinc, and copper) concentrations. For Cyanothece, sampleswill be
collected at various stages of the circadian cycle.

Analysisof the DynamicNature of Cyanobacterial Membrane Proteomes

A specific objective hereisto enable the studies of comprehensiveand quantitative
proteomics (both global and subproteomic), and the kineticsassociated with
specific protein complexesfrom Syrechocystis 6803, that has been cultured under
experimental conditions designed to follow the incorporation of 1°N as astable
isotopepulselabel. Operationally, the cell can be subdivided into as many as
seven fractions: outer membrane, periplasm, plasma membrane, cytoplasm,
carboxysome, thylakoid membrane, and thylakoidlumen. Determining

the relativeabundanceof proteinsin Synechocystis cells exposed to different
environmental conditionsis essential to the study of cellular metabolism and
responsesto environmental changes. | n addition to the characterization of

the global proteomeof Synechocystis through the development of the AM T

tag database, the characterization of six membrane-associated aswell as the
cytoplasmic subproteomes derived from subcellular fractionation will be
accomplished. Of significantinterest isinformation on both relative protein
abundancesand on the absolute abundancesof proteinsand their modifications.
The advanced capabilitiesin membrane proteomics at EM SL should help fill this
significantgap in the basic knowledge about cyanobacterial membranes.

Functional assays

Avariety of assayswill be used to determine the functional properties of the
cyanobacterial cells under different environmental conditions. For example,
room temperature fluorescencekinetics analysiswill be employed for non-
invasive measurementsof photosynthetic electron transfer processes. Inductively
coupled plasma mass spectrometry will be used to profile the metal contents

of various cellular and subcellular preparations. | n Cyanothece, the dynamic
nature of cellular physiology will be monitored by measuring N fixation (adark
function) and photosynthetic O, evolution (alight function). Biochemical assays
for the accumulation of glycogen (in the light) and accumulation of cyanophycin
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(an amino acid polymer that accumulatesin the dark after N fixation) will
determine the mgjor endpoints of central metabolism. Most importantly,
collaborations will beinitiated with speciaistsin the EMSL’s High-Field
Magnetic Resonance Facility to develop and use EPR and NM R-based assaysto
track critical electron and proton transfer reactions during cyanobacterial energy
transduction processes.

Network inferenceand model building

Effective progressin this Scientific Grand Challenge will clearly require
interactions among biol ogists, computational scientists, and other scientistsand
engineers. Theseinteractions are necessary to develop not only the means to
acquirethe large, complex data sets required to understand the properties of
complex biological systems, but also the toolsto rapidly analyzethose data. The
challengeis to provide methodologies for transforming high-throughput data
setsinto biological insights about the underlying mechanisms. A n essential
feature of systemshiology is the construction of predictivemodels. The Ghosh
and Auroragroups plan to collaborate with SteveWiley, George Michaels, and
colleaguesin PNNL'’s Biomolecular Systems Initiative for the network generation
and model-buildingactivities.

Managementplan

Asthe project leader, Himadri Pakrasi will be responsiblefor overal
coordination, whereas each co-investigator will coordinate the activitiesin
his own research group. Pakrasi will aso interact with the coordinator of the
PN NL science contributor team to facilitateoverall research activitiesin this
project.

Science Team

Thefollowing are members of the Membrane Biology Scientific Grand Challenge:

* Himadri B. Pakrasi, project lead - Department of Biology, Washington
University

* LouisA. Sherman - Department of Biological Sciences, Purdue University
* Teruo Ogawa - Department of Biology, University of Tokyo

* Bijoy K. Ghosh - Department of Electrical and Systems Engineering,
Washington University

* Rgeev Aurora - Department of Electrical and Systems Engineering,
Washington University.

Key PNNL collaboratorsand their roles:

* Richard D. Smith and David G. Camp - High-throughput membrane
proteomics

* Yuri A. Gorby - Controlled cultivationof cyanobacteria

* Alice Dohnakova, Gala Orr, and Peter Lu - Image analysisd
cyanobacterial cells



* Chris Oehman and H. Steven Wiley - Network inference and modeling

* Michael Kennedy and Michael Bowman - Structural characterization with
NMR and EPR.

4.4
Collaborative Access Teams

CATsallow researchersto conduct high-impact science that demonstratesthe
capabilitiesand value of EM SL and helps EM SL to remain at the forefront of
science. "These teams provide a mechanismto attract and increase the number of
high-impact usersin afocused research environment and build new capabilities
for use by the CAT and general EM SL users.

CATs are comprised of nationwideteamsof scientistswho use EM SL facilities
and capabilities to conduct funded programmatic research around focused
sciencethemes. MembershipinaCAT isopen to all membersof the scientific
community who can contribute significantly to the CAT.

EMSL iscurrently in the process of rolling out several CATs. A staged approach
is being taken to ensure that the CATs are focused around common themes.

4.4.1
Structural Genomics CAT

The Structural Genomics CAT isled by PNNL researcher Michael Kennedy
and is comprised of more than 35 scientistsfrom 16 different institutions.
ThisCAT will carry out research focused on structural genomics and related
research areas with the primary goal of increasing throughput, maximizing
efficiency of existing resources, and devel opingtechnology to increase
throughput and efficiency.

