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The W.R. Wiley Environmental Molecular Sciences Laboratory (EMSL) is a U.S. Department of Energy
(DOE) national scientific user facility located at Pacific Northwest National Laboratory (PNNL) in Richland,
Washington. EMSL is operated by PNNL for the DOE Office of Biological and Environmental Research.
At one location, EMSL offers a comprehensive array of leading-edge resources in six research facilities.

Access to the capabilities and instrumentation in EMSL facilities is obtained on a peer-reviewed proposal
basis, and users are participants on accepted proposals. EMSL staff members work with users to expedite
access to the research facilities, support capabilities, and the resident scientific expertise. The bimonthly
report documents research and activities of EMSL staff and users.

Research Highlights

Study of Martensitic Phase Transformation in a NiTiCu Thin-Film
Shape-Memory Alloy Using Photoelectron Emission Microscopy

JM Cai,” SC Langford,” M Wu,” W Huang,” G Xiong, TC Droubay,® AG Joly,” KM Beck,”
WP Hess, and JT Dickinson®
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(b) Technological University, Republic of Singapore
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(d) W.R. Wiley Environmental Molecular Sciences Laboratory, Richland, Washington

This work describes a unique imaging instrument for characterizing the spatial and temporal changes in the phases and
miicrostructures on the surfaces of a wide variety of materials, including shape-memory alloys. Understanding how changes in
microstructure affects the electronic properties of a material may enable creation of novel materials with unique electrical and
optical properties.

Shape-memory alloys (SMAs) are an important class of intelligent materials, with properties that can be
programmed to achieve specific mechanical responses. When mechanically or thermally cycled, SMAs exhibit
reversible shape changes that are associated with a solid-state, martensitic phase transformation. The
development of new SMAs is being driven by market demands, especially in micro-electromechanical
systems. Recently, SMA thin films have been investigated for applications in microsensors and
microactuators. Phase transformations in SMA thin films are often accompanied by significant changes in
mechanical, physical, chemical, electrical, and optical properties, including yield stress, elastic modulus,
damping modulus, hardness, electrical resistivity, thermal conductivity, thermal expansion, and surface
roughness.

Martensitic phase transformations are diffusionless, first-order transformations that involve shear
deformation. The thermal responses of bulk SMAs typically are studied using differential scanning
calorimetry, which exploits the exothermic/endothermic character of the phase transformation. This
technique does not provide information on the associated microstructure. On the other hand, photoelectron
emission microscopy (PEEM) exploits photoelectron emission to image the surface. Photoelectron emission
depends strongly on the work function of the imaged surface, which in turn depends strongly on a materials
microstructure. Thus, martensitic phase transformations can significantly alter the electronic and optical
properties of SMAs. For this reason, we employed 7z sit# PEEM to characterize the transformation of a thin
film of NiTiCu SMA in real time.
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PEEM images of the SMA film at 25°C (martensite phase)
and at 100°C (austenite phase) ate shown in Figure 1. The
most prominent difference between the images is the
presence of wrinkle-like features on the surface of the
low-temperature phase in Figure 1a, and the absence of these
features on the surface of the high-temperature phase in
Figure 1b. Sequences of PEEM images acquired while
cycling the temperature indicate that the wrinkles disappear
at 73.1°C during heating and reappear at 52.4°C during
cooling under the conditions of this work.

o
o

The wrinkles in the PEEM image of Figure 1a show
consistent variation in brightness. In general, the wrinkles
are brighter along one edge and darker along the other. The
wrinkles in the field of view run predominately from the
lower left to the upper right, with the bright edge on the i i
upper left. The magnitude of this variation is indicated in mDistamem[;un} %
Figure 1c, which displays the PEEM intensity as a function ¢

of position along the white line in Figure 1a. These intensity
variations are typically interpreted in terms of vatiations in
the sample work function or topography.

Photoelectron Intensity (a.u.)

