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Foreword

This abstract booklet provides a record of the U.S. Department of Energy biennial
research meeting in separations and analysis science. This year the meeting is co-chaired by Dr.
Emily Smith (Ames Laboratory) and Professor William J. Koros (Georgia Institute of
Technology). This meeting is sponsored by the Chemical Sciences, Geosciences and
Biosciences Division of the Office of Basic Energy Sciences and includes invited presentations
from DOE ARPA-E, Pacific Northwest National Laboratory, and the Center for Gas
Separations to Clean Energy Technologies, an Energy Frontier Research Center. Related
research funded in the BES Computational and Theoretical Chemistry Program is also
represented. Also featured in this meeting is a poster presentation from an early career
researcher invited by the meeting co-chairs.

The objective of this meeting is to provide a fruitful environment in which researchers
with common interests will present and exchange information about their activities, will build
collaborations among research groups with mutually reinforcing strengths, will identify needs
of the research community, and will focus on opportunities for future research directions. The
agenda has invited talks, oral presentations, as well as invited and regular posters, organized so
that papers in related disciplines are loosely clustered together. With ample time for discussion
and interactions, we emphasize that this is an informal meeting for exchange of information and
building of collaborations; it is not a review of researchers’ achievements or a forum to choose
future directions for the program.

We are pleased to collaborate with Emily Smith and Bill Koros in organizing and
conducting this meeting and appreciate their service to this community. We also appreciate the
privilege of serving as the managers of our respective research programs. In carrying out these
tasks, we learn from the achievements and share the excitement of the research of the many
sponsored scientists and students whose names appear on the papers in the following pages. We
also hope that this meeting will enhance your research efforts and will nurture future
collaborations and initiatives.

We thank all of the researchers whose dedication and innovation have advanced our
research and made this meeting possible and, we hope, productive. We also hope that all of you
will build on your successes and that we will assemble in two years for our next joint meeting.

We thank Diane Marceau of the Chemical Sciences, Geosciences and Biosciences

Division, and Tim Ledford and Connie Lansdon of the Oak Ridge Institute for Science and
Education for their important contributions to the technical and logistical features of this
meeting.

Larry A. Rahn
Mark Pederson
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Surfaces through lon Soft Landing and Other lon Chemistry in the Mass
Spectrometer
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Featuring Nanoscale Porosity and Selective Chemical Separation
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Identification of Porous Materials for CO, Separation

Introduction of Invited Early Investigator — Bill Koros, Chair
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Specific Surface Area Membranes
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Preparation of Chemically Functionalized Surfaces through lon Soft Landing and their
Utilization in Heterogeneous Reactions (DE-FG02-06ER15807)
R Graham Cooks, Principal Investigator
560 Oval Drive, Department of Chemistry, Purdue University, West Lafayette, IN 47907
Email: cooks@purdue.edu; Web: http://aston.chem.purdue.edu/

Overall Research Goals: One objective of this work is to create surfaces with appropriate
chemical functionalities via soft landing (SL) of molecular or cluster ions and to characterize the
surfaces in situ using secondary ion mass spectrometry and Raman spectroscopy. A subsequent
goal is to perform heterogeneous reactions at the functionalized surfaces and to employ
temperature programmed desorption to investigate the surface chemistry. A final goal is to
generate and characterize model catalytic surfaces.

Significant Achievements in 2010-2012:

Completion of instrumentation: The soft landing (SL) instrument at Purdue can be used to mass-
select particular ions and to soft land them at low energy onto a selected surface in high vacuum
and characterize the deposited materials by in situ secondary ion mass spectrometry (SIMS).
Recently the system has been modified with new capabilities that include: (i) a new high vacuum
compatible, low cost in situ Raman analysis capability with 2D imaging capabilities and (ii) the
ability to expose the characterized surface to vapor phase reagents and perform temperature
programmed desorption (TPD) analysis in situ. One advantage of the design is the fact that all
measurements can be conducted without breaking vacuum; one can analyze the functionalized
surfaces in their native form. Following SL and again after utilization of the surface, any
combination of in situ Raman and in situ SIMS can be performed. In situ 2D Raman spectral
imaging was achieved using a manual x,y,z micrometer stage and gold nanoparticles were used
to achieve surface enhancements of up to 10°.

