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Introduction

Each year, Brookhaven National Laboratory (BNL) is required to provide a program description
and overview of its Laboratory Directed Research and Development Program (LDRD) to the
Department of Energy in accordance with DOE Order 413.2B dated April 19, 2006. This report
provides a detailed look at the scientific and technical activities for each of the LDRD projects
funded by BNL in FY2010, as required. In FY2010, the BNL LDRD Program funded 51
projects, 28 of which were new starts, at a total cost of $11,272,216. Approximately 6% of the
total funds was invested in a focused FY2010 LDRD call for proposals and the remaining ~94%
was awarded to openly competed LDRD projects.

The investments that BNL makes in its LDRD program largely support the Laboratory’s
strategic goals as outlined in the BNL Laboratory Plan. BNL has five Laboratory Initiatives,
Photon Sciences, QCD Matter, Materials for 21% Century Energy Solutions, Physics of the
Universe, and Biological-, Environmental- and Climate and Sciences. These major- initiatives
support the growth and evolution of the major business lines (i.e. mission areas) of the
Laboratory. In addition, there are four smaller initiatives that support growth and program
development in targeted areas, i.e. Accelerator Science and Technology, Biological Imaging,
Computation, and Detectors for National Security. Approximately 94% of BNL LDRD funds
supported one of the major or targeted initiatives, of which about 67% supported the five major
initiatives. About 6% was invested in other innovative research and development activities. In
total, these LDRD investments supported 72 postdoctoral researchers and graduates students in
whole or in part. In FY2010, new LDRD investments supported the BNL initiative in QCD
Matter; $6.467M supported projects started in FY2010, of which ~$700k funded the focused call
for proposals in the Science and Technology of an Electron Ion Collider (EIC). However, the
funding in Figure 1 below for QCD Matter is somewhat larger (7%) due to ongoing EIC-related
projects).

This Project Activities Report represents the future of BNL science; it is an impressive body of
exploratory work that investigates many scientific and technical directions in support of the DOE
and BNL Missions. We hope that you enjoy it. :

Physics of the
Universe QCD Matter
4%

Photon Sciences S = Biological Imaging
3% S 27%

Other _
6%

Climate,
Environmental,
and Biological
Sciences
6%

Allocation of FY2010 LDRD Funding by BNL Initiative Area
1
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Sensitive Searches for CP-Violation in Hadronic Systems
LDRD Project 07-005
Yannis Semertzidis

PURPOSE:

This LDRD supported the development of the software program for the needs of the deuteron
and proton EDM experiments. The tracking program is used to study beam and spin dynamics
of charged particles stored in a ring with arbitrary electric and magnetic field combinations.

APPROACH: : ,

The task of developing an accurate and at the same time efficient beam and spin dynamics
software tracking program requires sophisticated levels of understanding of the issues involved.
We therefore had to make sure that we could check our results in a reliable way. We decided to
first start with a continuous magnetic ring with weak focusing that could be estimated

analytically to high precision.

Our post doc Dr. Fanglei Lin worked on this project using an efficient software program already
developed for the needs of RHIC to study the effect. She did her Ph.D. thesis using this program
analyzing the spin resonances at AGS. Her experience with this program was extensive and her
former supervisor Dr. Alfredo Luccio is a member of our collaboration and therefore continued
to work with her.

A graduate student from Istanbul Technical University, Mr. Selcuk Haciomeroglu, worked with
an entirely different approach using differential equations describint% the particle velocity and
spin precession in an electromagnetic field region. He then used 4 order Runge-Kutta (RK)
predictor-corrector integrator with a very small time step (0.5 ps) to integrate the equations.

The third method used was an actual analytical estimation of the effects to second order. Those
estimations were needed in the muon g-2 experiment so that corrections could be applied to the
observed muon frequency precession due to finite beam emittance. They have been calculated
very early on (several decades earlier) by several authors using different techniques and are in
excellent agreement. '

The EDM requirements for the storage ring are very strict. In addition, the commonly available
programs don’t regularly include electric fields since they add a substantial complication. This
complication arises from the fact that while magnetic fields conserve the particle kinetic energy,
the electric fields conserve only the total mechanical energy (kinetic plus potential energy) and
not just the kinetic energy. During last year we have developed a thorough understanding of the
issues involved and for the most part we have solved them.

TECHNICAL PROGRESS AND RESULTS:

Since the magnetic field case is easier we developed this one first. After debugging the software
programs we were able to estimate the so called pitch effect, i.e. the g-2 spin precession
correction in a magnetic field of a particle with non-zero vertical oscillation amplitude. That
effect to second order is at the parts per million (ppm) level and the RK integrator gave a result |
that was in agreement with the analytical estimation to very high accuracy. We were also able to



define the origins of those corrections in both the particle physical motion and to the relativistic
effects due to motion along the field direction.

It was found that the efficient program did not estimate the second order effects accurately,
giving misleading answers. After determining the origin of those problems, it was possible to
estimate the second order effects accurately enough without compromising its calculation speed
too much. This program has been benchmarked and is now used to estimate the spin coherence
time of the stored beams at COSY/Jiilich in Germany.

The next step to track particles in storage rings dominated by strong electric fields proved to be
much more challenging. After a few months of debugging the program that used the RK
method, we were able to produce a reasonable tracking with accuracy that was acceptable for the
needs of the experiment. This program is slow; using a Mac book pro that has 2.7 GHz CPU
speed, it can track an equivalent of 10 ms particle storage time in about 10 hours of continuous
running. The estimation of particle oscillation tunes for the horizontal and vertical directions as
estimated by two different techniques, one of which is analytical, and the results from the RK
method agree to very high accuracy. This gives us confidence in the tracking results.

The fast programs need to use a different approach in the presence of E-fields than the one used
in magpetic fields only. The issue of changing the particle momentum during horizontal
oscillations complicates the equations of motion and the integration method. This development
is tedious and requires novel techniques that have not yet been applied in the field of beam and
spin dynamics tracking. The concepts have been developed and the application is currently in its
final phase. :

We are preparing a proposal for the DOE Office of Nuclear Physics that will be submitted by the
end of the spring 2011.



Strongly Correlated Systems: From Graphene to Quark-Gluon Plasma
LDRD Project 08-002
D. E. Kharzeev and A. M. Tsvelik

PURPOSE:

The fundamental goal of the project is to study the role played by the chirality describing the
state of motion of the relativistic particles in a condensed matter setting, such as mono and multi
layer graphene samples. The chirality manifests itself in a qualitatively different way depending
on the number of graphene layers. The technical objective of our project is to study the effect of
the chiral nature of the particle spectrum on the transport properties of mono and multi layer
graphene. :

APPROACH:

Graphene samples are unique in their high mobility, controllable properties and most notably the
relativistic dispersion relation of carriers. Even though the fractional quantum Hall effect has
been reported recently in suspended samples, the observation of effects of electron-electron
interaction at low magnetic fields in exfoliated graphene remains a challenge. We have realized
that working with multilayered graphene may provide a way to detect interaction effects. Indeed,
in a n-layer graphene, the Berry phase associated with the chirality is 7 z. This corresponds to an
n-th power of momentum in the dispersion of the quasi-particles. It follows that while the
effective mass of carriers in mono-layer graphene vanishes at low energies, it is constant in a
graphene bi-layer and is divergent in a graphene tri-layer. Experimentally this behavior has been
reported in measurements made by our team of collaborators: Liyuan Zhang, Yan Zhang, Jorge
Camacho, Igor Zaliznyak, Tonica Valla, and Myron Strongin at Brookhaven National
Laboratory. Collaboration with the local group proved to be useful and essential for the project.

To provide our experimentalists with theory support, we developed a transport theory in
graphene multi-layers including effects of screening due to the electron-electron interaction.

TECHNICAL PROGRESS AND RESULTS:

It is known that being able to account for an ionized Coulomb impurity is essential for the
description of the transport in non-ballistic graphene mono-layers. In fact the constant mobility
slightly away from the neutrality point can be explained if the cross-section scales with the
inverse energy. As this is a property of Coulomb impurities, it is clear that they are responsible
for the mobility being constant at high enough densities. The impurities in bi or tri-layers are
similar to those in a mono-layer. Moreover, the density dependence of the mobility is
qualitatively similar to the one in a mono-layer. The naive application of the transport theory to
the multi-layers would not produce the correct mobility density dependence. We therefore had to
resolve this puzzle. The key to this question is the following observation. The density of states in
multi layers is big and even divergent at low energies. It promotes effects of interactions. One of
the most obvious such effects is the screening of the external ionized potential. Contrary to a
mono-layer, in a multi-layer the impurity is universally screened and becomes proportional to an
inverse density of states. '

Remarkably, inclusion of interaction effects on the level of screening allows us to understand the
major qualitative features of experimental results.

6
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Getting to Know Your Constituents: Studies of Partonic Matter at the EIC
LDRD Project 08-004
Werner Vogelsang

PURPOSE: :

The goal of this LDRD was to develop and commission an operational framework for the
extraction of the distributions of quarks and gluons, the elementary particles of the strong
interactions in nature, from future data taken at an Electron-Ion Collider (EIC). This goal has
been fulfilled. - The main technical result of the work pursued in this LDRD is an extensive
computer (Fortran) code that may be used to carry out sensitivity studies for quark and gluon
distributions in future EIC measurements. The code helps determine the optimal choices for the
collision energies and detection capabilities at an EIC and could therefore become an essential
part of the preparations for this machine.

APPROACH:

The EIC, with its unique assets of high energy and availability of polarized and nuclear beams,
will be the ideal place for investigations of the quark and gluon (or, “parton”) sub-structure of
nucleons and nuclei. Other lepton scattering experiments, as well as RHIC, are presently already
providing information and will continue to do so in the pre-EIC era. In making the science case
for an EIC, it is therefore important to assess the impact that EIC measurements would have.
This is also closely tied to the developments of the optimal design of an EIC. This need for
detailed early studies is the background for the present project. The specific implementation of
analyses of quark and gluon distributions in polarized nucleons and in nuclei and their
application to the needs at an EIC had not been achieved so far.

Our investigations were performed in a staged approach. The first stage was the development of
the global analysis technique and its benchmark application to RHIC data. This was completed
in 2009 and reported previously. Over the past year, we have further improved the analysis code
by implementing a full analysis of the correlated experimental uncertainties. For this, we devised
a new analytical method for treating the normalization uncertainties of the data and correlations
among uncertainties (K. Boyle, C. Gal). This method significantly speeds up the performance of
the analysis code. We also completed the second stage of the project, by adding simulated EIC
data to the analysis (S. Taneja). Here the goal was to investigate the impact future EIC data
would have on our knowledge about polarized parton distributions. In collaboration with
Michael Savastio at Stony Brook University, we have used PYTHIA to simulate deep-inelastic
scattering events at the EIC. The generated sample has been used to obtain estimated statistical
uncertainties for spin asymmetry measurements at the EIC. We have next used the results of the
benchmark analysis discussed above and computed the actual spin asymmetries at the EIC. These
asymmetries were then randomly shifted with a Gaussian distribution, making use of the
uncertainties previously determined with PYTHIA. The resulting EIC “data” and their
“uncertainties” were added to the full global analysis. The analysis was then run with all data
sets, including the “EIC data sample”, and new sets of parton distributions and their uncertainties
were obtained. The main technical analysis method we are using to carry out the work is a
mathematical approach known as “Mellin technique”. This technique allows us to incorporate all
presently available data at “next-to-leading order” of QCD. The actual analysis can then be done
in terms of a xz analysis. This also includes a proper treatment of the correlated experimental
and theoretical uncertainties and their impact on the extracted quark and gluon distributions.

7



The co-investigators on this LDRD project were A. Deshpande (Stony Brook) and R. Milner
(MIT), D. Kharzeev, and R. Venugopalan (BNL). We decided to choose a somewhat unusual
“strategic” approach for realizing the goals of this LDRD: rather than hiring a postdoctoral
researcher for the duration of the project, we only did a part-time contract hire and used the
remaining funds for attracting more senior visitors for short and/or long-term visits to the
laboratory. We hired Dr. Swadhin Taneja on a contract basis from Stony Brook University for
the past year. This strategy has worked out exceptionally well. In addition, K. Boyle and C. Gal
(Stony Brook) have been collaborators in the project.