Figure 1. In situ PEEM images of the NiTiCu thin
film at 25°C (a) and 100°C (b). The PEEM
intensity along the white line in (a) is shown in (c).
The dotted lines in (c) mark the approximate

Significantly, the PEEM image of the high-temperature -
positions of the trenches.

phase in Figure 1b is darker than the image of the low-
temperature phase in Figure 1a. Quantitative measurements
of the integrated image intensities during heating and cooling

are plotted in Figure 2. The PEEM intensity is neatly 16 r r . T .
constant from 45 to 70°C, and then decreases monotonically
from 70 to 120°C. This decrease cotresponds roughly to the 150+ o 1
temperature range of the phase transformation during | i
heating. During cooling from 120 to 55°C, the photo- E 140+ chr \
electron intensity increases slowly, and then rises rapidly to = ! ]
levels associated with the eatly stages of heating between E 130+ .—aq:
50 and 55°C. = B 1
1200 5
The real-time PEEM images of a NiTiCu SMA film show e S
distinct trenches near room temperature that disappear as the M2 & 80 190 150 140
temperature is raised above 73°C. During heating, the image Temperature (°C)

intensities decrease gradually because of a corresponding

gradual increase in surface work function. When the film is

subsequently cooled, these trenches reappear between 52 and ~ Figure 2. Integrated photoelectron intensities
53°C; near this same temperature, the PEEM image intensi- versus temperature during heating and cooling of
ties increase suddenly, in concert with a sharp drop in work the NiTiCu thin film: solid black dots are for
function. The magnitude of the effective work-function heating, open squares are for cooling, and open
change during thermal cycling is about 0.16 ¢V. We attribute ~ Circles are for cooling.

the sharp change in work function and PEEM intensity

during cooling to the rapid transformation of surface material

from austenite to martensite.

The surface sensitivity of PEEM measurements reveal correlations between changes in microstructure and
electronic structure on time scales of seconds or less with sub-micrometer spatial resolution. These
capabilities make PEEM an important tool for characterizing the spatial and temporal changes in phase and
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microstructure in a wide variety of materials, including SMAs. A paper describing this exciting work was
published in the January issue of the Journal of Advanced Functional Materials.
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Relative Raman Intensities in C;Hg, C¢D;, and C¢F;: A Comparison

of Different Computational Methods

SD Williams,® TJ Johnson,” TP Gibbons,® CL Kitchens®
(a) Appalachian State University, Boone, North Carolina
(b) Pacific Northwest National Laboratory, Richland, Washington

As supercomputers allow molecular modeling to better model and predict what is observed by experimental scientists, it is
important to “reality check” whether the models are in fact true to the data. In this study, various theoretical models were vetted
against careful analytical work to determine which programs conld best (and how well) model experimental data for a method
useful not only to basic science, but also to real-world applications such as environmental monitoring/ restoration.

In this project we compared the accuracy of various computational methods (Hartree-Fock, MP2, CCSD,
CAS-SCF, and several types of density functional theory) for predicting relative intensities in Raman spectra
for CsHg, CsDs, and CeFs. The predicted relative intensities for v1 and v2 were compared with relative
intensities measured by a Fourier Transform-Raman spectrometer. While none of these methods excelled at
this prediction, the Hartree-Fock method using a large basis set was most successful for predictions of CsHg
and C¢Dg, while the PW91PW91 method was the most successful for Csls. The degree of success can be
seen in Figures 1 and 2, where the experimental points are displayed as circles and the solid lines are the fit to
the data. A paper based on this work was published in the February issue of Theoretical Chemistry Acconnts.
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Figure 1. Experimental Raman intensities (corrected ~ Figure 2. Experimental Raman intensities (corrected
for spectrometer response) for liquid benzene in the  for spectrometer response) for liquid CeFe in the CF
CH stretch region, 2 cm™ resolution. The solid lineis  stretch region, 2 cm™ resolution. The solid line is a fit

a fit to two pseudo-Voigt lineshapes. Rz for the fit to three pseudo-Voigt lineshapes. Rz for the fit was
was 0.9998, and the area for vt was 279 + 1. 0.998, and the area for ui was 2.7 £ 0.5.
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Magnetic Resonance Studies of Proton Loss from Carotenoid
Radical Cations
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(c) University of Pécs, Pécs, Hungary

An important protective process in photosynthetic organisms is the ability to cope with more light energy than can be used for
photosynthesis. This excess energy must be dissipated or the chlorophyll (Ch1) will be damaged and cease to function. This
protection of chlorophyll often involves carotenoids, but the chemical mechanism is not well known. In this study, we used electron
paramagnetic resonance to study the reactive species to determine the pathway through which energy is dissipated.