A significantamount of CAT resources will support the research objectives of
the NESG, aconsortium of 10 institutions involving 23 NM R scientists. The
objectiveof the NESG is to produce a high volume of protein structure data
and to test the feasibility of high-throughput, NMR-based structural genomics,
as per the guidelinesof the National Institutes of Health Protein Structure
Initiative. Structural genomics definesan ultimate goal of determining the
three-dimensional structure of all proteinsencoded by an organism's genome.
Each three-dimensional structure can either be derived experimentally, or
given a sufficient sequence similarity, can be modeled by homology from an
appropriateexperimentally derived structure. A nimportant objectiveof the
National Institutes of Health Protein Structure Initiative pilot centersisto test
feasibility of various approaches for high-throughput structural genomics. A
critical concept being assessed iswhat rolethat NM R spectroscopy should play
in structural genomics.
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Other projectsinvolved in the Structural Genomics CAT include a Lawrence
Berkeley National Laboratory structural biology project that isfocused on
solving the structure of whole classes of DN A repair proteins; a Battelle/Chiron
project that investigates essential genesin S aureus; and a Battelle-supported
project involving M assachusetts General Hospital's Harvard Medical School
that is studying the structure of large groups of proteins encoded by essential
genesin Pseudomonasaeruginosa.

"This CAT will partition its time among several activities, with the major
objective being high-throughput protein structure determination. |n support of
this objective, a considerablefraction of resourceswill be used for data collection
for NESG and the other National I nstitutes of Health-supported Protein
Structure Initiative pilot centers. Another objectiveis to develop new pulse
sequences and approaches for reducing the overall resources required for each
protein structure determination. Finally, thisCA T will develop automation
technologies for data collection and data management.

4.4.2
Catalysis CAT

Catalysis continues to be vital to the chemical and petroleum industries, and to
the development of pollution abatement technologies. Catalysis and catalytic
processesaccount for nearly 20 percent of U.S. gross domestic products and
nearly 20 percent of all industrial products; the economic impact of catalysisis
estimated to be more than $10trillion per year worldwide. Asnew products
become ever more sophisticated, the need to quickly develop new catalysts
grows rapidly in importance. A fundamental understanding of chemical
transformationsis needed to enable scientists to address the grand challenge

of the precisecontrol of molecular processes by using catalysts. 1n particular,
ideally catalyst design should be able to directly arise from a molecular-level
understanding of exactly how catalystsfunction, thereby providing waysto
"tune" the catalyst for optimum activity with minimal production of undesirable
side products. Dueto recent and rapid advancesin experimental catalysisscience
methodology, computational methods, and computing power, areal opportunity
exists to strongly coupletheory and experiment in order to provide profound
insights into catalyst behavior, enabling the design of new catalysts.

Investigators in EMSL's Catalysis CA T will usethis approach, taking advantage
of unique experimental and computational resourcesat EM SL to conduct basic
and applied research in the area of heterogeneous catalysis. 'The overall effort
will be coordinated by PNNL researcher Chuck Peden. A specificfocus of the
Catalysis CAT will be to develop afundamental understanding of transition-
metal oxide-catalyzed chemical transformations so that new catalysts can be
systematically developed from first principles. The proposed research efforts

will endeavor to critically relate the surface chemistry, surface morphology, atom
connectivity, and pore dimensions for controlling catalytic activity and selectivity
of target acid-base and redox reactionsvia:
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* molecular-level simulations of heterogeneouscatalysts

* synthesisand characterization of heterogeneous catal ystsusing methods that
provide nanoscale precision in the type, number, and distribution of active sites

* performance and detailed kinetics measurementson model and realistic
catalytic systems

* development and testing of new experimental approaches for addressing
complex catalysisissues.

I n addition, the CatalysisCAT will enhance the overal scientific impact of
theindividual effortsof CAT members. A goal of thisCAT isto provide
basic science experimental and computational resourcesto the CAT members.
For example, asignificant quantity of EM SL high-performancecomputer
timeisavailableto the CatalysisCAT through the current Molecular Science
Computing Facility Computational Grand Challengeon Catalysis.

I n order to achieve these objectives, ateam of investigatorsis assembled,
including PNNL staff and a broad range of external userswith awide range
of expertisein catalysis. The effortsof theindividual usersin thisCAT are
supported by avariety of sources, including DOE's Office of Basic Energy
Sciences/Division of Chemical Sciences, DOE's Office of Energy Efficiency
and Renewable Energy; DOE's Office of Fossil Energy; DOE's Mathematics
Information and Computer Sciences program; industry direct-funded projects;
and the National Science Foundation. EM SL operationsfundingisalso
expected to be availablefor user support and consulting and next-generation
instrumentation and software development.

4.4.3
Analytical Mass Spectrometry CAT

DOE has along-establishedkey rolein advancing the technique of mass
spectrometry as an investigativetool for physical chemistry and characterization
of complex mixtures of materials. Beginningwith itsoriginsin the Manhattan
Project of World War II and continuing to the present time, DOE researchers
have been responsiblefor key innovationsin instrumentation and techniques
based on mass analysis. This tradition is continued in this CAT, which has
distinguished itself in development of novel instrumentation and deploying

it for determining key thermodynamic and kinetic parameters for complex

ions. A special focusis energizing and dissociating ions by impacting them on
semiconducting films and following the kinetics of dissociation as afunction of
time followingion impact. The special characteristicsof this means of activating
ions-in particular, precise control of energy exchange, the ability to transfer large
amounts of energy in avery short time, and robustnessof these films-makethis
technique very attractive for chemical anaysis.