We have had visits by M. Stratmann (Wiirzburg/Regensburg), D. de Florian and R. Sassot
(Buenos Aires U.) in FY 10, who are experts in analysis techniques for nucleon and nuclear quark
and gluon distributions. They also participated in work on the project. LDRD funds have also
been used for travel by the PI to workshops and conferences to present the results of our global
analysis, among them to two EIC workshops at the INT in Seattle this year.

TECHNICAL PROGRESS AND RESULTS:

FY 2010 was the final year of funding for this project. As mentioned above, we have essentially
completed the project. A sample result of a global analysis that includes projected EIC data is
presented in the Fig.1, which shows the spin-dependent gluon distribution of the proton, as a
function of momentum fraction. As can be seen, EIC measurements would be expected to give a
significantly decreased uncertainty of the gluon distribution, compared to the present situation.
We are now using these results to identify the requirements for energies and detectors at the EIC.

=y TV RSO

X el

0.1 ¢
0.001 0.01 0.1 1 .00 2.0 [

Fig.1: Spin-dependent gluon distribution Ag as function of gluon momentum fraction x, along with its I1-sigma
uncertainties. Left: Extracted from previous RHIC and DIS data, as published in Phys. Rev. D80 (2009) 034030.
Right: Extracted from latest Run-9 RHIC pion data, COMPASS data, and simulated EIC data for 10 GeV on 250
GeV ep collisions with luminosity 6/fb.



Development of the Deuteron EDM Proposal
LDRD Project 08-005
Yannis Semertzidis

PURPOSE:

This LDRD supported the study of the maximum Electric (E)-fields that can be applied between
two specially prepared metallic plates as a function of the distance between them. The technical
goal of the proton EDM experiment is to achieve reliable operation at 10.5 MV/m for a 3 cm
plate separation.

APPROACH:

For the E-field development, we have borrowed a high voltage testing system from Cornell
University and have installed it on the AGS experimental floor. We also borrowed specially
made plates, one made out of stainless steel (SS) and the other of titanium (Ti). After
conforming with all the safety requirements, we were able to turn it on and take data. Selcuk
Haciomeroglu, a Ph.D. student from Istanbul Technical University working on the development
of the EDM proposal is doing his Ph.D. thesis on this work. '

The 10.5 MV/m bending electric field is very conservative in comparison with the new methods
developed for energy recovery linac (ERL) R&D. However, the ERL R&D was done on plates
with area several hundred cm?, while we need an area three orders of magnitude larger for the
EDM storage ring. Depending on the results of this test, we may have to increase the storage ring
radius. Decreasing the electric field by 1 MV/m by increasing the ring radius by 10%, for
example, increases the total projected cost by less than 10%, since some things, beamline design,
etc., are independent of the storage ring radius.

TECHNICAL PROGRESS AND RESULTS:

The electric field testing helped us understand the issues with very high electric fields on
metallic surfaces. Usually, the E-field that can be safely applied on metallic surfaces is of the
order 5-10 MV/m, but it can go up to 30 MV/m when the surface is treated with high pressure
water rinsing (HPR). First we have tested the plates without HPR to set the baseline. We have
also caused several sparks to establish the recovery time and have also applied high pressure
glow discharge, which helps clean up the plates after a severe spark. These tests determine the
recovery time for the plates in case we have a major discharge during the experiment.

During the test we learned the following procedural lessons:

1) Raising the high voltage between the plates needs to be done very slowly, monitoring the
dark current very closely. A high voltage breakdown is very hard to recover from by spark
conditioning alone. We established certain dark current limits before we could raise the high
voltage to the next level.

2) We found that the plates recover to a very high degree when we apply a glow discharge using
an Ar-He gas mixture at about 50% level each and a pressure of about 100 Torr. The glow
discharge needs to be on for about 20 minutes to clean up any debris, due to high voltage
breakdown, from the metallic plates. After glow discharge we were able to mostly recover to
the pre-sparking levels.



At the conclusion of this LDRD, the preliminary stage of the tests has been completed. We are
now preparing for the next phase using specially treated stainless steel plates. We have now
acquired new plates from Cornell University that have been treated with HPR in order to
compare their E-field performance. Those plates are currently being installed in the vacuum
chamber for bake-out and pump-down. The vacuum chamber interior is being cleaned and will
be ready for testing within two months from now.

Another of the outcomes of this LDRD is data for preparation of a proposal for the DOE Office
of Nuclear Physics that will be submitted by the end of the spring 2011.

10



Development of Small Gap Magnets and Vacuum Chamber for eRHIC
LDRD Project 08-008
Vladimir N. Litvinenko

PURPOSE:

The development of small gap magnets, both dipoles and quadrupoles, and a vacuum chamber
compatible with a multi-pass energy-recovery linac has a high potential for making the ERL a
cost effective solution for eRHIC using the RHIC tunnel for four of its five return loops. Using
the RHIC tunnel is the only viable option of operating eRHIC with electron energies at and
above 10 GeV. Otherwise - like in the ring-ring option- the power of synchrotron radiation will
be too high and energy consumption will be prohibitive. Designing and testing the quality of
mini-gap (gaps ~5 mm) dipole and quadrupole magnets with a common vacuum chamber are a
critical step for developing this concept. Using results of the magnetic field quality for tracking
particles through 4 passes around the RHIC is a critical validation of this approach.

APPROACH:

Using an ERL for eRHIC provides an electron beam with very small emittance and as a result
with very small sizes. In return, it allows one to design loop magnets for eRHIC with very small
gaps (few millimeters) and install them at a single vacuum chamber. Small gaps and low
magnetic fields of the magnets provide for an energy efficient lattice extending for about 16
kilometers. The main research was focused on checking the viability of this concept, including
studies of the quality of magnetic fields in‘prototype dipole and quadrupole magnets, stresses and
deformation of thin-wall convolutions of the vacuum chamber. Small gap magnets with low-
current coils are low weight and can be inexpensive. The approach was to design such magnets
and test various manufacturing techniques (grinding, EDM, etc.) and check the quality of the
resulting field. The resulting field errors should be compared with requirements coming from
numerical tracking.

Year 1 milestones: a) model, design and manufacture dipole magnet; b) develop tracking code;
¢) design and simulate vacuum chamber stresses and sagging with ANSYS

Year 2 milestone: a) design and manufacture quadrupole magnet; b) complete magnetic
measurements; ¢) manufacture prototype of vacuum chamber

Year 3 milestone: a) analyze the data and a make decision on the next step

TECHNICAL PROGRESS AND RESULTS:

We had analyzed the results-of magnetic measurements for the dipole and quadrupole prototypes
made at BNL as well made by high quality manufacturers outside of BNL. For reasons beyond
our control, the final quadrupole ordered from outside of BNL is not yet delivered.

We use a Group 3 Hall probe mounted on a 3-axis translation stage to map the field. The probe
and its holder have the thickness of 3mm, which will fit even the Smm gap. This measurement
system has the ability to do both longitudinal (z direction) and vertical (y direction) scans.
However, due to the limitation of the small gap, the ability of the horizontal (x direction) scan is
very limited, even for a 10 mm gap quadrupole. The movement accuracy of the translation stage

11



can be as low as 1 micron. In a real measurement, the minimum movement step is 25 microns.
The relative coordinate of the magnets with respect to the probe home position is measured
through the geometric survey. The quadrupole prototype is measured at exactly the same set-up
as the dipole.

The quality of the dipole magnetic field is satisfactory and allows chsidexing a more economic
combined function magnet for eRHIC. The quality of the quadrupole field is marginal and better
manufacturing quality is required. We expected that the outside manufacture would deliver a
better product.

Table 1: The high harmonic component of the field at 2mm and 4mm off center. They are
measured by units, 0.01% of the quadrupole component at the same location.

Harmonic number At 2 mm At 4 mm
2 (Sextupole) 43 ' 88
3 (Octupole) ol 19
4 ‘ 4.2 34
3 : -2.8 -44
6 0.3 8.2

We also simulated the effect of quadrupole allignment errors of +100 microns on the eRHIC
orbit and found that a traditional SVD orbit correction method is sufficient to comrol the orbit
withing 50 microns RMS.

The LDRD part of thése studies is completed.

12



Novel Methods for Microcrystal Structure Determination at NSLS & NSLS-II
' LDRD Project 08-022
Allen M. Orville, Alexei S. Soares, Howard R. Robinson and Annie Héroux

PURPOSE:

Without a doubt structural biology has revolutionized our understanding of biological processes
at a molecular level. Macromolecular crystallography (MX) is the predominant method in
structural biology and continues to be recognized by Nobel Prize selection committees. For
example, the Nobel Prizes-in Chemistry in the last decade awarded to MacKinnon (2003),
Kornberg (2006), Tsien (2008), and Ramakrishnan, Steitz, and Yonath (2009) all focused on MX
and used synchrotron radiation.

These and many other important advances in MX continue to motivate researchers to their
attempt to solve increasingly difficult scientific problems, especially crystal structures of large
macromolecular assemblies and membrane proteins. Unfortunately, these systems often yield
only microcrystals measuring just a few microns in one or all dimensions. Although crystalline, a
great difficulty of such microcrystal morphology relates to extracting the highest resolution
diffraction data possible from such small samples. To that end, a critical step is mounting
microcrystals in such a way as to minimize the amount of solution surrounding the microcrystal.
It is absolutely essential to reduce the noise in the data by background scattering from the
solution. However, typical methods for mounting microcrystals include scooping them up by
hand with 20-300 um loops and flash cooling them. This approach is especially difficult when
working with microcrystals and most often includes a large volume of solution around each
crystal. The result is a very weak diffraction signal relative to the large background noise.
Consequently, the often observed showers of microcrystals are discarded as frustrated scientists
continue to explore other crystallization conditions. Thus, traditional MX methods simply do not
work for many of the frontier challenges in structural biology.

APPROACH:

We are very excited to report an alternative mounting and data collection strategy that we
developed specifically for use with slurries of microcrystals. Our new methods are better at
controlling the amount of solution surrounding microcrystals and consequently provide more
signal and less noise in the data. The novel approach is to use acoustic energy to launch 2.5
nanoliter droplets of microcrystal-containing solutions through the air, catching them on standard
mounts, cryocooling them, ‘and then using a several micron-sized X-ray beam to raster-scan
across the mesh to locate and collect diffraction data serially from several microcrystals. We are
the first to report that moving crystals with acoustic energy does not affect their diffraction
quality. Moreover, we were able to use the diffraction data from several micron-sized crystals to
solve the three-dimensional structure with SAD phasing methods. Therefore, our results are
generally applicable and will impact nearly the entire field of macromolecular crystallography.
We also envision applications of our methods at the new free electron laser X-ray sources in
Europe, Asia and at SLAC in the USA.

Research Plan: Our strategy to collect X-ray diffraction data from microcrystals is illustrated
below in Fig. 1: Acoustic Droplet Ejection (ADE) and Raster-Scan. First we mount the
microcrystal slurry with ADE methods. Next we use the X-ray beam to scan across the grid until
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X-ray diffraction to~2 A
resolution from crystals
measuring ~Spm X Sum X Sum.
The SAD phased electron
density maps for the Zn2*
insulin hexamer.

Fig. I: Acoustic Droplet Ejection (ADE) methods, with a raster-scan data collection strategy, yield crystal
structures. (Left) An illustration of ADE launching a 2.5 nL water droplet (~170 um in diameter) from the
surface in a standard 96-well plate. (Middle, top) An image from beamline X25 of the actual insulin
microcrystal slurry supported on MicroMesh (25um x 25um grid pattern) used to solve the structure. (Middle,
bottom) Our concepts for raster-scanning with a microdiffractometer to support cryo-crystallographic
structure determination. (Right) The electron density map from a full dataset merged from nine microcrystals
with a 20um x 20um X-ray beam at X25 within the field of view shown in the middle panel.

we find 2 microcrystal via diffraction. A portion of the whole diffraction data is then collected
from each microcrystal. The whole dataset is built up from several microcrystals as necessary.

TECHNICAL PROGRESS AND RESULTS:

Funding for this LDRD project ended on September 30, 2010. In the past, it supported partial
salaries for Dr. Marc Allaire with his graduate student, Mr. Matthew A. Engel (full salary,
enrolled in the Biomedical Engineering Program at SUNY-SB), as well as Drs. Soares and
Orville (PI). We routinely produce microcrystal showers of several well-known standard
proteins including lysozyme, Zn>* insulin, taumatin, and nitroalkane oxidase. We are currently
focusing on the ADE technology and the Raster-Scan strategy at beamline X25.