Reaction
product

Soft landing

Raman shift cm) gas-surface reaction remperature —»

TPD

In situ analysis capabilities of the Purdue SL instrument

Chemically Functionalized Surfaces: With the new instrumentation and characterization tools,
we have studied a number of systems. Cations/protonated ions derived from Rhodamine 6G,
crystal violet, methyl red, and peptides as well as negative ions derived from fluorescein, copper
phthalocyanine and methyl orange have been soft landed onto various surfaces and their
structures and charge states investigated using SERS and SIMS. Well-defined molecularly
specific SERS features are observed in as little as 15 min of ion deposition. An alternative of SL,
reactive landing has been used to tailoring surfaces with biomolecules for the preparation of
biosensors and substrates for cell adhesion. Lysine containing peptides have been successfully
attached to dithiobissuccinimidyl nitrobenzoate (DSNB) surfaces.

Superior carrier mobility of inorganic materials and the processability of organic materials is
expected to be incorporated into organic-inorganic hybrid materials. Graphene oxide (GO) is a
2D nanomaterial with interesting electrical and chemical properties. We have modified thin films
of GO with functional molecules such as copper phthalocyanine and phorphine using the SL
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procedure. This route has advantages over solution phase methods as the structure of the GO film
is preserved the desired chemical patterns can be generated on the surface.

Temperature Programmed Desorption (TPD): The TPD system is being tested and preliminary
experiments have been completed. An ongoing experiment is the preparation of an
organometallic catalyst surface through SL and use of this surface for ethylene epoxidation.
Investigation of heterogeneous reactivity, including catalysis, of particular soft landed surfaces at
ambient pressure with vapor phase reagents is being carried out through the examination of the
post-exposure changes in surface chemistry.

Electronics SL chamber and SIMS Raman probe

NN

/

Raman spectrometer
Photograph of Purdue SL instrument

Science objectives for 2012-2014:

e Reaction of a model heterogeneous catalyst prepared by ion SL, characterized by SERS
and SIMS, studied in reaction chamber and analyzed by TPD.

e Re-examination of the surface after heterogeneous reaction to confirm catalytic cycle.

e Charge state/structural differences in surfaces prepared by ion SL.

References to work supported by this project 2010-2012:

1.

Jobin Cyriac, Guangtao Li and R Graham Cooks “Vibrational spectroscopy and mass spectrometry
for characterization of soft landed polyatomic molecules” Analytical Chemistry, 2011, 83, 5114-
5121.

Liang Gao, Guangtao Li, Jobin Cyriac, Zongxiu Nie and R. Graham Cooks "Imaging of surface
charge and the mechanism of desorption electrospray ionization mass spectrometry™ Journal of
Physical Chemistry C, 2010, 114, 5331-5337.

Guangtao Li, Jobin Cyriac, Liang Gao and R Graham Cooks “Molecular lon Yield Enhancement in
Static Secondary lon Mass Spectrometry by Soft Landing of Protonated Water Clusters” Surface and
Interface Analysis, 2011, 43, 498-501

Wen-Ping Peng, Grant E. Johnson, Ivy C. Fortmeyer, Peng Wang, Omar Hadjar, R. Graham Cooks
and Julia Laskin “Redox chemistry in thin layers of organometallic complexes prepared using ion
soft landing” Physical Chemistry Chemical Physics, 2011, 13, 267-275.