Led by EM SL researcherJulia Laskin, the general objectiveof this CAT isto
achieve afundamental understanding of the reaction kinetics and dynamics of

\ \m@

lulia Laskin

ENVIRONMENTAL MOLECULAR SCIENCES LABORATORY

Outlook Review = Science




<B]
o
=
A
o
v
]
=
=
>
Y
o
-
(=]
=
e
-5
o

| V: Science

APRIL 2005

activating and dissociating complex molecular ions. 'These processesare the
scientificfoundation for MS/MS, one of the most important analytical methods
developed in thelast century. The collisional activation and dissociation of
protonated model peptides are being investigated, a particularly important

class of complex moleculeswhose characterization by MS/MS iscentral to the
emerging field of proteomics. Results obtained thusfar indicate that collisional
activation of ionsin asingle collision with aspecially prepared surface-surface-
induced dissociation-isa highly promising method for investigating fundamental
questions of ion activation and may be a preferred method for practical
applications, especially in FT1 CR mass spectrometry. Dynamics of the surface-
induced dissociation of large moleculesis being investigated, the influence of
physical and chemical properties of surface-induceddissocation targets on energy
transfer efficiency and neutralization of complex ions using collision energy-
resolved and angular-resolved measurements. ‘Theoretical modelswill also

be applied to extract the energeticsand dynamics of complex ion dissociation
processesfrom experimental data.

4.4.4
Atmospheric Emissions CAT

Director'snote: Duetoa changein CAT leadership, EMSL iscurrently working to
redefine this CAT and identify leadership. Asaresult, this CAT is not currently active.

Understanding energy-related pol lutants is an urgent need for DOE, as existing
and proposed regulations of those emissionswill strongly impact energy use.
Much of the uncertainties concern the aerosols produced, as they influence
climate, visibility, and human health. The purpose of this CAT isto create a
unique research capability with an international user base to understand the
complex gas-aerosol and aerosol-cellular chemistries and its policy implications.
No such center exists, within or external to the national |aboratory system.
EMSDs uniquely extensive aerosol and trace gas characterization capabilities;
instrument devel opment mission; advanced computing resources; and the
strength of PNNL in computer modeling of weather, climate, and pollution;
strong-field measurement capability of the atmosphere; and cellular-level
understanding of lungs form the core of thisinitiative. ThisCAT will also
strongly benefit from the uniquely comprehensive PNNL environment that
includes palicy, inhal ation toxicology, vehicle emissionscontrol, homeland
security, and industry connections.

Atmospheric aerosols are complex chemical systemsinvolvinginteractions
among gases, liquids, and solid particulate matter that range from the nanometer
to microcurie size and are composed of both inorganic and organic constituents.

"The biggest uncertainty in understanding global industrialization-driven
atmospheric climate change is due to the poor understanding of the absorption
and scattering of sunlight by atmospheric aerosols, their rolein seeding clouds
and haze, and their lifetime. Emission of aerosols from vehiclesand industriesis
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regulated by environmental law to protect human health, but currently with little
insight as to what particles are dangerous and why. Complying with regulations
on regional air pollution to limit haze and inhaled particlesrequiresa better
knowledgeof aerosol chemistry and sources. Atmospheric aerosols also play
important but poorly parameterized rolesin trace gas chemistry like NO; and
SO2 oxidation that control haze and ozone production. These needs drivethe
requirement for aerosol research.

Laboratory studies will seek to understand how aerosol particles change as they
age and react under well-controlled conditions, with the goal to understand

how the changing composition leads to changesin their impact on regional and
global environment and to health effects. Measuring aerosolsin the "rea world"
isacrucial part of this CAT. PNNL's G1 Gulfstream research aircraft is one of
only afew large research aircraft suited for work in atmospheric aerosol sciences.
This CAT will develop and deploy enhanced mobile sampling capabilitiesfrom
trucks, from the air (the G-1 aircraft) and on theindividual (personal exposure
monitoring). These laboratory and field measurementscan be synthesized into
guantitative models through use of the EMSL’s world-classsupercomputer

to allow better air quality and climate change predictions. Health effect
mechanismswill be explored aswell, not only viathe aerosol characterization

in thelaboratory and field, but also by unique PNNL/EMSL capabilitiesin
genomicsand proteomics, toxicology expertise, and collaborationwith outside
researchers.

New funding opportunities are expected from the D OE Transportation
Technology, DOE Fossil Fuels, the Environmental Protection Agency, the
National Institutes of Health, and the Department of Defense and Homeland
Security, and possibly DOE’s Assessment and School Performanceand
Atmospheric Radiation Measurement programs. University partners will

also solicit National Science Foundation funding, with funding viaindustrial
consortiums or state air quality boards possible. Thelarge-field missionsshould
attract many outside collaborators, who will be independently funded.
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5
EMSL User Qutreach and Administration

51
EMSL Outreach

'Ihe goal of EMSL's outreach strategy is to enableits vision to be recognized
as ascience-to-sol utionsleader who provides the catalyst for assembling teams
of expert scientists to address challenging research objectives that demand
multidisciplinary approaches. To achieve thisvision and establish an engaged,
proactive user community, EM SL has designed outreach strategiesto:

* Attract high-profile users
* Build visgibility within the science community
* Foster collaborationswith PNNL researchers

* Promote educational outreach.

5.1.1
Attract High-Profile Users

Attracting high-profilescientistsas userswill enhance EM SL's scientific
reputation and increaseitsvisibility and appeal to the scientific community.
"Through their research activitiesand collaborationsat EM SL, these high-profile
userswill help further develop the distinctivesignature scientificareas for

which EM SL is known. Additionally, these users bring to EM SL mentoring
and scientific collaboration opportunities for early-career staff and users.'lhe
following activities must be undertaken to meet this goa:

* Confer with sponsorsand EMSL's User Advisory and Science Advisory
committeesto define "high profile” (e.g., Distinguished Visitorsare defined
as individualswho are Endowed Chairs, Essential Sciencelndicators,
National Academy Members, and/or Nobel Laureates).

* Identify high-profile scientists whose expertise fallsin the areas of
strategic focus. 'Thiswould require networking with EM SL management
and EMSL/PNNL staff to identify current research activities, existing
external relationships, and any potential high-profilesusers—while also
soliciting the input of Battelle Fellows and the User Advisory and Science
Advisory committees.