Dr. Soares and Mr. Engle visited Labcyte (Sunnyvale, CA) from 11/2008-10/2009 to develop
ADE methods and test them for suitability with micro-crystallography. Drs. Soares, Allaire and
Mr. Engle also traveled to beamline ID23-D at the Advanced Photon Source (APS) from 12/18-
21/2009 to use their minibeam facility for data collection from microcrystals mounted with ADE
methods (see below). We believe that our most important innovation to date is our plans and
development of ADE technology for use in microcrystal structure determination. Consequently,
these concepts are the basis of the record of invention and our initiation of the patent process
during FY 2009.

ADE is a “touchless” method that focuses ultrasonic acoustic energy into a liquid, which mixes
and ejects small droplets from the surface and deposits them to a specified location with micron
accuracy. This strategy also has the advantages of precision, speed (up to 200 Hz), ultra-low-
volume transfer, and the technology eliminates cross-contamination of samples. The droplet size
is controlled over a range of ~10 picoliters to 2.5 nanoliters by selecting different frequencies
and harmonic overtones. We have shown that ADE methods can eject 2.5 nanoliter droplets of a
suspension of microcrystals in Mother Liquor. We prepared two types of microcrystal slurries,
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Zn>* insulin and lysozyme that each contained high concentrations of microcrystals in the 2-20
um size range. We brought. our samples to the Labcyte facility to use ADE methods to transfer
2.5 nanoliter droplets (~170 pm in diameter) through the air to 2 conventional MiTeGen
MicroMesh, which spread to cover about 200 um region of the grid. We observed numerous
microcrystals in the 2-20 pum range in their largest dimension disperse on the grid that transferred
with the droplet. These crystals were subsequently rapidly cryo-cooled with liquid nitrogen, a
standard procedure in crystallography, and then analyzed for diffraction quality and structure
determination. The X-ray diffraction data were collected at two different minibeam-capable
synchrotron beamlines: X25 at the NSLS and ID23-D at the Advance Photon Source (APS). Our
results indicate that ADE does not alter the crystal quality as deduced from the X-ray diffraction
data and refined crystal structures. Both molecular replacement and SAD phasing techniques
were used to solve the structures of ADE-transferred microcrystals. '

‘Our blue-sky vision for this LDRD project includes the last objective or our proposal submitted
to the NIH Roadmap Initiative (RFA-RM-09-
022) Transformative Research Projects Program Optical Gonfometér Raman Spec.
(RO1). We still plan to develop a very high S i

Fhroyghput, Op?ical Gogiometer as illustrated ;;"ngtf:zﬁng Notch
in Fig. 2. We will start with an ADE system that Filter
launches ~150 picoliter (~65 micron diameter) T
droplets into the air from a well or sitting drop e

containing a microcrystal slurry. In the final
development, the transducer frequency and
microcrystal slurry  concentration will be Light Intensity Profile
optimized such that each droplet is ~10 From Objective Lens
picolilters (~25 microns in diameter), contains =
approximately one microcrystal each, and
maximizes the ratio of crystal volume to droplet
volume. We will hold each droplet in the X-ray
beam with an optical trap comprised of a single
laser beam. Furthermore, linearly polarized
Jaser light will also apply a torque to birefringent
crystals, and thus orient and rotate each
microcrystal. With laser powers in the 10 — 100s . : "
mW range, optical traps can manipulate a range | £ 2: Coupling ADE methods with laser-based
of sizes of aerosol droplets, and generate several | % tical tweezers creates an optical goniometer
s ) suitable for very high throughput micro-
hundred pNenm of torque to rotate miCron SiZ€ | ...ouiioeraphy. ;
particles with angular velocities up to 200 rad/s.
Therefore, our optical goniometer will also provide a means to mix and initiate enzyme reactions
within ADE droplets, as well as to collect diffraction datasets with a duty cycle that matches the
lifetime of each sample used at the NSLS-II, other third generation X-ray sources, or the intense
X-ray pulses at the FELs.

Holographic Imprints  Objective Lens
Polarization Immersion Qil
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Combined PET/MRI Multimodality Imaging Probe
LDRD Project 08-025
David J Schlyer

PURPOSE:

The goal is to design a multimodal imaging probe for use with our combined MRI-PET animal
imaging system which will allow simultaneous PET and MRI measurements. The probe will
contain both a positron emitting radionuclide and a superparamagnetic MRI contrast agent in a
single iron oxide nanoparticle. There is mounting evidence that most disease processes can be
identified by altered molecular profiles and/or cell behavior prior to visual anatomic alterations.
Insight into these processes could potentially allow for (1) the early detection of disease, (2) more
accurate prognoses and personalized treatments, (3) the ability to monitor the effectiveness of
therapeutic treatments, and (4) improvements in our understanding of how cells behave and
interact in their intact environment in living subjects. This dual probe concept combines the
strengths of both PET and MRI into a powerful new tool for quantitative molecular imaging.

APPROACH:

Molecular imaging with PET has already had a profound effect on our understanding in both
preclinical and clinical areas including cancer research and many aspects of neuroscience from
cognition to psychiatric diseases. MRI is beginning to move from structural and functional
imaging to molecular imaging, but this is in the early stages and requires considerable
development. The combined use of PET and MRI with our proposed imaging agents could be a
quantum leap forward in synergistically addressing problems of cellular pathophysiology. One
key advantage of this approach is that the radionuclide probe is included in the nanoparticles
which means that the radionuclide will stay with the nanoparticles as opposed to some other
radiolabeled nanoparticles in which the radionuclide is attached to the nanoparticles using a
chelating agent which may release the radionuclide under biological conditions.

We will address each of our specific aims in the following ways.

Specific Aim 1 - Incorporate Iron-52 in Nanoparticles: Superparamagnetic iron oxide (SPIO)
MR imaging contrast agents consist of an iron oxide nanoparticle core covered with a coating
material (such as dextran). A diagram of the probe is shown in Figure 1.

Radionuclide

S edanitom s e have prepared magnetic particles doped with the

radionuclide Fe-52. They were synthesized by a microemulsion
technique in the lab with controllable sizes of 4-150 nm using a
method developed by Molday [1]. The nanoparticle is coated
Polycrystalline with dextrane to reduce agglomeration. The labeling with
core of 1000~ biologically active molecules will be done in collaboration with
:noocl)ggl;lr:sn oxide 4o Center for Functional Nanomaterials (CFN) at Brookhaven
National Lab (BNL) and the BNL Medical Department

Fig. 1: Schematic diagram of the | radiochemists.
radiolabeled nanoparticle
molecular probe

: Specific Aim 2 - Use Simultaneous PET/MRL:  We have
developed a scanner that will allow the simultaneous acquisition of quantitative physiological
data using PET, and high resolution anatomical or even complementary functional data using
MRI.
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TECHNICAL PROGRESS AND RESULTS:
The iron oxide nanoparticles synthesized by the Molday method gave a good magnetic signal as
shown in Figure 2. The darker the circle, the better the contrast agent.

Figure 2 Comparison of magnetic characteristics with different

no Dext O @ methods .of. synthe;sis (Molda_y [1] ax}d Moore [2]) with
commercial iron oxide nanoparticles (Feridex).
& O.|Molday
Dilute O O |a Moore As can be seen, the preparation using the Molday
Fe, O O IFeridex approach gave a signal that was very similar to the
%)%Z‘{ signal from the commercial Feridex paricles. These

particles were used in PET experiments and the
whole body distribution in the rat is shown in Figure 3.

[==Uvor |

|-m-Hoan |

—a- Vossol|

] ;
"‘.\ Fig. 3: Iron-52 labeled iron oxide

g M nanoparticle biodistribution in a rat over
i 95 minutes.

The iron oxide nanoparticles were also imaged in a mouse using MRI. The same pattern of
accumulation is shown, with a high accumulation in the liver (Figure 4).

Gall Bladder
Liver

Intestine
Fig. 4: Iron oxide nanoparticle

biodistribution in a mouse liver over 40
minutes.

1 min.

The darker
color in the
images shows a
increase in the
concentration of
nanoparticles in
the liver

5 min. 40 min.
The final step in these experiments will be to carry out the simultaneous imaging. This can
happen as soon as we have access to iron-52 again at the BLIP.

Follow on Funding: A grant of 300K over 2 years was obtained from Battelle as part of a
Multi-scale Toxicology Initiative. The grant is to use these multimodality probes to investigate
the biodistribution of these nanoparticles and to assess the toxicity.

References: :

1. R. S. Molday, D. Mackenze, Journal of Immunological Methods, 1982(52): 353-367.

2. A. Moore, E. Marecos, A. Bogdanov, R. Weissleder, Radiology, 2000(214): 568-574
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Genomic DNA Methylation: The Epigenetic Response of Arabidopsis
Thaliana Genome to the Long-Term Elevated Atmospheric Temperature and
CO; in Global Warming

LDRD Project 08-028
Qiong (Alison) Liu

PURPOSE:

The goal of this project is to determine the changes of DNA cytosine methylation in the genome
of Arabidopsis plants in response to elevated ambient temperature and CO, concentrations such
as would occur during global warming. This epigenetic information will help us identify
genomic and genetic loci that are regulated by elevated temperature and CO,, that can impact on
plant development, flowering time, grain and biomass production, and to understand how
regulation of DNA methylation in the plant genome can help plant’s adaptation to environment.

APPROACH:

Exponential emission of CO, into the atmosphere resulting from human activities has led to an
enhanced greenhouse effect or global warming. Prolonged increase of temperature has been
shown to increase the growth rate and to induce early flowering of plants in laboratory
experiments (Balasubramanian S. et al. PLoS genetics. 2006 2(7): 980-9), and is correlated to
biomass and grain reduction in crops (Peng S. et al. Proc Natl Acad Sci U S A. 2004 101(27):
9971-5). Palebotanical evidence has linked a fourfold increase in atmospheric carbon dioxide
and an associated 3° to 4°C greenhouse warming to a well-documented major faunal mass
extinction during the period of the Triassic-Jurassic boundary (McElwain JC et al. Science 1999
285: 1386-90). Some prior evidence suggests that plants may respond to altered temperature and
CO, level via an epigenetic response. For example, microarray studies have identified many
gene expression changes in Arabidopsis when the plant is grown at a few degrees higher
temperature (Balasubramanian S. et al. PLoS Genetics, 2006, 2(7); 980-9). A few small RNAs
are also generated or altered in Arabidopsis growing at a lowered temperature (Oh M. et al.
Journal of Plant Biology, 2007, 50(5); 562-67).

We have taken several approaches to understand how elevated ambient temperature can function
to affect the epigenome. We have used HPLC and LUMA assays to analyze the overall genomic
DNA methylation and the bisulfite sequencing method to identify altered methylation in cytosine
in the single nucleotide resolution. We have also analyzed the deep sequencing results of small
RNAs libraries to identify the miRNAs that are altered in their expression by elevated
temperature and CO,. The altered siRNAs expression indicates regulation of genomic DNA
methylation. We have completed analysis of 4 bisulfite sequencing libraries and 8 small RNA
libraries in these plants.

For this progress, Alison Liu has collaborated with (1) Dr. Michael Zhang at Cold Spring Harbor

Lab for bioinformatics work, (2) Cold Spring Harbor Laboratory Genome Research Center for
sequencing small RNA libraries, and (3) Dr. Ecker’s lab at Salk Institute.

TECHNICAL PROGRESS AND RESULTS:
This LDRD project started in March, 2008. The summarized results to date are as follow:
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(1) The phenotypic characterization and the paper: Arabidopsis plants were grown in our
newly purchased growth chambers at 23°C and 26°C. We have completed the characterization
of the newly identified phenotypes and demonstrated that elevated ambient temperature can
reduce seed production significantly and biomass production moderately, and promote root
development in Arabidopsis plants. A paper is being written for publication.

