
  

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

                                                 

EMSL Report

March/April 2006
 
 



March-April 2006 - EMSL Bimonthly Report  

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.  Users are participants on accepted proposals.  EMSL staff members work with users to expedite access 
to the facilities and scientific expertise.  The Bimonthly Report documents research and activities of EMSL 
staff and users. 

Research Highlights  

Imaging Adsorbate O-H Bond Cleavage:  Methanol on 
TiO2(110)  

ZR Zhang,(a) O Bondarchuk,(a) JM White,(a) BD Kay,(b)and Z Dohnálek(b)

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

The wide-ranging importance of titanium oxide (TiO2) in heterogeneous catalysis, photocatalysis, sensor applications, and 
hydrogen production using solar cells has made this surface one of the most extensively studied.  Despite this extensive research 
attention, the interactions of well-characterized TiO2 surfaces with simple molecules that participate in a number of catalytic 
reactions on TiO2 are not well understood.  This study focused on further developing our understanding these fundamental 
reaction mechanisms with the intent of further exploiting the properties of this technologically important material. 

The thermal and photocatalytic oxidation of simple alcohols has been extensively studied on TiO2 surfaces as 
a prototype for the catalytic oxidation of organic contaminants.  Among them, methanol (CH3OH), which is 
one of the simplest organic molecules, is often adopted as a probe.  Experiments have shown that both 
molecular and dissociative adsorption take place on defective rutile TiO2(110) surfaces.  Methanol 
dissociation occurs primarily on bridge-bonded oxygen vacancy (BBOV) defect sites with some evidence for 
CH3OH dissociation at non-defect sites as well.  First-principle calculations show that on a stoichiometric 
surface, the dissociative adsorption of CH3OH can occur via both O-H and C-O bond scission and that it is 
slightly favored over molecular adsorption.  However, the atomic level understanding of these systems is still 
missing. 

Scanning tunneling microcopy (STM) is an ideal analytical tool that allows researchers to track adsorbates on 
different surface sites.  In this study, we employed in situ STM to follow the adsorption and dissociation of 
CH3OH on BBOVs of TiO2(110).  Experiments were performed in an ultrahigh vacuum variable-
temperature STM chamber.  Figure 1 shows a set of STM images obtained from the same TiO2(110) area 
before and after dosing with CH3OH at 300 K.  Figure 1a represents a clean surface before CH3OH 
adsorption.  The bright rows on Figure 1a are identified as the fivefold coordinated Ti4+ ions; the dark rows 
are the bridge-bonded oxygen (BBO) ions.  The bright spots between the Ti4+ rows are assigned to BBOVs, 
believed to act as the primary dissociation centers for the alcohols.  Statistically, the number density of 
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BBOVs on this surface is about 8% with respect to the number 
of Ti4+.  The magnified images (insets in Figure 1) highlight the 
position of six BBOV sites (marked by yellow circles in Figure 
1a) to illustrate the processes observed during CH3OH 
adsorption.  

The surface after an 80-s methanol dose is shown in Figure 1b. 
The CH3OH adsorption-induced features appear as bright 
features on the BBOVs.  The spatial location of adsorption sites 
becomes apparent from comparison of the magnified areas in 
the insets of panels “a” and “b” in Figure 1.  The pattern of the 
bright features (marked with blue circles on the of panel b inset) 
is the same as the BBOV pattern on the clean surface (yellow 
circles on the panel a inset), indicating that CH3OH 
preferentially adsorbed on the BBOVs.  Comparing line profiles 
along the [001] direction shows that the bright features are 0.8 Å 
higher than BBOVs and that the CH3OH-induced bright 
features have their maxima located on the original BBOV sites, 
but are asymmetric.  This finding suggests that these features 
originate from two different chemical species present on 
neighboring BBO sites, in accord with the previously observed 
formation of hydroxyl and methoxy species resulting from the 
dissociative adsorption of CH3OH.  This process is shown 
schematically in Figure 1f. 

We conclude that CH3OH dissociates on BBOVs via O-H bond 
scission.  In the case of C-O bond scission, the hydroxyl rather 
than the methoxy group would appear on the original BBOV 
sites.  At high coverage levels (Figure 1c), all the hydroxyl groups 
appear to be spatially separated from the methoxy groups 
(bright/gray; 1:1) as they migrated away from their original 
geminate sites.  We propose that diffusing CH3OH molecules 
assist hydroxyl migration, most likely through proton “hopping.”  
At CH3OH coverage below the BBOV coverage, the CH3OH 
molecules diffusing on Ti4+ rows dissociate after encountering 
an empty BBOV.  At CH3OH coverage exceeding the BBOV 
coverage, excess CH3OH is mobile and leads to the observed 
dramatic increase in hydroxyl migration.  Figure 2 shows a 
schematic model for CH3OH-assisted hydroxyl migration on TiO2(110).  Repeated imaging of the same area 
provides additional evidence for the high mobility of hydroxyls at high CH3OH coverage.  We believe this 
mobility is facilitated by molecular CH3OH diffusing along the Ti4+ rows:  as much as 40% of the hydroxyls 
changed position in two consecutive images (3 min).   