Carotenoids ate intrinsic components of reaction centers and pigment-protein complexes in photo-synthetic
membranes and play a photoprotective role and serve as a secondary electron donor. The robust nature of
carotenoids in living materials requires extensive characterization of their electron-transfer mechanism,
radical-trapping ability, stability, structure in and on various hosts, and photochemical behavior before
optimum use of them can be made in artificial photosynthetic systems.

In this project, we employed a combination of pulsed electron nuclear double resonance (ENDOR)
spectrometry, two-dimensional hyperfine sublevel correlation spectroscopy (2D-HYSCORE) using the
electron paramagnetic resonance (EPR) equipment available in EMSL, and density functional theory (DFT)
calculations to study this system. This combined experimental/computational approach revealed that photo-
oxidation of natural zeaxanthin (I) and violaxanthin (II) on silica-alumina produces not only the carotenoid
radical cations (Car’*) but also neutral radicals (#Car") by proton loss from the methyl groups at positions

5 or 5, and possibly positions 9 or 9" and 13 or 13'. Notably, the proton loss favored in I at position 5 by
DFT calculations, is unfavorable in II because of the epoxide at the 5, 6 position. Density function theory
calculations predict the isotropic methyl proton couplings of 8 to 10 MHz for Cat™, which agree with the
ENDOR data for carotenoid m-conjugated radical cations. Large a-proton hyperfine coupling constants

(> 10 MHz) determined from HYSCORE are assigned from the DFT calculations to neutral carotenoid
radicals. Proton loss upon photolysis was also examined as a function of carotenoid polarity [Lycopene (I11I)
versus 8'-apo-3-caroten-8'-al (IV)]; hydrogen bonding [Lutein (V) versus 11I]; host [silica-alumina versus
MCM-41 molecular sieve]; and substituted metal in MCM-41.

Loss of H* from the 5(5), 9(9"), or 13(13") methyl positions has importance in photoprotection.
Photoprotection involves non-photochemical quenching in which 'Ch1* decays via 1) energy transfer to the
carotenoid, which returns to the ground state by thermal dissipation, or 2) electron transfer to form a charge
transfer state (I "+--Chl™) that is lower in energy than !Chl*. Formation of I"** results in bond lengthening,
which is a mechanism for nonradiative energy dissipation. Quenching requires zeaxanthin, a pigment-binding
protein PsbS, and low pH in the thylalkoid lumen. A combination of low pH and excess light activates the
xanthophyll cycle through the enzyme violaxanthin deepoxidase, which drives deep oxidation of violaxanthin
to zeaxanthin. Also a low thylakoid lumen pH activates binding of zeaxanthin to PsbS by protonating
carboxylate chains of violaxanthin deepoxidase and PsbS, thus facilitating attachment to the membrane and
the conversion of violaxanthin to zeaxanthin. The low pH also drives adenosine triphosphate synthesis.
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Proteomic Analysis of the Salmonella enterica Subspecies serovar
Typhimurium lsolated from RAW 264.7 Macrophages:
Identification of a Novel Protein that Contributes to the
Replication of s. Typhimurium Inside Macrophages
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S Uzzau,"” KD Rodland,® F Heffron, RD Smith,” and TC Squier®
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(b) W.R. Wiley Environmental Molecular Sciences Laboratory, Richland, Washington
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The pathogen Salmonella enterica is known to canse both food poisoning and typhoid fever. Because of the emergence of
antibiotic-resistant isolates and the threat of bioterrorism (e.g., throngh contamination of food supplies), there is a growing need to
study this bacterinm.