(2) The small RNA expression and genomic DNA methylation changes induced by elevated
ambient temperature and CO,, and the Nature paper:

Small RNA libraries were generated using Arabidopsis plants grown at 22°C and 28°C, and 400ppm and
800ppm CO; concentrations, by following the Illumina small RNA preparation instruction manual. We
have obtained duplicate libraries making 8 libraries in total. We have also found novel miRNAs and
siRNAs with differentiated expression rates at different temperatures and CO, concentrations.

We have also sequenced bisulfite libraries to identify the genomic DNA methylation changes induced by
elevated temperature and CO, concentration and analyzed the results using bioinformatics methods.
These results also revealed the interaction between CO, and temperature. These results suggest that
small RNA and genomic DNA methylation might play an important role in plant adaptation to elevated
temperature and CO; concentration in global warming conditions.

A presubmission enquiry has been submitted to the journal Nature, and the Nature editor asked

us to submit the complete manuscript. It’s entitled “Elevated ambient CO2 concentration and
temperature alter small RNA expression and DNA methylation in Arabidopsis.”
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Fabry-Perot Interferometer & Hard X-ray Photoemission
LDRD Project 08-034
Elio Vescovo

PURPOSE: ‘

The purpose of this LDRD is to manufacture a Fabry-Perot (FP) etalon by micro-etching
techniques on a single crystal Si wafer. The etalon design has the advantage of easy construction
and robust alignment, and could perform with energy resolution below 0.1 meV. The etalon is
characterized by two resonators in series. The optical output of the system can be measured as a
function of the temperature gradient between the two resonators.

APPROACH: :
Recently the feasibility of high-resolution FP resonators working in the hard x-ray region (~14
keV) has been demonstrated [1]. The resonator consisted of two single crystals of a-Al,O3
separated by 50 mm. However, the two crystals must be aligned to nanometer precision. We
proposed to manufacture the etalon by micro-etching techniques on a single crystal Si wafer. The
critical alignment between the two diffracting Si planes is therefore automatically guaranteed
with atomic level precision. The single piece interferometers will be produced using the facilities
of the CFN and will be tested at beam line X13B at NSLS. '

TECHNICAL PROGRESS AND RESULTS:

During the first year of this LDRD, we prepared and characterized at X13B a few high-resolution
FP monolithic structures. The results were encouraging but in order to carry out real tests, we
needed to use beamlines with higher energy resolution than available at NSLS. We started
applying for beam time at the SPRING8 synchrotron source, where similar studies have been
carried on in the past. However, obtaining beamtime proved too long a process for this LDRD.
So we decided to use the remaining part of the LDRD within the available resources at NSLS and
to modify our design of the interferometer accordingly. Our objective was first of all to prove the
interference mechanism of the device in the hard X-ray regime. This can be done irrespectively
of the high-resolution. We designed a new structure with lower resolution (about 10 meV),
which however can be tested at the X13B beamline at NSLS (see Fig.1).

t, A s st o,

Transmission
\
N

t.=t,=22 micron, t,=44 BN e,
micron, tC:tC’:lo micron.

Fig.1: Left panel: modified FP interferometer geometry. The height is 100 micron. Right panel: calculated
transmission spectrum (solid line) and its convolution with a SmeV Gaussian (dashed line) for the FP structure
shown on the left.
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In this new geometry, the gaps between the Si walls are narrower than before (10 micron
compared with 60 micron). This creates new challenges for the etching process due to the larger
depth to gap ratio. New photolithography masks were therefore made through an outside vendor,
and new structures were fabricated at the CFN clean-room facility. ‘A new etching recipe had to
be implemented and tested. Figure 2 shows the best cross section of the etched structure that we
were able to obtain. The much reduced gap of 10 microns makes this structure much more
difficult to obtain. However calculations indicate that the main factor is the gaps inter-distance
and variations of the wall thickness are less important. The structure of Fig 2 should be therefore
adequate to display the interference affect.

Fig.2: FP interferometer structure has been fabricated at the CFN. The etching process was optimized to maintain
minimum gap width variation

At present we are working on setting up an adequate monochromator at X13B to allow testing of
this structure. The present monochromator provides already the necessary energy resolution of 5
meV at 14.4 keV but does not allow for reliable energy scans because it uses two motors. A new
nested monochromator, making use of a single movement for energy scans, has been built and
characterized. According to our simulation, it should provide enough energy resolution to detect
the interference fringes from the two-resonator structure. However up to now, we could not
detect them in the experiment. Possibly the device geometry has to be further improved.

[1] Y. Shvydko, X-Ray Optics, Springer Series in Optical Sciences (2004)
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Ultrafast Electron Diffraction for Transient Structure and Phase Transition

Studies at the NSLS SDL
LDRD Project 08-037
X.J. Wang, L. Bozovic, Y. Hidaka, C.C. Kao and J.B. Murphy

PURPOSE: :

Ultrafast electron diffraction (UED) is a promising technique that allows us to observe a
molecular structure transition on the time scale less than 100 femtoseconds (fs). Great progress
was made in developing a MeV-UED system at the Source Development Laboratory (SDL) this
year: assembly of the UED electron beamline completed; a new design of the UED klystron
developed, and testing is in progress. The SDL UED system will be a unique tool for ultrafast
science and beam physics at BNL. : ‘

APPROACH: :

The time resolution of a conventional UED has been limited to ~ 1 picosecond (ps) the system
operating at the energy of 10 to 100 keV. It can be reduced to the order of 100 fs by decreasing
the number of electrons in a bunch at the cost of reduced signal-to-noise ratio (SNR), which
requires multiple shots to obtain resolvable diffraction patterns. One of the main causes for this
limitation of UED is the space charge effect that prohibits a further compression of the electron
beam bunch length. To overcome the space charge effects, we pioneered the idea of using a
photocathode RF gun for the UED application. The photocathode RF: gun is capable of
producing MeV electron beam, which will significantly reduce the space charge effect, and lead
to short electron bunches. Figure 1 the MeV-UED electron beamline assembled at the SDL.

d at the NSLS SDL
TECHNICAL PROGRESS AND RESULTS:

Great progress was made in both MeV-UED construction and further optimization of its
performance. The complete MeV-UED electron beamline was assembled at the SDL (figure 1).
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Other important progress in UED hardware construction is:

e Completion of the design and installation of laser safety interlock for the UED
experiment.

Retrofit a Toshiba klystron onto the old UED klystron tank.

Low-level RF system constructed.

All utilities for the UED operation are operational.

3 different samples for UED experiment installed inside the sample chamber (figure 2).

Fig. 2: Samples installed in the vacuum chamber

One of the most important accomplishments is experimental studies of surface photoemission
from a magnesium (Mg) cathode at the SDL [1]. We experimentally demonstrated the Mg
cathode could have smaller thermal emittance than copper. This result will be explored in our
MeV-UED operation in the future.

1. H.J. Qian, J.B. Murphy, Y. Shen, C.X. Tang, X.J. Wang, “Surface photoemission in a high-brightness
electron beam radio frequency gun”, APPLIED PHYSICS LETTERS 97, 253504 (2010).
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The Development of a Laser Based Photoemission Facility for Studies of

Strongly Correlated Electron Systems
LDRD Project 08-039
P.D. Johnson

PURPOSE:

The objective of this research program is to establish a photoemission facility based on the use of
a laser as a source. The use of such a source has two objectives. Firstly, it is widely believed
that the use of the lower photon energies available from a laser based source will result in a2 more
bulk sensitive PES experiment. This has never really been confirmed and needs to be
investigated. Secondly the laser source is a high rep rate 75Mhz source that represents an ideal
source for investigating the properties of a new high resolution time of flight (TOF) electron
spectrometer developed at BNL. The latter represents a new type of electron spectrometer that
may well see application at a variety of FEL type light sources.

APPROACH:

A laser based source that produces UV radiation by frequency doubling and quadrupling will be
commissioned in the new laser laboratory in building 480. A new time of flight electron
spectrometer, designed at BNL has been constructed and commissioned. The two separate
components are currently being brought together to establish the laser based PES facility, which
is intended for studies using both direct photoemission and two-photon-photoemission.

TECHNICAL PROGRESS AND RESULTS:
The new TOF electron involves the coupling of a parabolic collection mirror to a “velocity filter”
that employs oscillating electrostatic fields to select electrons of particular energies. The

The TOF spectrometer being installed and commissioned in building 480
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spectrometer was initially assembled in building 510 and tested by firing a beam from an electron
gun directly into the velocity filter. Those tests, which were very successful allowed us to reduce
the effects of stray magnetic fields in the experimental chamber and as noted in the previous
report reduce the effects associated with the electrostatic coupling of the high frequency fields
within the filter.

The next stage in the commissioning has been to remove the entire experimental facility
including vacuum vessel and associated electronics from building 510 to building 480. This
stage has been successfully completed and the entire facility has been brought to high vacuum
again. However the entire program was brought to a halt when the synchrolock associated with
the laser system failed. The synchrolock is an important component because the experiment
requires the laser source and the electron spectrometer to be locked together in phase.
Unfortunately it has taken the manufacturers, Coherent, several months to repair the synchrolock.
However at the time of this reporting the device has finally been returned to BNL and shown to
be operational again. The engineers from Coherent will visit BNL and recalibrate the lasers so
that the experimental program can be resumed.

While waiting for the repairs to be completed, the Labview based data acquisition system
required to drive the experiment has been modified and hopefully improved.
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Theory of Electronic Excited States in Heterogeneous Nanosystems
LDRD Project 08-042
Mark S Hybertsen

PURPOSE: :

Understanding and predicting the energy level alignments in heterogeneous nanosystems is both
important and very challenging for theory and computation. Predictive theories of electronic
excitation energies are well established, but they are severely limited in the scale of systems that
can be treated with present day computational capabilities. We plan to explore physically
motivated approximations that may result in a significant improvement in the efficiency of these
calculations for nanosystems and to implement these improved methods exploiting large scale
- parallel computing. If successful, this research could enable excited state calculations for
systems comparable in size to those treated with conventional Density Functional Theory, a
significant technical breakthrough. For BNL and the CFN specifically, this project will nucleate
a new computational electronic structure research effort, attract external users to the CFN, and
enable partnerships with key external groups.

APPROACH:

Prediction and understanding of the excited electronic states of nanomaterials are frequently
essential to explain and modify their function. Examples include electron transfer through a
molecular bridge, the active electronic states in novel photocatalytic nanocrystals, and resonant
-energy transfer in light harvesting structures. Large scale applications of Density Functional
Theory (DFT) based computations enable theoretical understanding of chemical bonding and
other important properties in such systems. However, the orbital energies from DFT calculations
do not accurately model electronic excitation energies. For example, they are empirically found
to poorly approximate key quantities such as the band gap in semiconductors or the ionization
potential of molecules, although overall trends may well be useful. So-called hybrid functionals
(e.g. B3LYP) give more accurate bond energies and are now widely used in quantum chemistry.
A recent modification of this approach for solids resulted in improved band gaps for
semiconductors [1]. However, this approach still misses essential physical processes,
particularly the image potential effect that plays a critical role in heterogeneous nanosystems.
Predictive theories of electronic excitation energies are well established, but entail substantially
more complex calculations. As a consequence, while ground state calculations are now done for
systems of order 1000 atoms, excited state calculations are limited to systems of order 100 atoms.

In our recent research in collaboration with Neaton and Louie (Molecular Foundry, LBNL), the
well-established, full GW approach was applied to benzene on graphite, an example of a
molecule coupled to a metal electrode [2]. The GW approach includes the image potential
effects and we demonstrated the strong influence that the environment has on the benzene
excitation energies [2]. However, the GW approach is computationally very demanding. Our
treatment of the benzene on graphite was among the largest systems that can be treated today, of
order 100 atoms. Many applications to interesting nanosystems are presently out of reach.
Analysis of the benzene calculations showed that the change in electron correlation energy on the
molecule due to interaction’ with the surface was largely due to static polarization effects [2].
This result suggests to me that a static approximation in the GW framework can be developed
that will be broadly applicable to heterogeneous nanosystems. We envision an approximate
treatment based on the GW framework for electronic excitation energies that can be applied
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broadly. In addition to the non-locality of exchange, it will account for polarization and
screening explicitly. The latter is required to capture image potential effects. The feasibility and
potential accuracy needs to be analyzed and the computational complexity must be explored.