 

Figure 1.  STM images of same area 
before and after adsorption of  CH3OH 
on TiO (110) at 300 K:  (a) bare surface; 
(b) after 80-s exposure to 
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 CH3OH ; (c) 
after 110-s exposure to  CH3OH ; (d) 
taken on (c) after spontaneous tip 
change; (e) after high bias sweep of (c); 
(f) schematic of the adsorption process.  

 

Figure 2.  A schematic for methanol-
assisted hydroxyl migration on 
TiO (110). 2

In summary, we present the first atomically resolved images of dissociative methanol adsorption on BBO 
vacancies of TiO2(110).  Imaging of the same area before and after adsorption allowed us to establish that the 
dissociation proceeds via O-H bond scission.  At CH3OH coverage below the BBO vacancy coverage, the 
methoxy and hydroxyls occupy primarily neighboring BBO sites.  At higher levels of coverage, facile hydroxyl 
migration assisted by mobile, Ti4+-bound CH3OH molecules is observed.   
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This research is described in more detail in Zhang et al. 2006. 

Citation 

Zhang ZR, O Bondarchuk, JM White, BD Kay, and Z Dohnalek.  2006.  “Imaging Adsorbate O-H Bond 
Cleavage:  Methanol on TiO2(110).” Journal of the American Chemical Society 128(13):4198-4199. 

The Effect of Calcium on Aqueous Uranium(VI) Speciation 
and Adsorption to Ferrihydrite and Quartz 

 
PM Fox,  JA Davis, and JM Zachara  (a) (a) (b)

(a) U.S. Geological Survey, Menlo Park, California 
(b) Pacific Northwest National Laboratory, Richland, Washington 

This study demonstrated that the presence of calcium at environmentally relevant concentrations significantly reduces the amount of 
uranium adsorbed on ferrihydrate and quartz and increases the concentration of soluble and mobile uranium(VI) species.   

Recent studies of uranium(VI) geochemistry have focused on the potentially important role of the aqueous 
species, CaUO2(CO3)32- and Ca2UO2(CO3)30(aq), on inhibition of microbial reduction and uranium(VI) 
aqueous speciation in contaminated groundwater.  However, to our knowledge, there have been no direct 
studies of the effects of these species on uranium(VI) adsorption by mineral phases.  The sorption of 
uranium(VI) on quartz and ferrihydrite was investigated in NaNO3 solutions equilibrated with either ambient 
air (430 ppm CO2) or 2% CO2 in the presence of 0, 1.8, or 8.9 mM Ca2+.  Under conditions in which the 
Ca2UO2(CO3)30(aq) species predominates uranium(VI) aqueous speciation, the presence of calcium in 
solution lowered uranium(VI) adsorption on quartz from 77% in the absence of calcium to 42% and 10% at 
calcium concentrations of 1.8 and 8.9 mM, respectively.  Uranium(VI) adsorption to ferrihydrite decreased 
from 83% in the absence of calcium to 57% in the presence of 1.8 mM calcium.  Surface complexation model 
predictions that included the formation constant for aqueous Ca2UO2(CO3)30(aq) accurately simulated the 
effect of Ca2+ on uranium(VI) sorption onto quartz and ferrihydrite within the thermodynamic uncertainty of 
the stability constant value.  This study confirms that Ca2+ can have a significant impact on the aqueous 
speciation of uranium(VI), and consequently, on the sorption and mobility of uranium(VI) in aquifers. 
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Microscopic View of Strontium Interactions in Minerals 

GM Bowers,(a) AS Lipton,(b) MC Davis,(a) R Ravella,(a) S Komarneni,(a) and KT Mueller(a)  
(a) Pennsylvania State University, University Park, Pennsylvania 
(b) Pacific Northwest National Laboratory, Richland, Washington 

Characterization of strontium in phyllosilicate minerals with solid-state nuclear magnetic resonance spectrometry (NMR) will 
contribute to an understanding of strontium/mineral interactions in soils exposed to leaking waste tanks, thus enabling the design 
of better models for predicting the fate of strontium in the environment and better cleanup technologies.  

The interactions of strontium with clay minerals and zeolites are not well understood and must be researched 
so accurate models for predicting the environmental fate of radioactive strontium-90 released from sites such 
as Hanford can be developed.  Solid-state NMR spectrometry is a useful tool for probing the molecular 
structure of materials, including the interactions of cations sorbed by mineral systems.  However, there is only 
one NMR active isotope of strontium (i.e., strontium-87) and the direct study of strontium with solid-state 
NMR is experimentally challenging.  Strontium-87 has similar chemistry to strontium-90 and is a quadrupolar 
nucleus (I = -9/2) with a low natural abundance (~7%), a low 
gyromagnetic ratio (γ = -1.163 x 107 1-1T-s), and large 
quadrupolar coupling constants (14-25 MHz) (Larsen et al. 
2000; Bastow 2002; Bowers et al. 2006).  These factors 
contribute to a lack of sensitivity that must be overcome to 
perform time-efficient studies of strontium in natural samples, 
such as environmentally relevant clay minerals and zeolites. 
 