* Develop and implement activities and opportunities that would attract high-
profile users; for example, leveraging connectionsof the PNN L research
directorates, offering Wiley Distinguished Fellowships, and sponsoring visits
and seminarsat EMSL.
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‘These proposed activitieswould also leverage EMSL's goal to foster
collaborationswith PNNL researchers; here, senior PNNL researcherswould be
encouraged to promote collaborationswith these high-profile users while making
use of EM SL capabilitiesand resources.

512
Build Visibility within the
Science Community

EM SL iswell known among select groupsin scientificand/or regional domains,
but the user facility is not widely known among the scientific communities

that represent EMSL's main sciencethrust areas. Communication and
demonstration of EM SL's scientific capabilitiesand research accomplishmentsto
the scientific community would resultin the recognition of EM SL as a unique
user facility —whichin turn would result in advocacy of EM SL's capabilitiesat
externa institutionsand to EM SL sponsorsand stakeholders. The following
activitiesmust be undertaken to meet this goal:

* |dentify leading institutions and external researchersin EM SL distinctive
signature areas. Also identify national/regional meetingson topics of
relevanceto EM SL distinctive signatures.

Develop and implement activitiesand opportunitiesto build a reputation
among the science community. This would include ensuring that EM SL
isacknowledgedin journal articlesand presentations; holding onsite
workshopson scientific areas of focus, promoting direct communications
between research staff and external scientistsat identified institutions; and
providing support to EM SL staff who are organizing meetings and sessions
at technical conferences.

Confer with PNNL's Partnership groups to determineif joint objectives
would be met by cost sharing to bring academicscientiststo EM SL for
invited seminars.

EMSL's approach to meeting this goal must be fostered by users, staff, and
management alike; for example, staff and users must consistently acknowledge
EMSL's rolein devel oping solutionsto complex scientificchallenges. Likewise,
organization of onsite workshopsin EM SL distinctive signatures and
sponsorship of symposia at national/regional meetings will serveto increase and
strengthen the reputation and recognition of EM SL..
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513
Foster Collaborations with
PNNL Researchers

PNNL is rich with scientific expertise and technol ogy devel opment abilities.
"Thus, the development of leading-edgecapabilitiesat EM SL requires
collaboration with PNNL scientificleaders. Promoting collaborationsamong
EMSL and PNNL researcherswill enable new capability devel opment through
joint grant proposals and more efficient use of PNNL -wide resourcesand
intellectual pool —resultingin strengthened EM SL and PNNL programmatic
activities. To facilitatethese collaborations, the followingactions are planned:

* Identify key existing strategic PN N L relationships, as well as potential key
PNNL relationshipsin EMSL's scientific areas of focus.

* Develop and implement activities and opportunities to foster collaborations
with PNNL researchers, such as engaging stakeholdersby routinely inviting
relationship managers and division directorsto EM SL for meetings and
seminars, and establishing " brown bags' and networking opportunities.

Such activitieswill help to increasethe number of joint EMSL/PNNL grant
proposasand the number of those proposalswith EM SL staff as principal
investigator or co-principal investigator. Concurrently, EM SL capabilitieswill be
enhanced by these collaborations, promoting state-of -the-art research activities.

514
Promote Educational Outreach

A critical element of EMSL's missionis to educate and train the next generation
of researchers. EMSL, aswell ass PNNL, is committed to supporting science
and engineering education. To maximizeitsimpact, EM SL will leverageits
activitieswith those of PNNL's Partnership groups. Thiscollaborationwill
maximize the use of EMSL/PNNIL. resources and focuson areas of mutual
interest, such as outreach to regional universitiesand enhancement of PN N L
visibility to academic scientists. Educational outreach activitiesthat will support
thisgoal are asfollows:

Work with PNNLs Partnership groupsto identify educational institutions
with students and faculty who are compatiblewith EM SL's scientificthrust
areas. 'This will includeinviting these groups to visit and tour EM SL, and
holding scientific seminars and workshopsat the groups homeinstitutions.

* Develop and implement activities and opportunities to foster collaborations
with targeted educational groups. Thiswill include participating at national/
regional meetingsas an exhibitor, holding onsite workshops targeted to
students and faculty, and sponsoring research collaborationsand institutes.




Such opportunities will also help EM SL achieveitsgoal of building an
effective reputation in the science community and create future collaboration
opportunities.

PNNL Partnership groupsinclude University Relationsand Fellowship
Programs, Science Education Programs, Economic Devel opment Office, and
Northwest Regional Programs, with corresponding networksto regional and
national entitiesthat could benefit from accessto EM SL and providevehiclesfor
training and/or collaborative use.

5.2
EMSL User Administration

521
Access to EMSL

EM SL facilitiesand capabilities are available to the general scientific and
engineering communitiesto conduct research in the environmental molecular
sciences and other EM SL distinctive signature areas.

EM SL supports both open and proprietary research. Openresearch isbasic and
applied research in science and engineering where the resulting information is
ordinarily published and shared broadly within the scientificcommunity. Users
engaged in open research generally are not charged for using EM SL facilities
or equipment. Intellectual property developedin the course of open research

is protected i n accordancewith DOE policies, which, in general, assign the
intellectual property and any resulting commercia benefitsto the discoverer.

A limited amount of proprietaryresearch may aso be conductedin EM SL
under a proprietary salescontract. Under the terms of the D OE classwaiver,
usersengaged in proprietary research are obligated to pay the full-cost recovery
ratefor useof thefacility. In return, the user hasthe option to taketitle to

any inventionsmade during the proprietary research program and to treat as
proprietary all technical datagenerated during research.