TECHNICAL PROGRESS AND RESULTS:

Research Associate, Wei Kang, who started in July, 2008, has been supported by the LDRD
funding to carry out the research under my direction. His research work has been divided into
two parts. First, he has implemented the several existing codes with the conventional GW
methodology, together with the Bethe-Salpeter methodology and he investigated electronic and
optical excitations in titanates and oxynitrides. These materials are of fundamental interest for
photocatalytic water splitting. The titanates proved to be a very challenging system so he has
devoted significant time porting the codes to the NY Blue facility, as well as implementing a full
frequency approach that proved essential for quantitative results. His work focused on rutile and
anatase was published this year [3]. Work on oxynitrides, in collaboration with the Khalifah
group (Stony Brook and BNL Chemistry), is on-going.

In the second part of his work, he has developed a new approximate treatment of the self energy
operator in the GW framework, along the lines planned above. In particular, he devised an
approach to include the local fields in a new static approximation. He then tested this approach
for a diverse set of crystals, atoms and molecules. Although relatively simple, the new approach
is surprisingly accurate, giving energy band gaps within 10% or better of the more exact theory.
These results were published this year [4]. The next step in developing approximate methods
will focus on efficient models for the screening response, as part of the CEN group research
plans. '

IMPACTS:

The LDRD support for this project lasted through July, 2010. Dr. Kang has continued in the
CFN Theory and Computation Group for an additional year. His work has laid the ground work
for new research that was written into the research plans for the group and presented during the
Sept. 1-3, 2010 CFN Peer Review. Dr. Kang gave a poster on his results at the review.

With Dr. Kang, we are also exploring collaboration with a group in Trieste to take advantage of
the latest advances in GW methodology [5]. Dr. P. Umari visited the CFN in April 2010 to
introduce us to the new approaches. While at the present time these new approaches do not
appear well adapted for the materials of interest to us for water splitting, we believe this
collaboration will be useful for molecular systems of interest for certain CFN user projects. The
code implementations and progress Dr. Kang has made will fold directly into the research
program of the newest staff member in my group, Dr. Deyu Lu. Finally the work on
photocatalytic materials for water splitting will be part of the basis for my participation in a
CMCSN proposal (Lead PL J. Muckerman; whitepaper accepted for a full proposal).
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Nanofabrication Methods Using Solution-Phase Nanomaterials
LDRD Project 08-043
C. T. Black and J. E. Allen

PURPOSE: :
The project has implemented a new thin-film nanofabrication method for uniform large-area

assembly of materials from solution, leveraging self assembly of porous aluminum oxide
templates. We have successfully used this technique to fabricate and study solar cells composed
of organic semiconductors, discovering enhanced device performance when the organic materials
are confined to nanometer-scale volumes. We have also combined this self-assembly approach
with both inorganic manocrystal deposition and inorganic thin-film growth by atomic layer
deposition to lay groundwork for more complex device architectures that we are pursuing either
internally or through external collaborations.

APPROACH: ;
Processing materials from solution is a straightforward and efficient means for thin film device

fabrication. Building nanostructured devices from solution is complicated by a lack of control of
nanomaterial assembly over large-areas. This challenge is common to many areas of
nanotechnology —the need for accurately positioning nm-scale elements across cm-scale areas.

The primary project objective has been to develop capabilities for building complex solid-state
electronic structures from solution-phase nanomaterials. The research has involved three specific
directions: (1) refining the fabrication approach; (2) demonstrating its utility in studying
photogenerated charge transport in organic semiconductor solar devices; and (3) incorporating
additional inorganic elements in pursuit of more complex device architectures.

(a) &8

B Sh i o8 |

Dr. Jonathan Allen, a Research Associate funded by this
project, primarily carried out this experimental research
under the guidance of C. T. Black. Project collaborators have
included Dr. Chang-Yong Nam (CFN), Dr. Dan Johnston
(CFN), Dr. Kevin Yager (CFN), Dr. Ben Ocko (CMPMS),
Prof. Vladimir Bulovic (MIT), Prof. Joseph DeSimone
(UNC), and Dr. Alec Talin (NIST).

TECHNICAL PROGRESS AND RESULTS:

In FY2009, we established procedures for fabrication of
highly ordered porous aluminum oxide templates — a
capability not present at BNL previously. The technique
generates large area samples of highly ordered nanoporous
templates, with close control over all dimensions (Fig. 1a).
Our first target device demonstrations (FY2010) have
templated  solution-processed  organic  semiconductors
suitable for solar device applications (Figs. 1b, ¢). Confining
blended polymer:fullerene organic solar cell materials within
nanometer-scale cylindrical volumes nearly doubles the
_supported photocurrent density compared to equivalent

oxide template filled with (b)

: organic semiconductor and (c) as
unconfined volumes of the same blend, and increases the . organic solaricell element.

polymer hole mobility by over 1000 times. Grazing incidence
x-ray diffraction shows that the confinement disrupts polymer ordering and reduces grain size,
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and also changes the orientational distribution. Similar
confined volumes of the single-component polymer show an (3 f oo e
almost 400 times enhancement in hole mobility, while the F - % %
electron conductivity of confined fullerenes decreases by 50
times. A manuscript detailing these experimental results is
currently under peer review by the journal Naro Letters.

We are now exploring further improvements in organic solar
cell performance by including inorganic materials in the
device architecture. One approach involves lining the self-
assembled porous alumina template with titanium dioxide
(TiO,) prior to infiltrating with the organic semiconductor
blend. We grow TiO; thin films using atomic layer deposition
— a new gapabﬂlty within CF_N that can coat extremely high TR P o i oxiis
aspect ratio structures (e.g., Fig. 2a). TiO, acts as an electron template () lined with ~10nm TiO,,
transporter in this structure, providing an alternative pathway  gnd () filled with inorganic

for electrons to traverse the device active layer (rather than  semiconductor nanocrystals.
through the poorer performing PCBM). Templated organic

solar cells having a TiO, transport layer perform with an overall power conversion efficiency of
greater than 2%, roughly equal to the performance of untemplated devices despite containing
only a small fraction (~30%) of the photoactive material. Templated devices having a conformal
TiO, layer outperform identical devices without a TiO, layer by about 2:1, consistent with
improvements in electron collection.

In FY2009 we also developed an efficient method for infiltrating nanoporous AlOx templates
with inorganic nanocrystal materials, and we have begun to leverage this capability in a
collaborative project with Dr. Vladimir Bulovic (MIT), as part of the Center for Excitonics
Energy Frontier Research Center. We are investigating templated structures for alternating
current quantum-dot light emitting diodes (AC-LEDs). In this case, we apply a solution
containing highly concentrated CdSe quantum dots to a template before physically cleaning the
surface using an elastomeric squeegee. This process both removes excess material from the top
surface and also forces additional material into the template pores. Under appropriate conditions,
quantum dots enter the template pores and self assemble in the pore bottoms in a densely packed
arrangement (Fig. 2b). Our MIT colleagues have previously demonstrated that similar unconfined
quantum dot films emit light under AC voltage bias, and we will explore the possible benefits of
quantum dot confinement on the device light-emitting efficiency.

We are pleased with our progress during the two years of LDRD funding (FY2009 and FY2010).
The ultimate project output will be at least two high quality publications detailing use of our
technique in understanding improved electronic properties of organic semiconductor solar
materials. We will continue to actively pursue this research using CFN programmatic funds.
Importantly, our development of this self-assembly based fabrication approach has spawned
collaborative interactions in areas outside our primary research interest, including: (1) Professor
Vladimir Bulovic, MIT, Confined quantum-dot light-emitting diodes; (2) Professor Joseph
DeSimone, University of North Carolina, Fabrication of nano-biomaterials for nanomedicine; (3)
Dr. Alex Talin, NIST, Nanostructured cathodes for lithium-ion batteries. We will continue to
support and pursuer these collaborative projects, likely through the CEN User program.

29



Identification of Organic Aerosols and Their Effects on Radiative Forcing
LDRD Project 08-051
Yin-Nan Lee

PURPOSE: :

The purpose of this research is to develop a new methodology for identifying organic
components present in ambient aerosol particles formed in the atmosphere known as secondary
organic aerosol (SOA) to improve understanding of their sources, formation, distributions, and
contributions to radiative forcing. Specifically, we focus on a class of compounds which is
difficult to characterize at the molecular level but exhibits moderately high molecular weight
(MW=~300 to 500 Da) containing possibly phenolic and carboxyl moieties similar to humic
material, referred to as humic-like substances (HULIS). The sources and formation of the
purported HULIS, which can account for up to 20% of the organics, are largely unknown. This
work attempts to identify their presence and the conditions favoring their occurrence using a new
sampling technique. The high-risk explorative nature of this work stems from the fact that
HULIS are ill-defined and do not lend themselves to positive identification and method
improvement with “standards”, and are not consistently present in the atmosphere.

APPROACH:

Traditional techniques for sampling organic aerosols involve high-volume filter sampling
(without size selection) over extended periods (days to weeks) followed by extraction using
organic solvents. The sample is then concentrated by purging using inert gases to reduce the
eluate volume from tens of milliliters to a fraction of a milliliter. Although this approach has the
advantage of producing sufficient sample for multiple analyses, potential artifacts can result from
on-filter interactions of aerosols and gases leading to further reactions as well as from
contamination from super-micron size primary biological and soil particles which can overwhelm
the aerosol mass concentration. Further, possible reactions of the myriad organic compounds
during extraction and concentration stages can result in altered chemical forms.

We employ a novel sampling technique which is on-line, continuous, and without concentration
in organic solvents. This technique, developed at BNL, referred to as ‘Particle-into-Liquid
Sampler (PILS), grows aerosol particles into droplets with water steam, which are collected using
an inertial impactor. The liquid sample collected on the impactor is continuously washed off with
a stream of purified water and passed through a suitable sorbent to retain the organic compounds.
These compounds are eluted off the sorbent using a small portion of methanol or acetonitrile
after sampling is finished. This technique is free from potential reactions that can take place
either on the filter medium or during the concentration step. In addition, aerosol size cut to < 2.5
um is achieved with a cyclone to remove large primary particles.

To speciate and characterize the MW of the organics in the sample, we employ the High
Performance Liquid Chromatography-Electrospray Ionization-Mass Spectrometry (HPLC-ESI-
MS) technique capable of producing molecular ions. A reverse-phase column is used to separate
the analytes in an elution order roughly corresponding to the MW. Since the ESI ionization
efficiency varies with the properties of the analyte (functional groups, acidities, etc), the ion
signal is typically not a quantitative measure of the analytes. Without having standards for the
unidentified organic components, we employ in parallel an Evaporative Light Scattering Detector
(ELSD), which atomizes the eluate, evaporates the solvent, and forms aerosol particles of the
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eluant for light scattering detection to provide an independent measure of mass loadings of the
analytes against which the ion signals can be compared. To aid data interpretation, we make
simultaneous independent determinations of aerosol chemical composition, i.e., SO42', NOs5,
NH,", and total organics (Org), using an Aerodyne Aerosol Mass Spectrometer (AMS) to provide
the context for aerosol properties such as acidity and total organic mass loading. The primary
disadvantage of the PILS technique is its small sampling rate (i.e., 10 L/min for hours vs >1000
L/min for weeks with the filter technique), therefore requiring a high ambient organic aerosol
loading (i.e., >15 pg m™) which was rarely met during the summer of 2009 at BNL.

Dr. L. Bowerman was a collaborator during the first year. She helped with the since abandoned
filter sampling approach. Dr. C. Dodge replaced Dr. Bowerman after she left the Division, and
helped with the operation of an HPLC-ESI-MS belonging to Environmental Research and
Technology Division. Delays were experienced due to these changes.

TECHNICAL PROGRESS AND RESULTS:
A complete sampling strategy and the arrangement/acquisition of necessary instruments and
apparatus were in place after year and a quarter into the program. These included the setup of an
existing Thermo-Finnigan HPLC-ESI-MS (Model LCQ) system, acquiring and setup of an
Agilent ELSD, and method development for the Solid Phase Extraction technique, as well as
bringing the PILS and AMS instruments on line.