In our ongoing studies at PNNL on the 21.14-tesla (T)  
(1H resonance frequency of 900 MHz) instrument, we are 
using sensitivity-enhancing techniques to characterize the local 
electromagnetic environment of strontium nuclei in mineral 
systems.  We have shown in recent work that the 21.14-T 
(900-MHz) field strength provides an order-of-magnitude 
enhancement to the signal-to-noise ratio for strontium-87 
experiments and that quadrupolar Carr Purcell Meiboom Gill 
(QCPMG) analysis adds an additional order of magnitude 
(Bowers et al. 2006).  Unfortunately, these enhancements were 
insufficient to observe strontium in complex minerals.  In the 
past year, we were able to demonstrate that adding the double 
frequency sweep (DFS) preparatory scheme results in up to an 
additional fivefold enhancement to the signal-to-noise ratio 
(Figure 1), thereby permitting the detection of strontium 
resonances in soil minerals. 

 

Figure 1.  Strontium carbonate strontium-
87 NMR spectra:  (A) static echo at 11.74 T 
(800 MHz), (B) static echo at 21.14 T 
scaled by 1/37, (C) QCPMG at 21.14 T 
(900-MHz) scaled by 1/275, (D) DFS-
QCPMG at 21.14 T scaled by 1/826. 

With DFS-QCPMG at 21.14 T (900 MHz), we were able to 
perform solid-state NMR studies of strontium in additional 
inorganic and organic systems, where these studies were 
impossible with QCPMG analysis alone.  One important  
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conclusion from our data is that water-strontium interactions 
have a profound effect on strontium-87 NMR spectra; in fact, we 
have been unable to observe strontium in any system where there 
is water in the strontium hydration sphere (Figure 2).  The 
reasons for this are the subject of current investigations.  
DFS-QCPMG at 21.14 T has also been used to successfully 
examine the strontium-binding environment in a number of heat 
treated micas, montmorillonites, titanates, and titanosilicates.  To 
perform such strontium-87 NMR analyses at more conventional 
fields (i.e., 11.74 T) would require on the order of 1800 days 
rather than the three days required to produce the spectrum 
shown in Figure 2.  The library of quadrupolar parameters and 
their relationship to crystal structure prepared from our studies of 
simple systems now allows informed predictions of the 
strontium-binding environment based on strontium-87 NMR 
parameters and x-ray diffraction studies.  This library could not 
have been developed over the past year without the use of 
DFS-QCPMG on the EMSL 21.14-T (900-MHz) NMR 
spectrometer.  A detailed discussion of the strontium-binding 
environment in one of the mica samples mentioned earlier is the 
subject of a manuscript published in the Journal of Physical 
Chemistry B (Crosson et al. 2006).  We also intend to publish the 
results of our mineral studies in a paper that will detail strontium 
binding in phyllosilicates and in another paper that will describe 
strontium binding in designer titanosilicate materials.   

 

Figure 2.  Strontium NMR spectra of Na-
4 Mica after (A) and prior to (B) heat 
treatment at 500˚C for four hours.  The 
heat-treated sample produces a single 
strontium resonance fit well by a 
quadrupolar line shape. 

In the coming year, we intend to return to EMSL to study additional titanosilicate materials developed at 
Savannah River National Laboratory specifically to sequester strontium from Hanford-like wastes.  Some of 
these materials have tunable selectivity for cesium and strontium, making this work highly important to the 
DOE mission.  We will also continuing our investigations of mineral weathering under near-field exposure to 
simulated tank waste leachate (Chorover et al. 2003; Crosson et al. 2006) by monitoring the kinetics of 
mineral dissolution and re-precipitation in samples of natural Hanford sediments. 

Citations 
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Technology 37(10):2200-2208. 
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Identification of Functional Pathways Associated with 
Clinical Tamoxifen-Resistance in Breast Cancer by 
Advanced Mass Spectrometry 

A Umar,(a) TM Luider,(a) JA Foekens,(a) and L Paša Tolić(b)

(a) Erasmus University Medical Center, Rotterdam, The Netherlands 
(b) Pacific Northwest National Laboratory, Richland, Washington 
 
Not all cancers respond equally to standard cancer drugs.  If a doctor can determine how a cancer will respond to a drug before 
treatment begins, he will know if he has to prescribe an aggressive dose or a more modest one.  By examining the proteins present 
in tumor samples from patients with a known response history, we can identify markers that will correlate with the response and 
aid doctors in prescribing the correct dose. 
 
A Umar from the Erasmus University Medical Center in Rotterdam, The Netherlands, is visiting EMSL to 
characterize functional pathways that lead to clinical resistance to tamoxifen (anti-estrogen) treatment in 
breast cancer patients. 
 