Jobin Cyriac, Michael S. WIeklinski, Guangtao Li, Liang Gao, and R. Graham Cooks “In situ
Raman Spectroscopy of Surfaces Modified by lon Soft Landing” Analyst, 2012, 137, 1363-1369.
Jobin Cyriac, T. Pradeep, R. Souda, H. Kang and R. G. Cooks (2012) “Low energy ion collisions at
molecular solids” Chemical Reviews, 2012, (Under Revision).

Guangtao Li, Jobin Cyriac, Liang Gao, and R. Graham Cooks “Neutralization of Surface Cations
during lon Soft Landing: Mechanistic Studies and Analytical Implications” 2012 (Submitted).



Strong-field ionization of Cg sputtered neutral biomolecules using fs IR radiation

Nicholas Winograd
The Pennsylvania State University, 209 Chemistry Building, University Park, PA 16802, USA.
Email: nxw@psu.edu; Web: http://winograd.psu.edu/

Overall research goals: The main objectives of this program are to increase the capabilities and
better understand the fundamentals of cluster secondary ion mass spectrometry (SIMS), by
employing laser photoionization. The emphasis is on elucidating the cluster/solid interaction,
improving sensitivity in two and three dimensional imaging, and advancing bioimaging
applications.

Significant achievements in 2010-2012: Work with fs IR strong field ionization is ongoing.
Post-ionization was applied to the study of depth profiling fundamentals, by investigating a
model system of guanine vapor deposited on silver. Comparison of the SIMS and
simultaneously acquired neutral depth profiles (Figure 1) highlight the influence of matrix
effects on the secondary ion signal at the surface, and interfacial regions. Evidence of near
surface, dynamically created preformed ions (DCPI) is observed, supported by the sudden
increase in the protonated SIMS signal in the first 10 nm of the profile, most likely caused by
the bombardment induced generation of free protons in the top layers of the sample. In addition,
the neutral data allows the direct observation of how ionization effects influence the accurate
determination of important depth profiling parameters such as the sputter rate, depth scale
calibration, altered layer thickness, and the interface width. The results of the study are believed
to be general, and to highlight the need for suitable correction schemes for cases when neutral
data are not available.

Figure 1: The signal intensity is monitored as a function of depth for (a) the photoionized M° (black) and Ag® (red)
neutral species and (b) the secondary [M + H]* (black) and Ag" (red) ions. lon ratios observed as a function of
depth for (c) the [M + H]* secondary ion signal divided by the M° photoionized neutral signal and (d) for the Ag*
secondary ion signal divided by the Ag® photoionized neutral signal. The vertical dotted line indicates the interface
between the guanine thin film and Ag substrate measured by AFM.

One such method, which attempted to correct for the surface fluctuation in the secondary ion
signal, was evaluated in a related post-ionization study. The model guanine system was once
again employed, with the near surface secondary ion depth profile being fit by a previously
proposed erosion dynamics model, and compared to the neutral signal from the same depth
range. The comparison allowed for the deconvolution of the effects of chemical damage
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accumulation and ionization enhancement, which both affect the secondary ion signal at the
start of the depth profile. The successful use of the erosion dynamics model to predict the near
surface signal in guanine, prompted its application in the analysis of trehalose depth profiling.

In the middle of 2011, a new laser system was brought online which increased the intensity
available to post-ionization experiments to 10%° W/cm?, in the 1.2-2.4 um wavelength range.
Initial experiments confirmed earlier work showing softer ionization mechanisms occurring at
longer wavelengths. Model systems — xenon gas, sputtered indium clusters, and gas phase
histamine — served as initial calibration standards, and preceded biologically relevant studies.
To date, the intact ionization of a number of sputtered biomolecules - stearic acid, beta-
estradiol, cholesterol, and the Gly-Gly-Gly peptide — has been observed, and the post-ionization
experiment has been successfully applied to the analysis of mouse brain tissue (Figure 2).

Figure 2: 750 um field of view images of mouse brain tissue, produced by post ionization with a focused 1400 nm
beam. Cholesterol fragments at m/z 220-230 (left image) and molecular ion (right image) in red, and
phosphatidylcholine fragment (m/z 58.1) in green.