EM SL strives to provide seamless mechanismsfor usersto access EM SL
capabilitiesto solve problemsthat range from small, single-principal
investigator projectsto large, complex, multi-institution scientific challenges.
Users may access EM SL facilitiesvia unsolicited proposals, callsfor proposals,
CATs;, and Scientific Grand Challenges. Regardlessof access type, all users
and their institutions must sign an EM SL User Agreement and agree to

abide by the terms of the User Agreement prior to use of EM SL facilitiesor
capabilities. All users must also be cognizant of, and abide by, EM SL Standard
Practices and Procedures.

General support and appropriate training on instruments or other resources
will be provided to users by EM SL staff. Scheduling use of the facilities and
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capabilitiesof the EM SL for approved proposalswill be determined by EM SL
staff in consultationwith users.

Potential users may at any time submit a proposa through the EM SL website
(http://www.emsl.pnl.gov). Following submissionof the electronic proposal,

the proposal author receives a prompt acknowledgmentof receipt and, in most
cases, within four weeks is advised whether the proposal has been accepted. |f
the proposed useis approved, the EM SL host contacts the user to coordinate use
arrangements. Usersare asked to advise the host of any materials, chemicals, or
equipment to be shipped or hand carried to EM SL. Questions about procedures,
proposal review comments, or appeals may be addressed in writing to the User
Services Office (userservices@emsl.pnl.gov).

5.2.2
Peer Review Process and Calls for Proposals

To select the best and most appropriate science, all EM SL proposalsare
reviewed using specificcriteria, which include scientific merit with respect

to EM SL and D OE missions, technical approach, potential environment,
safety and health hazards, proprietary status, appropriatenessof the requested
instrumentation, the contribution that EM SL can havein bringing that science
to fruition, and availability of resourcesand personnel.

EMSLs High-Field Magnetic Resonance Facility and Molecular Science
Computing Facility submit regular calls for proposalsfor use of capabilities such as
the high-field NM Rs and the 11.8-teraflop supercomputer. Dueto thevery high
demand for these capabilities, proposals undergo areview by external experts.

Thefour remaining research facilitiesat EM SL have not historically solicited
proposalsviatargeted calls but welcome and internally review proposalson an
as-received basis.

Thefollowingdescribes the calls for proposalsand review processes of the High-
Field M agnetic Resonance Facility and Molecular Science Computing Facility
and outline roadmaps for the remaining four research facilitiesto establish
analogous procedures. | n addition, plans for devel oping aweb-based proposal
review tool are outlined.

High-Field Magnetic Resonance Facility

The High-Field Magnetic Resonance Facility submits two proposal calls per
year (http:.//www.emsl.pnl.gov/hfmrf/). Proposals arefirst reviewed by the
custodians of the requested instrument for overall appropriateness. Those
proposals requesting use of oversubscribed higher-field NM Rs are sent for expert
review, where two to five external reviewersand two to four internal reviewers
examine the proposals (approximately 30 proposals are reviewed during asix-
month period). Each proposal is then categorized (top 10 percent, 75 to 90
percent, 50 to 75 percent, 25 to 50 percent). Based on afinal ranking, proposals
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are approved, with al or part of time requested allocated or denied. All but two
weeks (reserved for maintenance) of a 26-week period are allocated for use.

Molecular Science Computing Facility

"The Molecular Science Computing Facility issues a Call for Computational
Grand Challenge Proposalsonce ayear (http://mscf.emd.pnl.pov/). These
proposals undergo a rigorous external peer review. The recent call for proposals
engaged 22 external scientificreviewersfrom leading universities and research
institutionsfrom around the world. Proposals received two reviews on average,
and three reviewsin certain cases. |n addition to its Computational Grand
Challenges, the facility also engages usersin Pilot Projects.

» Computational Grand ChallengePr gj ects examine complex problemsin
science and engineering with broad scientific and environmental or economic
impacts whose solutions can be advanced by applying high-performance
computing techniques and resources. Only afew large proposalswith
multiteam, multi-institution participants are accepted each year. Each
Computational Grand Challenge project operatesfor aperiod of three years.

* Pilot Projectsare proposalsof general research and are typically directed
at developingthe capability to submit a Computational Grand Challenge
proposal in the future (e.g., acombination of theory/method or code
development activitiesor calculationsthat provide theinitial scientific basis
of a Computational Grand Challenge proposal).

Eighty percent of the availableresourcesof the 11.8-teraflop supercomputer

is allocated via the external peer-review process to the Computational Grand
Challenges. Theremaining 20 percent is assigned to Pilot Projects (5 to 15
percent), the Office of Science (5 percent), and Scientific Grand Challenge
projects. Pilot Projects may be submitted year-round and are reviewed internally.

Roadmaps

Due to the demonstrated successseen in the high quality of proposals submitted
as theresult of the callsfor proposalsby the High-Field Magnetic Resonance
Facility and Molecular Science Computing Facility, the four remaining
researchfacilities(Interfacial and Nanoscal e Science Facility, Environmental
Spectroscopy and Biogeochemistry Facility, Chemistry and Physicsof Complex
Systems Facility, and High-Performance Mass Spectrometry Facility) are
developingroadmaps unique to their instrumentation and research. The
establishment of review proceduresin al facilitieswill help ensurethat EM SL
attracts and accepts the most valuableresearch, and their developmentwill be
implemented through a number of activities, many of which arein process at this
time. Roadmaps will contain:

« A list of all available resources, noting oversubscribed instruments
« The amount of resource time availableto external, PNNL, and resident users

* Internal peer-review processes
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* External peer-review processesfor oversubscribed resources.
The roadmaps will aso address:
* Cross-facility proposals and coordination of cross-facility calls for proposals

* Reservingtime for Scientific Grand Challenge projects.