For this study, she has used laser microdissected tumor cells from patients that either were or were not 
responding to tamoxifen treatment.  Protein profiles from these cells were generated by state-of-the-art 
nanoscale liquid chromatography Fourier transform infrared cyclotron resonance mass spectrometry 
(nLC-FTICR-MS), and the profiles were compared.  Laser microdissection has the great advantage of 
enabling isolation of selected subpopulations of cells, such as tumor cells, and thus overcoming the issue of 
tissue heterogeneity.  However, this process is very time consuming, so typically only a few thousand cells 
amounting to a few hundred nanograms of protein can be collected per tissue.  Analysis of such minute 
amounts of sample by conventional proteomics tools is severely constrained by detection limits.  As a 
consequence, ultra-sensitive nLC-FTICR technology developed at EMSL is the best choice for performing 
comprehensive proteome analyses.  The nLC-FTICR-MS technique was applied to clinical samples and 
showed improved proteome coverage and good reproducibility attainable for ~3000 laser microdissected 
breast carcinoma cells as compared to what was previously described.  As a next step, Umar used this 
approach to analyze 50 different tumor samples.  She was able to detect protein profiles that were specifically 
expressed in either responding or nonresponding tumors (Figure 1).  Validation of these protein profiles and 
further functional analysis of the proteins will eventually advance our understanding of breast cancer 
therapy-resistance and may lead the development of new and better therapies. 
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Figure 1.  Detail of response-specific protein profile.  Hierarchical clustering with z-
scores was performed on 1999 proteins using protein abundance (obtained by 
averaging measured peptide abundances).  The average protein abundance level 
(0.0206) is represented with a white background color, while the abundance levels 
above and below the average are represented by red and blue background colors, 

 

 

 

 

Kinetics of Electron-Beam-Enhanced Recrystallization of 
Amorphous Strontium Titanate 

Y Zhang,(a) J Lian,(b) CM Wang,(a)  RC Ewing,(b)  and WJ Weber(c) 

(a) W.R. Wiley Environmental Molecular Sciences Laboratory, Richland, Washington 
(b) University of Michigan, Ann Arbor, Michigan 
(c) Pacific Northwest National Laboratory, Richland, Washington 

Single crystal strontium titanate (SrTiO3) is of technological interest in microelectronics industries because of its high dielectric 
constant, good insulating properties, outstanding wear resistance, high oxidation resistance, and chemical and thermal stability.  
Strontium titanate thin films are used as insulating layers in dynamic random access memories, ferroelectric thin-film structures, 
and high-Tc superconductor devices, as well as potential gate oxide candidates.  Strontium titanate and other titanate ceramics 
have also been proposed as phases for immobilization of nuclear waste.  In many of these applications, knowledge of dynamic 
recovery and nanostructure evolution is critical.  
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Irradiation of SrTiO3 with 1.0 MeV Au at 400 K leads to formation of an amorphous surface layer.  In this 
research, the damage and microstructural features in the samples were 
investigated by Rutherford back-scattering spectroscopy and high-
resolution transmission electron microscopy (TEM) images, and the 
results show amorphous regions of ~10.6 nm and ~330 nm for sample 
A, as shown in Figure 1(a), and sample B, respectively.  Following 
exposure of the amorphous layers to TEM electron-beam (e-beam), the 
amorphous thickness decreases with exposure time, and in situ epitaxial 
recrystalli-zation at the amorphous/ crystalline (a/c) interface is 
observed, as shown in Figures 1(b) and 2.  In the central area of the 
cross-sectional TEM image of sample A in Figure 1(b) where the e-
beam is the most intense, more amorphous material recrystallizes, and 
the a/c interface moves toward the surface.  At both edges of the 
cross-sectional image where the e-beam density is lower, 
recrystallization is not as significant.  This indicates a strong 
dependence of the recrystallization process on e-beam flux.  The e-
beam-induced recrystallization of the amorphous layer in sample B is 
shown in Figure 2, where rapid in situ recrystallization at the a/c 
interface is evident. 

Irradiation of SrTiO3 with 1.0 MeV Au at 400 K leads to formation of an amorphous surface layer.  In this 
research, the damage and microstructural features in the samples were 
investigated by Rutherford back-scattering spectroscopy and high-
resolution transmission electron microscopy (TEM) images, and the 
results show amorphous regions of ~10.6 nm and ~330 nm for sample 
A, as shown in Figure 1(a), and sample B, respectively.  Following 
exposure of the amorphous layers to TEM electron-beam (e-beam), the 
amorphous thickness decreases with exposure time, and in situ epitaxial 
recrystalli-zation at the amorphous/ crystalline (a/c) interface is 
observed, as shown in Figures 1(b) and 2.  In the central area of the 
cross-sectional TEM image of sample A in Figure 1(b) where the e-
beam is the most intense, more amorphous material recrystallizes, and 
the a/c interface moves toward the surface.  At both edges of the 
cross-sectional image where the e-beam density is lower, 
recrystallization is not as significant.  This indicates a strong 
dependence of the recrystallization process on e-beam flux.  The e-
beam-induced recrystallization of the amorphous layer in sample B is 
shown in Figure 2, where rapid in situ recrystallization at the a/c 
interface is evident. 