Aerosol sampling and analysis were performed during the second year of this project. In an
experiment, an aqueous aerosol sample collected using the PILS was passed through a sorbent
(Strata-X-AW, Phenomenex) appropriate for collecting carboxylic acid containing molecules.
Simultaneous AMS data are shown in left figure. After 6-8 hours collection, the organics were
eluted off the sorbent using 1 mL CH3OH, and the sample was analyzed. Although the ELSD
chromatograms (center figure) showed well separated peaks, the ESI-MS however did not exhibit
corresponding ion chromatograms. Indeed, no dominating ion peaks were observed. On the other
hand, analysis of model compounds (phthalic, hydroxylphenylacetic, protocatechuic acids, all
containing an aromatic and carboxylic group) showed a reasonable detection (mass spectrum of
phthalic acid, retention time 17.5 min, shown in the right figure). However, we were unable to
see a distinctive mass spectrum for fulvic acid (the soluble fraction of humic acid) at a similar
sample loading.
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Several possible explanations for the low response of the ESI-MS can be offered. The first is that
none of the eluted organics were ionized because they don’t mimic the model compounds. With
that we may state that HULIS were absent in these samples. However, it is also conceivable that
the concentrations of organics eluted from the HPLC are too low for the ESI-MS. Although the
injected amounts of the model compounds and the aerosol organics sample were comparable,
~100 ng, the organics in the sample are distributed across many species, each being present in a
much smaller amount.

While the approach and the techniques established in this research are in principle sound, we
need to have either improved instrument sensitivity or an increased sample material to remove
the ambiguity described above. Considering the variability in SOA properties and loading, it is
evident that only a long term continuous analysis can provide meaningful data needed for gaining
improved understanding of organic aerosol, in particular the HULIS, regarding their sources and
formation mechanisms. '
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Computational Climate Science
LDRD Project 08-060
Andrew Vogelmann

PURPOSE:

Assessments of the potential impacts of pollution on climate are hampered by an incomplete
understanding of the atmospheric physical processes needed in climate models. Our objective is
to assess and improve these physical processes via model simulations that will be run on the New
York Blue (NYB) supercomputer by a team of researchers from BNL and the Institute for
Terrestrial and Planetary Atmospheres at Stony Brook University (SBU). The follow-on
implications of this research, in terms of new programs and BNL institutional strategy, are: ()
establish a climate science modeling institutional capability on NYB; (b) foster cross disciplinary
collaborations within BNL, and between BNL and SBU; (c) support the ELS Strategic Initiative
in Climate Research; and (d) support the FY08 Laboratory Strategic Initiative in Computational
Science by expanding the range of scientific applications that would run on NYB.

APPROACH:

Accurate simulation of convection is an ongoing challenge that affects climate model transports
of water vapor, cloud, and aerosol. We endeavor to improve our understanding by using the
tropics as a convection testbed to determine whether explicit convection treatments are needed in
global climate models to accurately simulate convection and aerosol transport. Simulations are
run on the NYB supercomputer with successively high resolutions, and will be validated using
newly available satellite observations and observational techniques developed at BNL.

o NYB atmospheric simulations use the Weather Research and Forecasting (WRF) Model, and
its chemistry module extension WRF/Chem. WRF is a next-generation mesoscale model
designed for atmospheric research that is ported to NYB as part of this project.

« WRF simulations are evaluated using new cloud and aerosol observations that provide
constraints and insights into the model behavior that include: (a) 2 cloud identification and
tracking algorithm; (b) an artificial neural network (ANN) being developed by BNL
researchers that uses satellite data to characterize tropical cloud fields and their behavior; (¢)
new aerosol observations from the CALIPSO space-borne lidar that provides the first routine,
global observations of aerosol vertical profiles and particle size.

o We can target the most deficient physical processes by exploiting NYB computational power
to perform ensemble runs to map the variances of the model solutions in a phase space that
considers the uncertainties in the model parameters associated with convection.

The team is an interdisciplinary group of computer scientists and researchers at BNL and SBU
that capitalizes on existing expertise. BNL units involved include the Atmospheric Sciences
Division (Vogelmann, Lin, Luke, Daum, Jensen, Johnson, Liu, McGraw, Troyan), the Scientific
Information Systems Group (Wagener, Cialella, Behrens, Gregory), and the Computational
Science Center (Davenport, Efstathiadis, Slatest, Cortijo). The primary SBU faculty involved in
this effort are Drs. Zhang, Colle, He, Jiao, Khairoutdinov, and Chang.
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The novelty of this work is in the modeling approach that requires' NYB computational power,
and the use of newly available satellite observations. The risks are: (a) this level of WRF
modeling (long simulations at high resolution for a large domain) has not been attempted before
and could trigger instabilities, and (b) the core observational and modeling capabilities exist at
BNL and SBU, but they have not worked together before on such a comprehensive study.

TECHNICAL PROGRESS AND RESULTS: ;

In the prior fiscal year, after the successful porting and testing of WRF on NY Blue, simulations
for the Tropical Western Pacific had been initiated. These simulations exploited the
computational power available from NYB by treating a broad swath across the Tropical Warm
Pool (22°S-17°N, 100-162°E) at high resolution (4 km). These simulations were assessed using
a procedure that we developed to analyze the modeled cloud lifecycle. A cloud tracking
algorithm was applied to satellite observations and to WRF simulations to assess the fidelity of
the model via statistical comparisons of the size and longevity of tropical mesoscale convective
systems (MCSs). Initial results indicated a paradox, where the simulated MCSs were smaller
than those observed (by half) yet had similar longevities. The explanation for this paradox was
the primary technical focus of this year’s research.

Simulations were conducted using four other microphysics schemes, which provide different
representations of how cloud water and ice particles form and precipitate from the cloud systems.
We found that the choice of the scheme caused striking differences in the simulated cloud
behavior, while enhancing the model resolution had little effect. Generally, the fidelity of the
simulations (in terms of cloud-tracking statistics) improved with enhanced sophistication in the
treatment of ice and its partitioning between hail and graupel hydrometeor classes. Interestingly,
while some schemes could simulate the size distribution of MCSs properly and other schemes
could simulate the number of MCSs properly, no scheme could properly simulate both metrics.
This result suggests the value of diagnostic procedure that we had developed.

A new procedure was developed to analyze the internal workings of the storms, by following the
simulated MCSs and examining the concentration profiles of the different hydrometeor classes,
as well as the associated distribution of updrafts and downdrafts. These results indicated that the
microphysics scheme that produced the narrowest vertical velocity distributions produced the
best agreement with the observed MCS size distributions, but the broadest distributions produced
the best agreement with the observed number of MCSs. From the point of view of additional
radar observational capabilities that might shed light on these diagnostics, we determined that
observations of graupel and snow profiles are most likely to provide the needed information.
These results were presented at the First Annual Atmospheric System Research Science Team
Meeting, and at the AMS 13th Conference on Cloud Physics and Atmospheric Radiation. A
manuscript is in preparation.

In recognition of the importance of microphysics treatments to MCS simulations, in addition to
the soon-to-be-available enhanced observational capabilities via new radar systems, we hired a
new postdoc (K. Van Weverberg) to help advance this line of research. He has an excellent
background in the requisite modeling and observation disciplines, and has initiated research to
improve cloud microphysics parameterizations within deep convective systems.
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Programmatically, we advanced joint research activities of the BNL-SBU climate science virtual
institute. The 4th NY Blue Climate Science Workshop was held in November, where we
updated each other on NY Blue research activities and troubleshot bottlenecks. Excellent
progress was made on a joint SBU-BNL project (lead Wuyin Lin, BNL) to develop on NY Blue a
high-resolution climate modeling capability for regional climate change studies by interactively
nesting WRF within a global climate model. A prototype has already been constructed, is
numerically stable, and is undergoing refinements and testing.

In summary, this LDRD helped spawn research that will continue into the future via the FAst-
physics System TEstbed and Research (FASTER) Project (lead Y. Liu, BNL), 2 $15M project
catalyzed by this LDRD, as well as through new research components in our division’s Science
Focus Area proposal.
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A Novel Spintronic Room-Temperature High Purity Germanium X- and
Gamma-Ray Spectrometer

LDRD Project 08-062
Giuseppe Camarda and Aleksey Bolotnikov

PURPOSE: : : ’
This proposal addresses the serious need for high-resolution, room-temperature X-ray and
gamma radiation spectrometers for nuclear non-proliferation, homeland security, and synchrotron
applications. High-Purity Germanium (HPGe) is the world’s preeminent radiation detector
material, because of its unique combination of material perfection, excellent charge transport
properties and unsurpassed spectroscopic performance. However, the room-temperature band-
gap of germanium is only 0.74 eV, and thermal charge generation must be suppressed by cooling
the material to near liquid nitrogen temperatures, otherwise, the noise in the device is too large to
provide spectral information. The necessity of cooling HPGe radiation detectors is both costly
and cumbersome, and it has limited the utility of these devices. The energy resolution of HPGe
detectors operated at liquid nitrogen temperatures is below 0.5%, and there has been an
enormous push to develop a room-temperature detector that can provide the same energy
resolution. The search has proven difficult and has recently focused on wide band-gap
compound semiconductors, such as CZT, CdTe and Hgl,. These detectors currently can provide
room-temperature energy resolution near 1-2% @ 662keV, but the material imperfections have
limited the size and corresponding detection efficiency of these devices. Therefore, none of the
existing room-temperature radiation detectors have provided the combination of cost and
performance necessary for security and synchrotron uses. A new spintronic high-purity
germanium gamma-ray detector concept is proposed. Spintronic devices are based on the
manipulation of an electron’s spin state in addition to its charge, and have the potential to result
in order-of-magnitude scale improvements in the performance of various semiconductor devices.
In this project we are investigating the feasibility of applying spintronic principles to the
production of a gamma-ray spectrometer based on HPGe that operates at elevated temperature.

APPROACH:

Semiconductor spin electronic devices offer great promise as a revolutionary technology for
detecting radiation.  Despite significant effort and investment worldwide, commercial
semiconductor spintronic devices have not been realized. This fact highlights the challenge
inherent in any semiconductor spintronics project.

We are undertaking initial steps towards constructing a spintronic gamma-ray detector using
semiconductor material, such as High-Purity Germanium (HPGe) and Si.

We will test devices for unambiguous spin-transport signatures via nonlocal magnetoresistance
measurements.

We anticipate realizing a measurable enhancement in resistance in the device structure compared
to a2 non-magnetic-contacts reference one.

The success of our work under this project will afford proof-of-principle for the world’s first
spintronic gamma-ray spectrometer. Our development of the proposed spintronic detector could
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revolutionize the field of gamma-radiation detection and provide a room-temperature energy
resolution far surpassing any existing instrument. :

TECHNICAL PROGRESS AND RESULTS:

In FYO08 the team acquired the raw material needed for the structure fabrication and then sliced
and polished it into wafers of 0.5mm, Imm and 1.5mm thickness. The surface
preparation/cleaning procedures were developed.

For FY09, we designed the photo-masks to fabricate a device structure with Ge to observe spin-
transport. We anticipated realizing a measurable enhancement in resistance in the device
structure compared to a non-magnetic-contacts reference one.

Hall Effect measurements were successful at elevated (>130 K) temperatures, but some contacts
problems were encountered at lower temperatures. New measurements are planned in that range.
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Biofuels and Nanotech for Improvement of Oil Heat Combustion Systems
LDRD Project 08-082
T. Butcher and M. Rafailovich

PURPOSE:

Condensing boilers achieve very high efficiency levels by recovering heat from the flue gas
before it is discarded. The recovery of latent heat from the water vapor in the humid gas is a very
important part of the total heat recovery but the condensate formed is corrosive — leading to the
need for expensive alloys in the heat exchanger. This project is focused on the potential
replacement of these alloys in the condensing section of home heating boilers with polymeric
materials. The requirements for selecting the polymer are fairly rigorous and cannot be satisfied
by any polymer alone; the polymer must withstand relatively high temperatures (T~250C) and be
resistant to degradation in the presence of the sulfuric acid environment found in condensates
produced from conventional oil combustion. Furthermore, even though the polymer is not in
contact with fire, its proximity to an open flame and to the ignition electronics found in boilers,
OSHA and other building code regulations are expected to require that the materials must be
flame retardant, and conform to UL94-VO requirements. Since no single polymeric material can
satisfy these criteria, the focus of this research was to develop organic-inorganic polymer blend
nanocomposites, where the mechanical, chemical, and thermal properties could be tailored to
meet the specific requirements for optimal boiler construction.

APPROACH: .