Questions to be addressed to ensure that proposed research iswell suited to
EM SL can includethe following:

* Does the research encompass cutting-edge, unique science?

* Are EM SL capabilitiesessential to perform this research?

* |s research consistentwith EM SL user policiesand sciencegoal s?

* | s research supported by afunded externally peer-reviewed project?

* | s research complimentary to instrument capabilities and staff expertise?

* Does research fall within the EM SL environment, safety, and
health envelope?

» Are modifications needed to EM SL equipment or software?
* What are the instrument(s) time requirements?

These roadmaps will befinalized by the end of Fiscal Year 2005 and executed
beginning in Fiscal Year 2006. Since each facility is unique and offers different
resources and capabilitiesto the scientificcommunity, the EM SL Director has
assigned a point of contact to work with each facility on the creation of these
roadmaps. To assistin theimplementation of the facility's review processes,
the point of contact will help define the requirementsfor aweb-based proposal
review tool described below.

5.2.3
Tools to Manage User Proposals and
Resource Allocations

EM SL staff have developed tools to automate and improve the ability to manage
user proposalsand track use of EM SL resources. The EM SL User System,
developed to manage all user proposals, and the EM SL Resource System,
designed to schedule and record use of resources, have been operational since
2002. Thesetools have enabled EM SL to effectively manage proposal life-cycles
and track use while minimizing the administrative burden of these tasks. In
addition, EM SL is launching the development of an electronic proposal review
management system in Fiscal Year 2005 to further optimize speed and ease of
processing proposals.
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EMSL User System

The EM SL User System, an EM SL-devel oped, Proposal Usage | ExtendedUsage |
onlineworkflow tracking software package, L Up to 1 year Upto 3 years

provides userswith a meansto access EM SL
capabilities and provides managementwith an
effective way to track users, projects, and results. To

| Stop I

!

access EM SL, a potential user submitsan electronic m
proposal request viathe EM SL User System that e BT

lists detail s about the proposed research. Once User H Proposal e, +
submitted, the proposal isimmediately routed (Estmateq start Date o

to the appropriatereviewers. "Throughout the sreiesore) comtirg
remainder of the proposal lifecycle, the user and Proposal Renewed (A, B, C_..) |
associated EM SL staff receive automated messages

indicating proposal status and requesti ng additional Prodcts are requesied al various siages of the proposal Ifecyce.
information or summariesof research. Asa

centralized repository of datafor all EM SL user proposals, the EM SL User Figure 5-1. EMSL Proposal
System enableseasy generation of reports on user statistics, optimizing resources Lifecycle

that were previousdly devoted to compilingdata from numeroussources. By
automating and centralizing this workflow, user proposalsare more efficiently
processed, speeding up researcher accessto the one-of-a-kind resources and
capahilitiesat EMSL .

Fully deployedin Fiscal Year 2003, EM SL will continuetoimprovethe

EM SL User System based on user and staff feedback. The software has been
demonstrated to other user facilities (i.e., several of the new nanocentersfunded
by the D OE Officeof Basic Energy Sciences) and will be distributed to these
facilities upon request.

I n the proposal system, the potential user is asked to provide information about
the participants, details about the proposed work, and logistics:

* The Participants page requests information about each participant and their
related institutions.

* The Details page requests the proposal title, abstract and attachments
outlining the research, proposed start and end dates, and EM SL resources
desired along with their estimated hours of use.

* The Logistics page requests information about the funding agencies, and the
samples, chemicals, and user equipment that will be brought to the fecility.

The proposal process beginswhen a proposal is received by EM SL. Once
approved, staff associated with the corresponding facility schedule the use.
Proposalsthat are activefor more than one year must be extended annually by
thehost, and resubmitted for review after threeyears. Figure 5-1 depictsthe
EM SL proposal lifecycle.

Ve
-
©
&
=
S
o
e
O
W
=
L]
4
=
]
0
e~
=
R
e
=
o

ENVIRONMENTAL MOLECULAR SCIENCES LABORATORY




V : User Outreach & Administration

EMSL Resource System

EMSL’s need to manage its assets and systematically track the use of its resources "
resulted in development of the EM SL Resource System. This system provides -
the data needed to assure maximum efficiency, effectiveness, and impact of

resources. e

"The EM SL Resource System (Figure 5-2) is an online software tool that is

used by EM SL staff to schedule, track, and document the use of major EM SL o=
resources. 'Thissystem is used to generate timely reports providing quarterly

and annual resource usage to DOE and other federal agencies. Itisalso

indispensable in assisting EM SL management with making budget decisions —
for further enhancements, acquisitions, consolidation of current capabilities,

and directions for capability growth. Eliminating the need for paper-log entries
of use, the EM SL Resource System provides an at-a-glanceview of multiple .
resourcesand enablesflexibility and instantaneous modification of access

schedules. Unexpected changes due to instrument failure or user requests for =
alternate access times can be quickly addressed and reflected by scheduling the
user on alternate instruments or swapping and matching userswith available
time dlots. -

Figure 5-2.
EMSL Resource System User Interface Visualizing Resource Utilization. -

ERS EMSL Resource System

Resour ce Selection \
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V : User Outreach & Administration

EMSL Proposal Review System

EM SL will develop a proposal review system designed to automate, manage,
and document both the external and internal proposal review process as tailored
to the needsof each facility. Existing proposal review softwarewill be reviewed
and borrowed from where possble—and then tailored as necessary. The

EM SL management team and researcherswill beinvolved in the devel opment
of objective proposal ranking criteria, which may require some customization
by facility. The resulting software will manage the proposal review lifecycle,
potentially including any callsfor proposals, communicationswith internal

and external reviewers, external access by reviewerswhere appropriate,
documentation of all review results, and reports summarizing current and past
review cycles.