The in situ recrystallization of the amorphous layer at room temperature 
under different beam flux is summarized in Figure 3.  The solid phase 
regrowth appears as a series of linear stages with decreasing slopes as 
exposure time increases, resembling a sublinear-like regrowth behavior.  
In general, the recrystallization rate resulting from e-beam irradiation 
can be separated into three stages.  During the initial stage (i.e., up to 
~100 s), there exist many ion-induced defects near the a/c interface.  
Rapid motion at the a/c interface is observed, and the recrystallization 
processes proceed at a high rate.  This fast recrystallization may be 
attributed to e-beam-enhanced defect annihilation at the a/c interface.  
Under the high e-beam flux (5.0 and 7.8 ×1020 cm-2s-1), the 
recrystallization processes during the initial stage occur very quickly, and 
no data were obtained during the very short durations.  After the initial 
stage, during which most ion-induced defects were annealed out, the 
recrystallization rates become constant, and the recrystallization 
processes occur in a second stage.  A well-defined linear relationship is 
observed for different fluxes at this stage.  As the exposure time 
increases, little motion is observed at the a/c interface, and the 
recrystallization processes reach a saturation stage.  The TEM 
observations indicate that the saturation stage occurs when the thickness 
of the amorphous layer is ~3 nm, which suggests that the surface may 
play an important role in stabilizing this final stage.  It is evident in Figure 
3 that the regrowth rate during the second stage increases with increasing 
beam flux from 1.2 to 5.0 ×1020 cm-2s-1, and shows no further increase 
with the increasing flux.  

The in situ recrystallization of the amorphous layer at room temperature 
under different beam flux is summarized in Figure 3.  The solid phase 
regrowth appears as a series of linear stages with decreasing slopes as 
exposure time increases, resembling a sublinear-like regrowth behavior.  
In general, the recrystallization rate resulting from e-beam irradiation 
can be separated into three stages.  During the initial stage (i.e., up to 
~100 s), there exist many ion-induced defects near the a/c interface.  
Rapid motion at the a/c interface is observed, and the recrystallization 
processes proceed at a high rate.  This fast recrystallization may be 
attributed to e-beam-enhanced defect annihilation at the a/c interface.  
Under the high e-beam flux (5.0 and 7.8 ×10

Figure 1.  TEM images of 
sample A:  (a) the amorphous 
layer. (b) recrystallization of 
amorphous layer following 
the e-beam irradiation. 

    

20 cm-2s-1), the 
recrystallization processes during the initial stage occur very quickly, and 
no data were obtained during the very short durations.  After the initial 
stage, during which most ion-induced defects were annealed out, the 
recrystallization rates become constant, and the recrystallization 
processes occur in a second stage.  A well-defined linear relationship is 
observed for different fluxes at this stage.  As the exposure time 
increases, little motion is observed at the a/c interface, and the 
recrystallization processes reach a saturation stage.  The TEM 
observations indicate that the saturation stage occurs when the thickness 
of the amorphous layer is ~3 nm, which suggests that the surface may 
play an important role in stabilizing this final stage.  It is evident in Figure 
3 that the regrowth rate during the second stage increases with increasing 
beam flux from 1.2 to 5.0 ×1020 cm-2s-1, and shows no further increase 
with the increasing flux.  
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Figure 2.  The a/c interface 
motion under e-beam exposure 
with flux of 5.0 ×1020 cm-2s-1.  
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The regrowth rates in the second linear stage under e-beam 
irradiation were investigated as a function of flux and 
temperature.  The e-beam enhanced recrystallization rates are 
orders of magnitude higher than those expected from thermal 
epitaxial recrystallization.  Based on the temperature 
dependence of the recrystallization rates, an activation energy 
of 0.1±0.05 eV was determined for the e-beam-enhanced 
recrystallization processes.  A sublinear-like regrowth 
dependence on exposure time may be used as a fingerprint for 
the e-beam enhanced recrystallization, as opposed to the 
superlinear-like behavior normally observed in thermal 
recrystallization.  

During e-beam irradiation, the incident electrons primarily 
transfer energy by ionization processes that produce localized 
electronic excitations.  The localized electronic excitations affect local atomic bonds and may effectively lower 
the energy barriers to recrystallization processes, which may involve local atomic hopping or rotation of 
atomic polyhedra.  
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Figure 3.   Solid phase regrowth of a/c 
transition as a function of exposure time to 
the e-beam under different fluxes. 

Room-Temperature, Solvent-Free Synthesis of 
Monodisperse Magnetite Nanocrystals 

XR Ye,(a) C Daraio,(a) CM Wang,(b) JB Talbot,(a) and S  Jin(a)

(a) University of California-San Diego, La Jolla, California 
(b) W.R. Wiley Environmental Molecular Science Laboratory, Richland, Washington 

 
Magnetic nanoparticles are useful for a variety of scientific and technological applications such as magnetic storage media, 
ferrofluids, magnetic refrigeration, magnetic resonance imaging, hyperthermic cancer treatment, cell sorting, and targeted drug 
delivery. Iron oxides constitute one of the most fascinating classes of magnetic materials and have been extensively investigated. 
Based on chemical reactions in liquid or aerosol/vapor phases, different approaches such as coprecipitation, sol-gel, aging, 
ultrasound irradiation, and laser pyrolysis, have been established for preparing super-paramagnetic iron oxide nanoparticles 
typically smaller than 20 nm that are adaptable to variable applications. However, the relatively poor size uniformity and 
crystallinity of the nanoparticles obtained strongly affect their magnetic properties. 