In this study, a comparative peptidomics approach was used to study the Salmonella enterica subspecies serovar
Typhinurium cultured under four conditions: 1) rapid growth in rich medium, 2) a stationary phase sustained
in nutrient-depleted medium, and 3) short-term and 4) long-term exposure to an acidic, low-magnesium,
minimal-nutrient medium designed to mimic the macrophage phagosomal environment within which
Salmonella are known to survive. Native peptides from cleared cell lysates were enriched by isopropanol
extraction and analyzed by liquid chromatography-mass spectrometry (LC-MS) and the accurate mass and
time (AMT) tag approach. We identified and quantified 5163 peptides originating from 682 proteins, and the
data clearly indicated that Salmonella exposed to the phagosome-mimicking medium had relatively high
abundances of a wide variety of protein degradation products,

especially from ribosomal proteins. The same Salmonella samples Peptidome  Proteome

also were analyzed using traditional bottom-up proteomic methods, LSMNLSMN

and when the peptidomic and proteomic data were analyzed
together using a hierarchical cluster analysis, two clusters, putative
growth proteins (Gr.P.) and putative stress response factors
(S.R.F.), of proteins targeted for proteolysis were identified

(see Figure 1).
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Each column in Figure 1 corresponds to the sample analyzed by

LC-MS, and each row represents an individual protein (278 total).

All of the data were simultaneously clustered, and the abundance

values are indicated by the color bar at the bottom of the figure.

The two protein clusters are indicated, and the four culture

conditions are designated as follows: —

S.R.F.
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1. L —Rapid growth in rich medium

2. S — Stationaty phase in nutrient depleted medium e
Low Medium
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3. M — Short-term exposure to phagosome-mimicking medium
Figure 1. Peptidomic and proteomic co-

4. N - Long-term exposure to phagosome-mimicking medium. cluster analysis.
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The Gr.P. cluster consisted of 48 proteins that were highly abundant in rapidly growing Salmonella and
highly fragmented in cells exposed to the phagosome-mimicking medium. Almost all of these proteins

(i.e., 37 of 48) were ribosomal proteins, which correlates well with a catabolic pathway known to be activated
in Salmonella during stressful conditions and to target ribosomes.

The S.R.F. cluster consisted of 71 proteins that were both highly abundant and highly fragmented in cells
exposed to the phagosome-mimicking medium. That Salmonella would up-regulate the expression of stress
response factors only to target them for degradation is seemingly paradoxical. However, translational fidelity
is known to dramatically decrease during stress, which results in mistranslated proteins that are significantly
less likely to propetly fold; consequently, their exposure to proteolysis is increased. Therefore, two modes of
protein degradation ate likely up-regulated by phagocytosed Salmonella: 1) catabolism of tibosomal proteins
and 2) proteolysis of defective stress response factors.

These results led to the hypothesis that the Lon protease targets ribosomal proteins for degradation in
phagocytosed Salmonella. To investigate this hypothesis, both wild-type and Lon s. Typhimurinm were
cultured in both rich and phagosome-mimicking media, and their peptidomes were analyzed using the AMT
tag approach. A preliminaty analysis of the resulting data indicated, surprisingly, that knocking out Lon
actually resulted in an increase in ribosomal protein degradation, as well as a number of other effects.

Synthesis and Characterization of Lithium-Doped Tin Dioxide
Nanocrystalline Powders

A Chaparadza,” SB Rananavare,” and V Shutthanandan®

(@) Portland State University, Portland, Oregon
(b) W.R. Wiley Environmental Molecular Sciences Laboratory, Richland, Washington

Flat panel liguid crystal displays use degenerated doped indinm tin oxide as conductive electrodes, but thin film based transistors
on silicon are needed for addressing individual pixels. Processing of silicon thin film transistors increases the cost of fabrication for
large-area displays. However, if highly conductive p-type tin oxide (SnOy) can be realized, oxide-based inexpensive transistors
can dramatically alter the production cost and ease material processing. Currently, the “unipolar” doping problem of SnO; bas
been an obstacle. In this research, we examined the prospects of effective p-doping of SnQO2z using lithinm as a dopant.