The EM SL Proposal Review System will meet the following objectives:

» Expedite proposal review processes for each facility in a manner that
minimizes the burden to thefacilitiesand their reviewers.

* Assist EM SL in ensuring that the science performed at the user facility
supports its thrust areas and resultsin the most impactful science possible.

* Provide statistical summaries that could provevaluableas EM SL makes
difficult decisions about which instruments to maintain and upgrade and
which to retire.

An electronic review processis a natural extension of the existing EM SL User
System and EM SL Resource System, since information already availablein
those systems can berolled into the scoring criteria. To manually compile this
information on proposal swould be time-consuming and would likely resultin
less accurate scoring.
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V1 : User Statistics & Demographics

Figure 6-1. Home states of
national EMSL users from Fiscal
Years 2002 to 2004. Bubble
size denotes user numbers from
those areas.

6
User Statistics and Demographics

6.1
User Demographics
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Sincethe doors of EM SL first opened in 1997, its
staff have excelled at increasing the total number

of usersat thefacility. To date approximately

7500 scientists (from all 50 states—see Figure 6-1
for abreakdown of users by state, and another 6
percent from foreign countries—see Figure 6-2 for
a breakdown of countries representing EM SL users)
have used the facility in support of their scientific
efforts. On average, use of EM SL capabilities and
software has increased about 25 percent annually.
During the past seven years, approximately

50 percent of EM SL users were from academicinstitutions, while users from
industry decreased from approximately 10 percent to 5 percent. Likewise, there
has been a dlight decreasein the number of usersfrom other federal laboratories.
Lastly, the number of remote users has increased dowly during the past seven
years due to an increasein capacity in EMSL's High-Field Magnetic Resonance
Facility and Molecular Science Computing Facility, both which enable remote
resource use. Figure 6-3 providesagraphical depiction of the number of users
by affiliation. I'n addition, Appendix F provides alisting of users since EM SL
opened and their associated projects.

Breaking down EM SL use by facility (Figure 6-4), each facility has steadily
grown itsuser base. For example, thelargeincreasein users of the Molecular
Science Computing Facility between Fiscal Years 2003 and 2004 isdue to an
increase in computational capacity resulting from bringing online EMSL's second-
generation supercomputer. 'Ihe High-Field Magnetic Resonance Facility has
reached saturation and therefore has begun to plateau in terms of total numbers of
users, while other facilities continue to grow.

I n addition to providing access to the capabilities housed within EM SL, the
Molecular Science Computing Facility provides accessto and support for

the EM SL-developed Molecular Sciences Software Suite, which includes
NWChem, Ecce, and GA Tools. These software programs are available for
users to download and use at their home institutions, with one license available
per institution. Figure 6-5 represents the total cumulative number of approved
software agreements. The Molecular Science Computing Facility continues

to provide some support of offsite software by maintaining a help queue and
sending new versionsas they become available. Again, academic institutions
far surpass industry and other government laboratories as the main users of
EMSL’s software capabilities.
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In Fiscal Year 2001, EM SL began to track users based on their scientific
L discipline(how usersidentify themselves)in order to gain insight to the types of
o scientiststhat use EM SL capabilities. From the data (shownin Figure 6-6), the
percentageof chemistsusing EM SL has remained fairly consistent at 35 percent
- and environmental scientistsremaining constant at about 20 percent of the
HI total users. The percentage of userswho areidentified as researchersin thelife
sciences has also stayed constant at 15 percent. The largest growth area of use
2 at EM SL has been in the material ssciences; the percentage of those users has
| roughly doubled during the past four years. Py
Figure 6-2. Fig_gre 6-4. EMSL users by
: Home countries of EMSL users from Fiscal Years 2002to 2004. Stars denote user countries. LRGN CE
™~
-
-
-
ke a9
-
Figure 6-5. Software
) e agreements.
P
User Profile by Science Discipline
- 100% - 200
"I 6. 2 : 1 1700
L User Publications . =
- While user numbers are an important measure of the successof EMSL, it o w
L only reflectsthe quantity of use. EM SL has recently begun to focus efforts on i T m—
attracting the best possible scientistsas users. To that end, in Fiscal Year 2005 PR SR =
- EM SL began tracking the number of distinguished users, defined as any of the
following: Figure 6-6. User profile by

science discipline.
* A Nobel Laureate (one to date)

* A member of the National Academy of Sciences (one to date)

-

i
Outlook Review = User Statistics E

-
‘ * An Endowed Chair (seven to date)
* A scientist who isin the top 1 percent of most cited authors as reported by the

L Essential Sciencelndicator over a10-year period (approximately 90 to date).
e Measuring the productivity and impact of the science that is accomplished
- within EM SL is alsoimportant in understanding the quality of the science

_ performed, the productivity of the scientistswho use EM SL, and the overall
- value of the facility to enabling cutting-edge scientific discovery. To that end,
= the publications that result from EM SL user projects are tracked, in addition
-
)
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to the number of journal publicationsthat are published in top-tier journals
(any journal listedin the ISI top ten list in agiven year) in their respectedfield.
Figure 6-7 shows agraphical depiction of peer-reviewed publications and top-
10 journalsin which research conducted at EM SL was published. I n addition,
Appendix G liststhe journal publicationsgenerated by EM SL users by year,
since the facility opened.

While EM SL triesto capture all publicationsgenerated as aresult of EM SL
research, thefacility relies heavily on user notificationwhen a paper is published.
To ensurecapture of all publications, EM SL follows up with all usersfor up to
three yearsfollowing the end of their project. Additionally, for all projectsthat
userswish to extend, EM SL requests any publications that resulted from the
researcher's earlier work. "These methods have assisted EM SL with gathering the
most comprehensivepublicationslist as possible.