Specific classes of polymers are known to be resistant to acid corrosion. These polymers include
polypropylene, polycarbonate, Teflon, and other fluoro-polymers. The major drawback of these
materials is their high degree of immiscibility, which makes it difficult to tailor their properties

| Fig. 1: Effect of clay on flame retardant PC/SAN
| polymer blend. Compatibilization is achieved by
“ | forming in situ grafts on the clay and localizing
| the platelets at the interfaces.

for specific applications through blending. For example, polycarbonate, which has good thermal
and corrosion resistance is too brittle, while polypropylene (PP), polyvinylchloride (PVC), and
Teflon, which have the desirable impact toughness, deform easily when heated and therefore do
not satisfy the UL-94 flame retardant criteria without further modification. We had previously
demonstrated that it was possible to achieve compatibilizaion of a large group of polymers using
exfoliated nano-clays [Compatibilizing bulk polymer blends by using organoclays Si M, Araki T,
Ade H, Kilcoyne ALD, Fisher R, Sokolov JC, Rafailovich MH. Macromolecules 2006 39 (14):
4793-4801]. This enabled us to adopt an approach where different polymers are blended
together, with specific flame retardant formulations to achieve the proper mechanical and thermal

properties.
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TECHNICAL PROGRESS AND RESULTS:

In the first phase we used polycarbonate, styrene, and acrylate polymers in order to establish
proof of concept. We were able to demonstrate; (a) the addition of clays was able to stabilize the
blends against further decomposition in the presence of heat or flame. Scanning Transmission X-
ray Microscopy was performed at the Berkeley ALS in collaboration with Harald Ade
(University of North Carolina) and electron microscopy was performed at Stony Brook
University on thin films obtained from cross sections of samples that were exposed to flame or
high temperatures. The images clearly showed that the clays stabilized the phases, improved
dispersion of the flame retardant formulation, and catalyzed conversion of the flame retardant
component, increasing its efficiency in extinguishing the flame. (b) Cone calorimetry
measurements performed in collaboration with Dr. Takeshi Kashiwage, from NIST confirmed
that the addition of the clays greatly decreased the heat and mass loss rates of the
nanocomposites. Simulations of the UL-94 testing at Stony Brook University showed that the
nanocomposites were able to pass the stringent VO requlrements for self-extinction within
seconds after exposure to open flame.

Summary of accomplishments during the current phase of the granting period:

Even though the addition of clays improves the flame retardant behavior, the time to ignition is
shortened. This was explained in terms of the lower heat capacity of the nanoparticles which can
accelerate local combustion. This problem was addressed using nanoparticle mixtures.

We have shown that the addition of certain nanoparticles mixtures can enhance flame retardancy
to a greater degree than the addition of either of the nanoparticles alone (Role of Surface
Interactions in the Synergizing Polymer/Clay Flame Retardant Properties Seongchan Pack,
Takashi Kashiwagi, Changhong Cao, Chad S. Korach, Menachem Lewin, and Miriam H.
Rafailovich, Macromolecules 2010, 43, 5338-5351). The effect is particularly efficient in
polymer blends, where more variables need to be considered in the flame behavior. We studied
PS/PMMA blends and the respective homopolymers. We focused on the combination of
multiwall carbon nanotubes (MWCNTSs) with clays. We found that the flame retardant (FR)
particles segregated preferentially to the MWCNTs thereby allowing the clays to segregate to the
blend interfaces. In this manner both phase stabilization and good dispersion can be achieved.
Both long — “1” (0.5-40 um) and short — “s” (1-2 um) MWCNTs were studied and the results
indicated that the s-MWCNTSs produced superior flame retardant properties. On the other hand,
the combination of s-MWCNTSs and clay significantly reduced the heat release rate (HRR) and
mass loss rate (MLR) relative to compounds with only one type of nanoparticles. Electron
microscopy images of the nanocomposites and the chars showed that after heating, the s-
MWCNTs were able to diffuse and form a distinct phase in the nanocomposite. Exclusion of the
clays allowed the s-MWCNTs to achieve better physical contacts, thereby improving the thermal
conductivity. In contrast, the - MWCNTs were entangled and therefore unable to move. The
clays formed a barrier between the tube contacts, resulting in an increase of the specific heat and
the HRR and MLR relative to the unfilled or the compound with only clays. We therefore
concluded that one must consider the organization of nanoparticles, as well as their chemical
nature when designing flame retardant nanocomposites, since specific synergies may be
established which can reduce the overall concentration of fillers.
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Another significant finding in the
work from the previous period is our
_observation that the addition of most
types of nanoparticles, including the
standard FR formulations, even if
they improved the overall flame
behavior, i.e. heat and mass release
rates, they decreased the time to
ignition. In collaboration with Prof.
Dillip Gersappe, we proposed a

Fig. 2: Temperature distribution in filled model where the propagation of heat

nanocomposite with heat front approaching in a heterogeneous nano structured

fl_‘om the right. Early (top) and late (bot) S X . polymer medium could be studied,
umes. -

using the conduction properties of the
different materials and the structure of
the nanoparticles, as inputs. A typical
result is shown in Figure 2 where we
can see isolated hot (red) spots
initially forming in advance of the
heat front where nanoparticles are
present. We can show that these form
due to the lower specific heat of the
particles, which allows them to heat
up faster than the surrounding matrix,
and the relatively poor conductivity of
a2 the matrix to dissipate the heat (top
%1 image). When the local temperature
exceeds the combustion temperature of the material, early ignition occurs and spreads (bottom
image). If a thermally conducting nanoparticle is added, which also has 2 large aspect ratio, it is
possible to achieve a state where the particles percolate and dissipate the heat of the approaching
front, thereby significantly increasing the time to ignition.

Proposed work for the next period: During the next phase of this LDRD, we propose to focus
on nanoparticle combinations which will decrease the time to ignition, as predicted by the
simulation, while at the same time increase the thermal conduction of the materials. These
nanocomposites should have improved heat exchange properties, while at the same time satisfy
more stringent requirements for flame retardancy. We propose to use combinations of nanoclays,
for compatibilization, together with s-MWCNTSs in concentrations where percolation occurs and
enhances the thermal conductivity.

More recently it has been shown that graphene can easily be exfoliated within a nanocomposite
and achieve superior thermal and electrical conductivity properties. We are now experimenting
with new methods to produce large quantities of graphene and graphene oxides, which will be
incorporated within nanocomposites. Together with Prof. Gersappe, we propose to simulate the
properties of these nanocomposites and see if they can be enhanced with the addition of
nanotubes which will increase their conductivity and decrease the concentration of the graphene
required to achieve percolation and uniform conduction properties within the nanocomposite.
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Solar Water Splitting: Quantum Theory of Photocatalytic Processes at

the Water/Semiconductor Interface
LDRD Project 08-083
Philip B. Allen

PURPOSE:

Artificial photosynthesis is the dream of inventing inorganic systems whose efficiency in
harvesting sunlight and making fuel exceeds that of natural photosynthesis. The alloy of
GaN and ZnO is currently a very good candidate for absorbing sunlight and catalyzing
oxidation reactions at the water interface.

APPROACH:
We have worked with James T. Muckerman and Mark S. Hybertsen on theoretical

modeling of the alloy. The method is electronic structure computations based on density
functional theory (DFT).

TECHNICAL PROGRESS AND RESULTS:

Based on computations completed in the previous fiscal year, we constructed an accurate
cluster expansion (CE) for the (Ga;xZn,)(N;.4Ox) solid solution. The subsequent Monte
Carlo (MC) simulation revealed a phase diagram, with a wide miscibility gap and an
x=0.5 ordered compound. The disordered phase displays strong short range order (SRO)
at synthesis temperatures. To study the influences of SRO on the lattice and electronic
properties, we conducted DFT calculations on snapshots from the MC simulation.
Consistent with previous theoretical and experimental findings, lattice parameters were
found to deviate from Vegard’s law with a small upward bowing. Bond lengths depend
strongly on the local environment, with a variation much larger than the difference of the
bond length between ZnO and GaN. The downward band gap bowing deviates from
parabolic by having a more rapid onset of bowing at low and high concentrations. An
overall bowing parameter of 3.3 eV is predicted from a quadratic fit to the compositional
dependence of the calculated band gap. Our results indicate that SRO has significant
influence over both structural and electronic properties.
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Nanoscale Electrode Materials for Lithium Batteries
LDRD Project 09-001
Jason Graetz, Yimei Zhu, Xiao-Qing Yang and Weigiang Han

PURPOSE:

The objective is to develop a fundamental understanding of how electrode nanostructure and
morphology affect electrochemical performance (e.g. capacity, cycle life, rate capability) and
how morphology and nanostructure are affected by lithiation and repeated cycling.

APPROACH:

In this effort we will synthesize and characterize nano-scale electrodes (anodes and cathodes).
We expect these electrodes will exhibit improved reversibility as a result of their nanoscale
dimensions, which circumvent conventional mechanisms of mechanical deterioration. In
addition, the shorter lithium diffusion paths will promote high cycling rates.

TECHNICAL PROGRESS AND RESULTS:

Anodes: Silicon has received much attention due to its high theoretical capacity; however, slow
kinetics and poor long-term capacity
retention remain key barriers for its
application as an anode. Over the past
year we investigated the process of
lithiation in nano and bulk silicon using
synchrotron in-situ x-ray diffraction
(XRD) and electron  energy-loss
spectroscopy in the transmission electron
microscope (TEM-EELS). We found that
nano silicon undergoes a non-linear
amorphization process upon lithiation,
which is in stark contrast to the linear
process occurring in bulk Si. Also the Si

U

Fig. I: Structural/chemical changes in silicon using in-situ panopa.rti.cles remain morpl:lous a_-nd t.here
XRD (left) and ex-situ TEM-EELS (right) is no evidence of crystalline Li;sSis at
deep discharge (<50 mV).

" New silicon/carbon composite anode materials were synthesized and their structures and
electrochemical performance were investigated. Three commercial Si-C samples were studied: Si
nano powder from Shenyang (China) with particle sizes between 30-50 nm; Si powder from
Yuantong (China) with average particle size of ~10 um; and Si powder from Yuantong after
mechanical milling (16 hrs) with average particle size of 1 um. The reversible capacity and
efficiency of the Yuantong sample increased from 1058 mAh/g and 40.8% to 1811mAh/g and
59.7% respectively after ball milling. The Shenyang nano-scale silicon sample showed the best
performance among the three with 2465 mAh/g reversible capacity and a 64.0% first cycle
efficiency. The Shenyang nano Si powder sample was selected for further studies using TEM.

In 2010 we demonstrated that graphene significantly enhances the reversible capacity of porous
silicon nanowires achieving a charge capacity of 2470 mAh g’ (6.6x greater than the capacity of
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commercial graphite). This relatively high capacity could originaté from the favorable charge
transport characteristics of the combination of graphene with the porous Si 1D nanostructure.

We developed a novel synthesis L
route for preparing carbon-coated ‘@
Magnéli Ti,Oz.1 nanowires and &
demonstrated a reversible
capacity of 182 mAh/g for TigO;7
nanobelts, greater than the
theoretical capacity of a-TiO,
(167 mAh g') (Figure 2). |
Furthermore, the  Magnéli :
nanobelts exhibit high power a} =
density along with excellent Fig. 2: (a) HRTEM image of carbon coated Tiy0,; nanobelts; (b)
cycling stability when used in  Reversible (Li+ removal) capacities.

hybrid electrochemical cells.

Cathodes: We investigated the concentration of anti-site defects in hydrothermally prepared
LiFePO; as a function of temperature by high-resolution, in situ x-ray powder diffraction. We
found that the concentration of anti-site defects (initially around 5 to 6 %) decreased slowly with
temperature and rapidly dropped to 0% at ~500°C, significantly lower than expected. This
suggests that 2 mild, post-synthesis heat treatment in an inert atmosphere (i.e. helium) is effective
at eliminating the Fe and Li exchange and can be used to enhance electrochemical performance.
Importantly, our results also demonstrate that intrinsic structural defects in cathode materials can
be monitored by in situ high-resolution synchrotron x-ray diffraction.