In this highlight, we report, for the first time, a novel, facile, and 
solvent-free synthetic method that allows the use of inorganic 
ferrous and ferric solids, along with surfactants, to produce 
monodisperse magnetite nanocrystals.  The reaction is 
advantageous in that it is induced at room temperature rather 
than at the refluxing temperatures of ~265 to 350oC used in the 
typical organic-solution phase decomposition method in which 
organic iron is dissolved in organic solvents.  Highly crystalline 
and monodispersed Fe3O4 nanocrystalline particles are obtained 
by the new process despite the fact that the reaction occurs at 
room temperature.  Such a solvent-free reaction provides a 
substantial environmental advantage in that it eliminates the need 
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Figure 1.  X-ray diffraction patterns of 
the nanoparticles. 
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for disposing of or recycling toxic chemicals.  A solvent-free approach based on solid-state reactions was 
previously used for simple synthesis of unassembled nanoparticles; however, no surfactant was used for 
particle size control.  

Figure 2.  Transmission electron micrographs 

20 nm
(a

5 nm 

Solvent-free synthesis of magnetite 
nanocrystals can be considered as a hybrid of 
solid-state reaction, co-precipitation, and 
organic solution-phase decomposition 
processes that take advantage of only the 
beneficial parts of these processes.  In this 
approach, the following modifications were 
made:  1) inorganic ferrous, ferric, and base 
solids were used directly for the synthesis 
rather than aqueous or organic solutions; 
2) an oleic acid-oleylamine adduct solid was 
used as the surfactant stabilizer rather than 
oleic acid and oleylamine liquids; 3) after the reaction, the Fe3O4 nanoparticles were extracted directly into 
hexane, and the unreacted materials and the byproducts were separated conveniently since they are insoluble 
in hexane; and 4) mono-dispersed, uniform Fe3O4 nanoparticles that can be assembled into ordered arrays 
were obtained.  In addition, this method requires no complex apparatus and techniques, and enables one to 
synthesize Fe3O4 nanocrystals with almost uniform size in high yields and at a large scale.  The reaction, if 
carried out in the presence of a surfactant such as oleic acid-oleylamine adduct, generated monodisperse 
Fe3O4 nanocrystals extractable directly from the reaction mixture.  The extracted nanoparticles were capable 
of forming a self-assembled, two-dimensional, and uniform periodic array.  The new process uses inexpensive 
and nontoxic starting materials, and does not require a use of high-boiling-point toxic solvents, so it is 
amenable to an environmentally desirable, large-scale synthesis of nanocrystals. 

X-ray diffraction patterns of the nanoparticles synthesized by the solvent-free reactions with and without the 
addition of oleic acid-oleylamine adduct are compared in Figure 1.  Both patterns indicate the crystalline 
nature of the products, and the positions and relative intensities of all diffraction peaks coincide with those of 
the Joint Committee for Powder Diffraction Studies card (19-0629) for Fe3O4.  No characteristic peaks of 
reactants and byproducts (mostly NaCl) were observed.  The general transmission electron micrograph of the 
nanoparticles synthesized by the solvent-free reaction in the presence of surfactant is shown in Figure 2 (left 
image). The nanoparticles appear almost spherical and monodispersed with an average diameter of 5 nm, and 
self assemble into a two-dimensional array.  A high-resolution transmission electron micrograph of the 
patterned nanoparticles is shown in Figure 2 (right image).  The lattice spacing seen in the lattice fringe of the 
particles revealed the satisfactory crystallinity and structural uniformity of the sample.   
 
We have successfully demonstrated and documented the synthesis of monodisperse Fe3O4 nanocrystals using 
a novel and easy one-step, solvent-free reaction (Ye et al. 2006).  The reaction of the solvent-free synthesis in 
the presence of a surfactant is believed to precede a similar intermediate process via the formation of Fe(III) 
and Fe(II)-surfactant complexes.  The reaction can be conveniently carried out at ambient temperature, 
thereby avoiding the use of toxic solvents with high boiling points.  This technique, which uses inexpensive 
and nontoxic inorganic ferrous and ferric salts that are reacted at ambient temperature, is amenable to 
convenient, large-scale synthesis.  With proper choices of inorganic metal salts and surfactants, this method 
may be extended to environmentally desirable preparation of a wide variety of monodisperse nanocrystals. 

(a)

This research is described in more detail in Ye et al. 2006. 
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Citation 

Ye X, C Daraio, C Wang, JB Talbot, and S Jin.  2006.  “Room Temperature Solvent-Free Synthesis of 
Monodisperse Magnetite Nanocrystals.”  Journal of Nanoscience and Nanotechnology 6(3):852-856. 