Figure6-7.
Peer-reviewed publications and top-10 journals in which EMSL research is published, since
facility opening.

1 Peer Reviewed Pubs | [
4 @ Top 10

a3
User Patents

One of EMSLs signature characteristicsis the development of new capabilities
in support of user science. Thesubstantial effort EM SL staff have undertaken to
develop new capabilities has resulted in significant intellectual property. Since
facility opening, EM SL staff and users have received 95 U.S. patentsfor their
innovative technological advancements (Figure6-8). These patents have enabled
EM SL to increase the sensitivity of its FTICR mass spectrometers, develop new
chemical detection modalities, and enhance imaging capabilities. A detailed list
of patents awarded to EM SL staff and usersis contained in Appendix H.
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Figure 6-8.

V1 : User Statistics & Demographics

Graphical depiction of patents awarded to EMSL users and researchers since the facility opened.

Issued Patents
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VII : Finance

.
EMSL User Facility Operations Budget

Now entering its eighth year of operation, EM SL
has witnessed phenomenal growth of its user
program-asustained growth rate of approximately
25 percent per year (Figure 7-1). In Fisca Year
2005 alone, more than 2100 scientistsfrom all
50 states and around theworld used EMSL's
extraordinary capabilities. Duringitsfull seven
years of operation, EMSL’s operations budget
has increased from $29M to approximately
$40M. Thisincreaseis predominately due to the
additional dedicated fundsin support of EMSL's

Total Users

FYes FYo9 FY00 FYOt FY02 FYo3 FY04

- supercomputer. Excluding these fixed costs
associated with the supercomputer, the budget
has remained relatively constant. As aresult
Figure 7-1. Growth of EMSL User of inflation and increased space and labor costs, the " buying power" of the
Program per fiscal year. remaining operations budget is less than 84 percent of what it wasin Fiscal Year

1998 (Figure 7-2).

Figure 7-2.
EMSL budget by funding type.

I n this climate of continually reduced buying power, serving the user
community and increasing the scope of EMSL's capabilitieshave presented
difficult challengesto EM SL management. |n order to address these
challenges, EM SL management has during the past few years taken a

hard look at expensesin an attempt to reduce cost by increasing efficiency.
Resulting actions taken involved streamlining EMSL's senior management
team by reducing the number of staff supporting the EM SL Director's
Office, eliminating some service contracts, and reducing procurements. This
hasenabled EM SL to shift all availableresourcesto labor for its scientific
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| _
consulting staff in support of EMSL's user program
- (Figure 7-3). Additionally, in Fiscal Year 2005,
l EM SL management asked PNNL for achange
in space charging that resultedin a savings of
» approximately $1M to the EM SL operations
” budget. Thissavingswill used to make investments
' in capital equipment and capability devel opment.
" I n addition to the streamlining discussed above, in
| Fiscal Year 2003, EM SL management decided to
reduce the amount of total funding allocated to the
|| individual facilitiesin order to generate a pool of
| funding that could be used for targeted capability
devel opment activities and strategicinvestments,
| such as the Scientific Grand Challenges and CATs _ —
.'ﬁ (Figure 7-4). Investment decisionsare now made fﬁ'é’m”ﬁ?eﬁ?;’sﬁé’hngs'nt?asﬂft
accordingto criteriasuch as: procurements, subcontrai:ts, and
, to labor.
*F * alignment with EMSLs mission space, To Tahor
' * benefit to users
H * alignment with scientific strengths
| * uniqueness of the proposed effort
g * cross-cutting capability.

The user facility has also been working hard to leverage other investmentswith
o EM SL capital in order in refresh capabilities. This has substantially hel ped
I in maintaining instrumentation at state of the art. Asshownin Figure 7-5,
EM SL has had significant investment from DOE’s Office of Basic Energy
L Sciences. | n addition, investmentsfrom the National Institutes of Health and
E DOE’s National Nuclear Security Administration have resultedin additional
¢ capabilities in high-resolution Fourier transform Infrared spectroscopy, NMR,
s and mass spectrometry.
. Figure 7-4.
EMSL strategic investment.
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Figure 7-5. EMSL investment by

organization.
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Along with investmentsfrom DOE and other
agencies, PNNL has provided investment dollars
to EM SL (Figure 7-6), ranging from Laboratory-
Directed Research and Development (LDRD

- used to build new capabilities), Program
Management and Development (PDM - used to
develop new programmatic opportunities), PNNL
Overhead (PNNL OH -used to support and
enhance laboratory infrastructure), General Plant
Project (GPP - used for facility infrastructure
improvements), General Research Equipment
(GRE - used to procure equipment that enhances
laboratory research capabilities), and Planning and

Administration (P&TL -used for developing new plansfor future programmatic
work). Asshown in Figure 7-6, PNNL substantially decreasedits investments
to EMSL asaresult of areorganizationin which many EM SL staff were moved
organizationally to another research directorate.

Figure 7-6.

PNNL investment to EMSL by type.
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VIII : Appendices

8
Appendices

"This EM SL Outlook Review contains nine appendicesthat support the content
of thisdocument. These appendicesareincluded on the CD that accompanies

thisdocument. They consist of the following:

Appendix A

Detailed Roles, Responsibilities, Accountabilities, and Authorities of

EM SL Management

Appendix B
Detailed Descriptions of EMSL's Six Research Facilities

Appendix C
List of EM SL Instruments and Equipment

Appendix D
CVs and Biosof Key EM SL Staff

Appendix E
EM SL User Testimonials by Facility

Appendix F
List of EMSL Usersand Projectsby Year

Appendix G
List of Publications Generated by EM SL Research

Appendix H
List of Patents Received as a Result of EM SL Research
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