Several structural and functional phenomena in materials science are directly related to particle size. In recent
years, studies of nanometer-sized materials have characterized the effects of finite size on thermodynamic and
quantum mechanical properties, leading to novel catalytic, optical, and electronic applications. In this regard,
corrosion-resistant, tin-oxide (SnOz) nanoparticles have important niche applications. Some well-known
examples include solar energy conversion, catalysis, gas sensing, antistatic coating, and transparent electrode
preparations. Another potential application of SnOs is for transparent electronics, which would be especially
valuable in flat panel liquid crystal displays (ILCDs) that already use degenerated-doped indium SnO, as
conductive electrodes, but need thin film transistors (TFTs) based on silicon for addressing individual pixels.
Processing of silicon TFT's increases the cost of fabrication of large-area displays. However, if highly
conductive p-type SnOs can be realized, inexpensive oxide-based transistors could dramatically alter the
production cost and ease material processing. Currently, the “unipolar” doping problem of SnO, has been an
obstacle. There are only a few examples of p-doped SnO,. Theoretically, if effective substitution of tin (Sn)
with III-family elements [e.g., cesium (Ce)] or substitution with lithium (Li) is realized, then p-type SnO2
could be synthesized.

In this paper, we examine the prospects of effective p-doping of SnO; using Li as a dopant. Pure and
Li-doped SnOz nanoparticles were synthesized using the sol-gel precipitation method in the presence of LiCl.
There were several potential complications in Li doping SnO; especially at high dopant concentration. First,
high Li concentration might lead to formation of lithium stannate (Li>SnO3), which would effectively phase
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separate during commonly used high-calcination
temperatures. We used a combination of nuclear ol
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crystalline phases might be influenced. We employed Angle 2 (Degrees)

x-ray diffraction (XRD) analysis to quantify these

cffects. The precipitation pH was found to play an Figure 1. XRD patterns of Li-doped SnO, (numbers
important role when it comes to Li doping. Nuclear indicate the percent of LiCl during synthesis).

reaction analysis NRA) showed that Li is not detected

(i.e., <0.005 atomic-percent level) when the solution pH during synthesis is less than 7, while above pH of 7,
relatively small amounts of Li are incorporated. Doping level does not appear to alter the lattice structure of
casserite. The XRD patterns of the undoped and doped SnO; in Figure 1 show only the tetragonal rutile
structure. These results agree with results obtained in eatlier work, and at least at the level of doping and
processing conditions, we were unable to detect measurable quantities of crystalline Li>SnOs.

The crystallite size as determined from XRD analysis decreases with increasing concentration of LiCl used
during doping. Itis evident from this study that it is possible to control particle size by controlling the LiCl
concentration. Although high concentra-tions of LiCl ate used duting synthesis, the concentration of dopant
Li incorporated is small, as determined by NRA. Therefore, we

plotted the particle size data as a function of Li incorporated and gEp—

found that it varies inversely with Li concentration. Although NRA / X_,----"‘ Sn0O,
data provide the amount of Li, it does not reveal the spatial distri- | R’ \

bution of Li within nanoparticles. At higher Li doping levels, a 5 — ] )
chemical complexity may arise because of solid-solid phase \ J L1250
separation of conductive amorphous or a thin shell of Lix=SnO; L /

from SnOz. To study this possibility, we considered a crude shell —

model in which an outer amorphous shell of Li>SnOj3 surrounds the

undoped SnO;. Using a simple mass balance consideration, the Figure 2. Shell model.
shell model expression can be derived. In the model depicted in
Figure 2, the shell thickness depends on the concentration of the Li
incorporated in the casserite structure (i.e., the bulk of the nano-
particles). Here we assumed shell thickness was zero. As more Li
dissolves in the lattice, the thinner the shell becomes. Because we
were unable to locate any diffraction peaks within the sensitivity of
our x-ray instrument, we conducted search of such thin shell using
high-resolution TEM.

The data in Figure 3 allow us to bound the thickness of the
amorphous layer at about 0.2 nm. Thus, combined XRD, TEM, and ®
NRA data imply a very thin shell and minimal solubility of Li in the = S

SnO:; lattice. Recently, we verified the phase-separation model Figure 3. High-resolution TEM image of
described above using Li-nuclear magnetic resonance studies that 15 percent Li doped SnO,.
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revealed two component spectra—one isotropic peak indicating tetrahedral symmetry (for Li dissolved in
bulk) and another axially symmetric powder pattern for the surface-bound Li. The latter spectrum exhibited
non-zero quadrupolar splitting.