MSCF Users Leading the Way to Zero Emission 
Transportation 

J Li(a) and MS Gutowski(b)

(a) W.R. Wiley Environmental Molecular Sciences Laboratory, Richland, Washington  
(b) Pacific Northwest National Laboratory, Richland Washington  

Hydrogen fuel cells are an environmentally friendly way to power vehicles. Recent years have seen increasing interest for research on 
efficient hydrogen fuel cells from the federal government and the transportation industry. The main challenge today for energy 
industries is how to make hydrogen fuel cells economically competitive with their conventional fuel counterparts. A key issue that 
must be addressed is the efficient storage of hydrogen, which would allow hydrogen-powered cars to cover longer distances on a 
single “tank” and fuel distributors to efficiently deliver hydrogen to consumers. 

The idea of “zero-emission” transportation has long been a dream for 
protecting the environment.  Hydrogen-powered cars would bring that dream a 
step closer to becoming an economically viable alternative to conventional 
transportation fuels.  Many research efforts focus on hydrogen fuel cells; 
however, hydrogen storage is a key bottleneck to implementing this approach.  
While highly compressed hydrogen gas and liquefied hydrogen are unlikely to 
be of sufficient volumetric density, the use of chemical hydrogen storage 
materials based on light elements is possibly a feasible approach.  Recently a 
joint computational and experimental research project, led by PNNL scientists 
M Gutowski and T Autrey, has made important progress on ammonia borane 
(BH3NH3)-based materials, which hold great promise for hydrogen storage 
(Gutowski and Autrey 2006).  The computational research of this project is part 
of the Molecular Science Computing Facility Computational Grand-Challenge 
9601 (Computational Design of Materials for Hydrogen Storage, PI: Jonnson), 
which is one of the computational projects supported by the EMSL.  

The main challenges for making hyrdogen fuel cells competitive with 
conventional fuel involve scale.  A viable hydrogen storage medium would have 
to optimize the density of hydrogen while maintaining favorable electrical and 
thermodynamic properties.  For ammonia borane compounds, the density of 
hydrogen storage is between 19% and 24%, which make these materials 
excellent study candidates for hydrogen storage.  The computational simulation 
work has demonstrated that for a variety of ammonia borane materials, the 
release of hydrogen is for the most part thermodynamically neutral (i.e., the 
release and uptake of hydrogen from the material is nearly reversible at 
equilibrium).  Currently, removing hydrogen from ammonia borane materials 
has been shown to be feasible at relatively low temperatures, which is an important characteristic for making 
hydrogen fuel cells practical in vehicles.  However, a significant challenge still exists in that there is a large 

• 
• Figure 1.  

Ammonia 
borane 
materials 
consist of 
interlocking 
networks of 
ammonia 
and borane 
units, which 
form a 
structural 
and 
electrical 
scaffolding 
that can hold 
hydrogen. 
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energy barrier associated with “filling” ammonia borane materials with hydrogen.  This energy barrier 
represents a practical limitation in that to be competitive, distribution of alternative fuels to consumers must 
be easy.  Future work from this Grand Challenge will focus, in part, on searching for a solution to this 
limitation for ammonia borane materials.  If successful, this project could help pave the way to zero-emission 
transportation fuels that would revolutionize the automobile industry and have a significant impact on 
providing a solution for achieving and sustaining a clean environment. 

Citation 

Gutowski MS and T Autrey.  2006.  “Hydrogen Gets Onboard.”  Chemistry World 3(3):44-48. 

Using Advanced Statistical Models to Improve High-
Throughput Proteomics 

W Cannon(a) and DJ Baxter(b)

(a) Pacific Northwest National Laboratory, Richland, Washington  
(b) W.R. Wiley Environmental Molecular Sciences Laboratory, Richland, Washington  

Genes are DNA segments that when “turned on” provide living cells with instructions on how to build proteins, which are 
molecules that can be used as the cellular “skeleton,” allow some cells to move, process energy and waste products, and participate 
in virtually every function required for cells to live. Understanding how organisms work requires us to get a detailed picture of the 
proteins inside them. High-throughput proteomics is a rapid way to measure the protein content of biological samples, but the 
veracity of those measurements is, in part, determined by the rate of correctly identifying proteins or protein pieces.  

Detecting bioterrorism threats, ensuring a safe food supply, and using microbes to clean up the environment 
or as a “clean” energy source are just some of the areas of biology where rapidly analyzing very large 
collections of proteins, or working molecules is a key technology.  High-throughput proteomics is a signature 
capability at PNNL, where the capability is made available to a worldwide community of users to rapidly 
identify all the proteins in a biological sample.  Reliably identifying the protein content of a cell gives 
important information about its function, making it possible to develop new ways in which cells can easily be 
identified, which is important in detecting bio-threats. 

The main computational challenge associated with high-throughput proteomics is the task of identifying 
protein fragments (peptides) from measurements of the mass-to-charge ratio (m/z) of small pieces of the 
peptides.  In a high-throughput method known as tandem mass spectrometry (MS/MS), this collection of 
m/z values can be used as a mass fingerprint to identify the correct peptide sequence from a large list of 
candidate peptides.  Polygraph, a high-performance application designed to perform this peptide identification 
task, has been demonstrated to improve the identification rate of peptides measured by MS/MS.   This 
performance improvement is achieved, in part, by using an advanced statistical model to better understand 
and identify the fingerprint associated with each peptide.  Previous methods generally worked under the 
assumption that peptides are equally likely to fragment anywhere along their length.  However, measurements 
of the probability of fragmentation along the peptide have shown that there is a strong position-dependence 
to the likelihood of fragmentation (Figure 1).  Including this additional information into Polygraph has resulted 
in a substantial improvement in the ability to correctly identify peptides. 
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Future directions of this Computational Grand-Challenge 9603 research include development of a data-
intensive version of Polygraph that would reduce by a factor of one-third the time required to accurately 
identify peptides from MS/MS data. 