Nanoporous LiFe,Mn;..PO; (with x = 0, 0.05, 0.1 0.15, and 0.2) was synthesized using an
inexpensive solid-state reaction. LIMnPOy, has a redox potential (~4.0 V), but slow kinetics limit
its utility. We found that introducing iron into crystalline LiMnPO, generates a solid solution of
LiFe,Mn;.,PO, and increases kinetics. LiFe,Mn;_PO, electrodes were characterized using x-ray
diffraction and energy-dispersive spectroscopy to examine their crystal structure and elemental
distribution and electron microscopy was employed to characterize the micromorphology. We
demonstrate that the electrochemical performance of LiFe,Mn; PO, rises continuously with .
Increasing iron content while the average potential decreases. The highest energy density and best
electrochemical performance was achieved with LiFeo,MnosPO;. In situ synchrotron studies
during cycling revealed a reversible structural change during lithium insertion/extraction.

Large single crystals (~1 mm) of Fes(POy),(HPO,),-4H,O and Mns(HPO,),(PO,),-4H,0O were
prepared by hydrothermal synthesis and their crystal structures were solved by direct single
crystal analysis. These compounds and their derivatives have high theoretical capacities and will
be investigated further in FY11.

Year Milestone :

FY11 Synthesis and electrochemical characterization of nanoscale silicon and novel
olivine cathodes; in-situ synchrotron studies (XRD, XAS, small angle) and in-situ
electron microscopy of cycling lithium electrode.
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Bioconversion of Lignocellulose to Ethanol and Butanol Facilitated by Ionic
Liquid Preprocessing
LDRD Project 09-002
A.J. Francis, J. F. Wishart and J. Dunn

PURPOSE:
Lignocellulosic biomass is a potential source of biofuels and biochemicals. Lignocellulose is

naturally recalcitrant to enzymatic hydrolysis and microbial fermentation and therefore
pretreatment is necessary to improve its digestibility and to obtain simple sugars for
fermentation. Current pretreatment methods such as the dilute acid method are corrosive, energy
intensive and produce inhibitory compounds for fermentation. A greener and better approach of
pretreatment is to use ionic liquids (ILs). The overall goal is to develop a comprehensive process
for bioconversion of lignocelluloses to ethanol and butanol using ILs as a pretreatment step
followed by fermentation by Clostridia.

APPROACH: ;

The specific objectives of this project are to (i) develop a simple and low cost pretreatment
process using physical-, chemical- and biochemical- based methods to convert lignocellulose to
fermentable substrates by the anaerobic fermentative bacteria Clostridia, and (ii) select
Clostridia strains capable of fermenting a variety of simple and complex sugars, and modify their
metabolic regulatory pathways to enhance the production of ethanol, butanol, and hydrogen as
major end products. This project will advance the fundamental knowledge of potential
application and development of environmentally benign new materials for biofuel production.

The specific outcomes of this research are: (i) synthesis of new ILs with valuable properties for
cellulose processing; (ii) correlations between structure and characteristics for the design of new
ILs for biocatalysis; (iii) metabolically modified Clostridia strains suitable for effective
production of ethanol and butanol; and (iv) development of a process for the conversion of
biomass into ethanol, an important energy source, in keeping with the aims of the BNL bioenergy
initiative.

This is a multidisciplinary collaborative project involving microbiologists, molecular biologists,
and physical, organic and analytical chemists. Other members of the group include M. Thomas,
A. Gupta, and Y.V. Nancharaiah.

TECHNICAL PROGRESS AND RESULTS:

Ionic Liquid (IL) Pretreatment of Lignocellulosic Biomass. Dialkylphosphate ionic liquids 1,3-
dimethylimidazolium  dimethylphosphate [MMIM][DMP], 1-ethyl-3-methylimidazolium
diethylphosphate [EMIM][DEP], and 1-butyl-3-methylimidazolium dibutylphosphate
[BMIM][DBP] (Fig 1) were investigated for pre-processing of biomass. These ILs can be easily
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Fig. 1: Dialkylphosphate ILs for processing of lignocelluloses
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prepared in one step using efficient microwave synthesis techniques. They are cheaper and more
stable than 1-ethyl-3-methylimidazolium acetate [EMIM][Ac], which has been frequently used in
cellulose dissolution studies. [EMIM][Ac] and [MMIM][DMP] were found to dissolve the most
hardwood flour by weight, however the longer alkyl chain congeners [EMIM][DMP] and
[BMIM][DBP] were shown to work best when small quantities of anti-solvent water were
present. The cellulose was recovered by water addition and the disruption of its recalcitrant form
was confirmed by FTIR. The ionic liquids were recovered with yields of 95 to greater than 99%.

Effect of electron shuttles on modulation of ethanol and butanol production by Clostridium
sp. Addition of exogenous electron shuttles ferrihydrite (Fe(OH);), anthraquinone disulfonate
(AQDS), and nicotinamide adenine dinucleotide (NADH), with bicarbonate showed no
significant effect on fermentative metabolism of glucose by Clostridium sp. and production of
ethanol and butanol. Bicarbonate addition to a growing culture accelerated growth and glucose
fermentation which shifted from acidogenesis (acetic and butyric acids) towards solventogenesis
(ethanol and butanol). In contrast, methyl viologen (MV), enhanced ethanol - and butanol -
production by 28- and 12-fold, respectively with concomitant decrease in hydrogen, acetic and
butyric acids compared to the control. The results show that MV addition affects hydrogenase
activity with a significant reduction in hydrogen production and a shift in the direction of
electron flow towards enhanced production of reduced products ethanol and butanol.

Enhanced growth of Clostridium sp. in modified medium. We were able to grow the
Clostridium sp. in phosphate-buffered medium after repeated sub culturing. This change in media
composition had two positive effects: (i) controlled the reduction in culture pH because of the
production of acids and (ii) significantly reduced the fermentation time from 96 h to 36 h. This
improvement is important as rapid consumption of substrates and production of ethanol and
butanol for commercial viability of the process.

Effect of ILs on Clostridum sp. and Fermentation. The three ILs [EMIM][Ac],
[EMIM][DEP]), and [MMIM][DMP] relevant in biomass pretreatment showed that the growth
and metabolism of Clostridium sp. is not impacted by ILs at levels (<2.5 g/l) that are likely to be
retained in lignocellulosic biomass pretreatment.

Effect of ILs on Cellulase and B-glucosidase activity. We tested the effect of [EMIM][Ac],
[EMIM][DEP], and [EMIM][CI] on cellulase, B-glucosidase, and recombinant enzymes (BgLA,
CelC, CelO) activities. The IL concentrations tested ranged from 1-40%. Higher concentrations
of ILs affected all the enzymes tested significantly, while the lower concentrations had little
effect.

MILESTONE - FY 2011:

(1) Complete studies with the DNA carrying a recombinant B-glucosidase gene from the straw
mushroom, Volvariella volvacea V1-1. This fungus grows faster at a higher temperature than
other mesophilic fungi when using straw as a substrate, suggesting that it encodes enzymes that
might be intrinsically useful for industrial production of glucose from cellulosic materials. The
B-glucosidase gene has been cloned and the recombinant protein was expressed in E. coli using a
non-T7 bacterial expression plasmid, pTrc99A. One of our current goals is to recover and reuse
the attached enzyme from the matrix after cellulose digestion in the presence of ILs.
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(i) Determine the fermentability of IL-pretreated hardwood flour, switch grass, and poplar
biomass by Clostridium sp.

(iii) Optimize fermentation of IL-pretreated biomass by manipulation of process parameters,
including IL pretreatment.

(iv) Examine membrane micro- and nano-filtration methods for separating ionic liquids from
oligosaccharides, sugars, enzymes and fermentation products (collaboration with U. of Rostock).
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Organic Photovoltaics: Nanostructure, Solvent Annealing and Performance
LDRD Project 09-003
B. Ocko, C.T. Black and R Grubbs

PURPOSE:

Organic photovoltaic devices (OPV) hold great promise as active elements in next-generation
solar cells because of their low costs, environmental considerations and mechanical flexibility.
Two significant factors - both largely structural in origin — limit the efficiency of organic
photovoltaic devices, insufficient interfacial surface area between the donor and acceptor within
the thin absorption region of the thin film and low charge mobility and high recombination rate.
Understanding these issues may lead to improved OPV devices with higher efficiency, currently
8.3% (Konarka, 2010), a several percent increase over the last few years.

APPROACH: :

Our approach to improving the performance of OPV devices involves (1) developing new
materials with enhanced electronic and structural characteristics, (2) providing increased control
of the nanoscale phase separation between donor and acceptor components, and (3) improving
the internal microstructural characteristics of the material, including the molecular orientations
and crystallinity. The synthesis effort is led by Barney Grubbs (CFN/SBU), the electronic device
characterization is led by Chuck Black (CFN), and the x-ray scattering effort is led by Ben Ocko
(CMPMS). Many team members are involved with device fabrication such as tests of OPV cells,
nanostructures, and nanopatterning.

TECHNICAL PROGRESS AND RESULTS:

We have hired a team of talented post-docs, all with very different backgrounds and skill sets,
who are now working closely on several projects. Two post-docs have moved on and have been
replaced with strong scientists. Progress is being made on multiple fronts, as detailed below.

Nano-structured architectures: We are investigating the use of nano-structured architectures to
better understand and improve the performance of Bulk Heterojunction (BHJ) organic
photovoltaic devices. We are carrying out parallel approaches, as detailed below, to control the
nansocale architectures.

(1) We are working to control the chain packing orientation of semiconducting P3HT by
confining the material within large-area nanostructured surfaces patterned using electron-beam
lithography. P3HT(poly-3(hexylthiophene)) and PCBM (Phenyl-C61-butyric acid methyl ester)
BHJ films, formed on nanostructured grating patterns with sub-50nm dimensions, exhibit
preferential paralle]l lamellar stacking, with pi-pi stacking rotated 90 degrees out of the substrate
plane. We have characterized the degree of chain re-orientation using grazing incidence x-ray
diffraction (GIXRD) in order to measure the influence of the confining geometry dimensions. In
the next year, we will understand the relationship between chain orientation and electronic
function of pure P3HT and P3HT:PCBM blends by measuring the transverse current—voltage
characteristics of the confined materials. A detailed understanding of the correlation between
device electrical and optical properties and the material internal structure will inform design of
higher performing solar cell architectures.

2) We are investigating the use of nanoimprinting in fabricating BHJ devices. This process
has advantages over conventional BHJ including larger Donor/Acceptor (D/A) interfacial areas,
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fewer shunt paths,.and preferred orientation. We have now optimized the temperature and
pressure for the imprinting process and successfully fabricated large area nano-grating structures
of pure P3HT and PCBM. Using GIXRD we have obtained detailed structural information
including the periodicity, pattern height and side-wall slope angle of P3HT nano-gratings. These
show faithful pattern transfer from the master. Our results also revealed the re-orientation of the
P3HT crystalline domains from edge-on to face-on conformation. We have also been imprinting
P3HT/PCBM blends. The idea is to use the imprinting to reorient molecular structure to improve
device performance. GISAXS and GIWAXS measurements have shown that imprinting is able
to induce face-on structure to blends as to pure P3HT. In the future, we plan to investigate the
role of the pattern size, different materials and how stamping modifies device efficiency. Also,
our supplier of the nanostamps has not been able to provide the new substrates, as required. We
are investigating alternatives including the use of E-beam or the use of self-assembled co-
polymers as etch masks for making stamps.

?3) We have recently started to investigate the use of chemically nano-patterned substrates to
control the phase-separation of OPV thin-films on a sub-100 nm lengthscale. The chemical
patterns with feature sizes ranging from 50 to 500 nm are fabricated by oxidation
nanolithography of organic monolayers. These patterns can direct the phase-separation of OPV
blends owing to the different affinity of the two blend components towards the methyl and
carboxylic-terminated surface. We have initiated systematic studies on the effect of pattern
feature size and shape on the morphology of the phase-separated blend. A serious limitation of
the AFM-based lithography is the considerable time required to pattern areas larger than ~10*
mm?, too small to be relevant to the fabrication of highly efficient OPV devices. For this reason,
we are also exploring methods of large-area chemical patterning of organic monolayers using
conductive stamps.

Chemical Synthesis: We have developed a method for the preparation of P3HT functionalized
with a low percentage of azide functional groups that allow photo-cross-linking of the
polythiophene domains of OPV devices. Our initial structural and device studies suggest that
functionalizing 5 mol% of the polymer repeat units does not significantly affect polythiophene
structure or device performance in <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>