Nanoscopic phase separation, as indicated in our studies, has some interesting consequences for device
design. Lithum is believed to convert n-type SnOy to p-type SnO,. However to bring about such carrier
inversion, intrinsic n-doping resulting from oxygen vacancies must be overcome. Given the high n-type
carrier density in SnQOx, a significant concentration of p-type dopant must be introduced in thelattice. Our
studies indicate that at a carrier density of approximately 1021 cm3, about 0.16 atomic-percent of Li can be
accommodated. However, a substantial fraction of Li remains on the surface, thus reducing the extent of
bulk p-type doping. The observed Li concentration dependence of p-doping in SnOy by other researchers
indicates that increasing the concentration of LiCl in synthesis above 15 percent leads to a reduction in the
p-type carrier density. This is consistent with the simple phase-separation model presented above.

In conclusion, a sol-precipitation method was used to prepare SnO; and Li-doped nanoparticles. From this
work, we managed to show that Li-insertion into SnO» is pH dependent and only occurs under alkaline
conditions. By varying pH, temperature, and dopant level, we demonstrated that it is possible to control the
nanoparticle size. Low particle growth rates were obtained by the introduction of Li particles into the SnO..

Awards and Recognition

L-S Wang, Washington State University Tri-Cities, was awarded the Sahlin Faculty
Excellence Award for Research, Scholarship, and Arts from Washington tate University.
The university presents three Sahlin awards each year to recognize excellence in
teaching, public service, and research.

L-S Wang

Professional/Community Service

Eleven Washington State University students enrolled in the Organic Qualitative Analysis Laboratory and two
of their instructors visited EMSL on March 27, 2007. The visit included a practical nuclear magnetic
resonance (NMR) demonstration during which the students had 'H spectra recorded to identify the different
products purified from one of their organic synthesis experiments.

The visit also included tours of both the High-Field Magnetic Resonance Facility and the High-Performance
Mass Spectrometry Facility where the hosts ] Ford and H Udseth covered instrument details that would
enable the scientists to address vatious science problems. SD Burton worked with the students to collect data
from their samples. All the visitors found the practical demonstration and tours valuable for understanding
what expertise and facilities support their research.
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Washington State University students and instructors who visited EMSL on March 27, 2007

Visitors and Users

During this reporting period, a total of 355 users benefited from EMSL capabilities and expertise. This total
included 168 onsite users and 187 remote users.

New EMSL Staff

DR Sisk accepted the Group Leader position for EMSL's Instrument Development Laboratory in March.
He transferred to EMSL from the Radiation and Health Technology Group in PNNL’s Environmental
Technology Directorate. He has a B.S. in Physics and an M.S. in Electrical Engineering. He has many years
of instrument-development experience at PNNL, including providing key support in the development of a
detection and measurement system used to measure radiation at the Chernobyl Nuclear Power Plant in
Ukraine, and ample experience in managing multidisciplinary teams supporting systems-level solutions.
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Presentations

During this reporting period, EMSL. staff presented on research performed at the user facility at the following meetings or
locations:

e Seminar presentation of an experimental study of electronic stopping power in compounds,
February 16, 2007, University of Michigan, Ann Arbor, Michigan.

e 2007 SIAM Conference on Computational Science and Engineering, February 19, 2007, Costa Mesa,
California.

¢ Gordon Conference on Gaseous lons: Structures, Energetics, and Reactions, February 25-
March 2, 2007, Ventura, California.

e American Physical Society 2007 March Meeting, March 5-9, 2007, Denver, Colorado.

e Mouse 1,2,3,4-diepoxybutane (BDI) and Clinical Proteomic Technology Assessment for Cancer
(CPTAC) Team Meeting, March 9, 2007, Seattle, Washington.

e Safer Nano 2007 Conference, March 12-13, 2007, Eugene, Oregon.
e American Chemical Society National Meeting and Exposition, March 23-29, 2007, Chicago, 1llinois.

e Society of Toxicology 46 Annual Meeting and ToxExpo, March 25-April 1, 2007, Chatlotte,
North Carolina.
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