 

Figure 1.  Using a position-dependent description of likelihood of peptide fragmentation has resulted in a 
fourfold reduction in the false positive identification rate. 
 
Publications Resulting From This Grand Challenge and Pilot Project 

Cannon WR and KD Jarman.  2003.  “Improved Peptide Sequencing Using Isotope Information Inherent in 
Tandem Mass Spectra.”  Rapid Communications in Mass Spectrometry 17(15)1793-1801. 

Cannon WR, KH Jarman, BM Webb-Robertson, DJ Baxter, CS Oehmen, KD Jarman, A Heredia-Langner, 
KJ Auberry, and GA Anderson.  2005.  “A Comparison of Probability and Likelihood Models for Peptide 
Identification from Tandem Mass Spectrometry Data.”  Journal of Proteome Research 4(5):1687-1698.  

Heredia-Langner A, WR Cannon, KD Jarman, and KH Jarman.  2004.  “Sequence Optimization as an 
Alternative to De Novo Analysis of Tandem Mass Spectrometry Data.”  Bioinformatics. 20(14):2296-2304.  

Jarman KD, WR Cannon, KH Jarman, and A Heredia-Langner.  2003.  “A Model of Random Sequences for 
De Novo Peptide Sequencing.”  In Proceedings of the 3rd IEEE International Symposium on Bioinformatics and 
Bioengineering, pp. 206-213, IEEE Computer Society, Los Alamitos, California.  

Malard JM, A Heredia-Langner, DJ Baxter, KH Jarman, and WR Cannon.  2004.  “Constrained De Novo 
Peptide Identification via Multi-Objective Optimization.”  In Proceedings of the 18th International Parallel and 
Distributed Processing Symposium, pp. 191-199, IEEE Computer Society, Los Alamitos, California. 
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Awards and Recognition 
EMSL User Honored by AAAS.   EMSL user Bruce Kay (PNNL) was inducted as a Fellow in the 
American Association for the Advancement of Science, which cited his “meritorious efforts to advance 
science or its applications.” 

EMSL Staff and Users Recognized by PNNL.  On April 12, 2006, 22 EMSL staff members and resident 
users were honored by the PNNL for their scientific contributions.  The contributions cited included 
receiving patents for original ideas, developing software, contributing to technology commercialization, and 
receiving prestigious scientific awards.   

EMSL User Appointed to ASMS Board of Directors.   EMSL user Julia Laskin (PNNL) has been 
appointed to the American Society for Mass Spectrometry Board of Directors.  Laskin will act as treasurer of 
the Board.  In this role, she will make recommendations to the Board relevant to preserving the economic 
health of the Society and will present a financial report at each annual meeting. 

Professional/Community Service 
On March 30, 2006, students and faculty of Washington State University-Tri-Cities, Richland, Washington, 
visited the EMSL High-Field Magnetic Resonance Facility.  The students ran NMR experiments related to 
their coursework.  EMSL staff members Joe Ford and Sarah Burton hosted the visit. 
 
On April 25, 2006, seven students and a chemistry professor from Columbia Basin College/Washington State 
University visited the EMSL High-Field Magnetic Resonance Facility.  The students ran NMR experiments 
related to their instrumental analysis coursework.  EMSL staff member Sarah Burton hosted the visit. 

EMSL user Mike Bowman (Pacific Northwest National Laboratory) traveled to Washington State University, 
Pullman Washington, to serve on a Thesis Defense Committee.  He participated in the doctoral thesis 
defense of Dr. Jonathan Cape.  Cape’s thesis topic was “The Mechanism of Quinol Oxidation in the 
Cytochrome bc complex.”  This doctoral defense included work performed as a user in the EMSL High-Field 
Magnetic Resonance Facility. 

Visitors and Users  
A total of 392 users used the capabilities of EMSL during this reporting period, with 244 visiting onsite and 
148 using capabilities remotely.    

Publications 
The following list represents publications by EMSL staff members and users where the publication resulted 
from research carried out in EMSL. 
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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: 

• 45th Sanibel Symposium 

• 231st American Chemical Society National Meeting and Exposition  
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• 2006 Materials Research Society Meeting 

• American Physical Society March Meeting 

• High-Performance Computing-3 Project Plan Review 

• International Data Group High-Performance Computing Forum 

• Itanium Conference and Exposition 2006 

• Moving the Laboratory Online: Practical Techniques for Utilizing Remote Instrumentation to 
Enhance Science Education (online conference) 

• Scientific Computing Magazine Webcast: Power Up/Cool Down (online conference) 

• U.S. Department of Energy 2006 Cyber Security Training Conference. 
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