Science objectives for 2012-2014:

e Fundamental studies of strong field ionization mechanisms in biologically relevant
molecules

e The application of strong field post-ionization to the study of hydrocarbon production by B.
braunii algae

e Tissue imaging of mouse brain using strong field post-ionization

Selected references to work supported by this project 2010-2012:

1. D. Willingham, D. A. Brenes, A. Wucher and N. Winograd, "Strong-field Photoionization of
Sputtered Neutral Molecules for Molecular Depth Profiling”, J. Phys. Chem. C, 114, 5391-5399
(2010).

2. D. Willingham, D. A. Brenes, N. Winograd and A. Wucher, "Investigating the fundamentals of
molecular depth profiling using strong-field photoionization of sputtered neutrals”, Surface and
Interface Analysis, 43, 45-48 (2011).

3. A. Kucher and N. Winograd, "Strong-Field lonization of Cgo-Sputtered Neutral Molecules Using
10" W/cm? of fs IR Radiation"”, Surface and Interface Analysis, submitted (2012).
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Overall research goals: The overarching goal of the research within this proposal is to advance the
capacity of mass spectrometry (MS) to study and characterize the reactions and molecular products
of redox transfer processes and to study and characterize with nanometer spatial resolution
molecular constituents of surfaces under real world conditions.

Significant achievements in 2010-2012: We discovered a new surface sampling method to
quantitatively concentrate, mix, and react samples extracted with nanoliter volumes of solvent from
multiple sub-millimeter size areas on a surface. Spatially resolved surface sampling of this type has
potential analysis applications in multiple energy related fields including battery and biomass
characterization. This spatial resolved surface sampling advance could lead to a real-world sample
introduction interface for existing and future microfluidic sample analysis platforms. The liquid
microjunction surface sampling probe (LMJ-SSP) plug
@ generation mode of operation decouples sampling from
immediate continuous downstream detection, which
=™ | enables in probe sample manipulation prior to detection.
The ability to extract and completely mix individual
samples within a fixed volume at the sampling end of
? ? ? i’ o) the probe was demonstrated and a linear mass spectral
response to the number of equivalent analyte spots
? ? f’ f ? M | sampled was observed. The ability to efficiently extract
- reagents into the same plug volume and run reactions
within the probe was demonstrated using the color and
© mass changing chemical reduction of the redox dye 2,6-
dichlorophenolindophenol with ascorbic acid. With the
present optically transparent probe, more sophisticated
2 38 spectroscopic interrogation of the sample plugs is
10 possible.  The LMJ-SSP in plug generation mode
WM provides a simple means to interact with and sample
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from a macroscale surface while maintaining
microfluidic analyte and solution flow control.

04
O tmem o Chemical analysis and topographic imaging at the
Figure 1. AFM topography of a caffeine thin- | nanoscale was demonstrated by combining atomic force
film surface (a) pre-heating and (b) post- microscopy and proximal probe thermal desorption with
fo;}l/ng(g;ewslg;ﬁ?igggr?e%‘:zz?g;g%?a?n X(EZ) secondary ionization mass spectrometry. By using a
pt gaussian smooth) for caffeine (m/z 195 — | nanometer scale probe tip from an atomic force
138, normalized collision energy 35%) microscope coupled to an electrospray ionization mass
recorded during the 30 s per spot sampling of | spectrometer (ESI-MS), atmospheric pressure proximal
the 5 x 2 array. The red and green arrows in probe thermal desorption ESI-MS was demonstrated to
(b) correspond to the movement of the AFM | prqvide sub-micrometer (0.25 pm) spatial identification

g;?g;mggggiaqmggg3giggpe§ﬁ32fyét of the model analyte caffeine with high sensitivity (10

Crater numbers in (b) correspond to MS amol, 2 fg) and topographic maps of the surface (Figure
chronogram peaks in (c) with the line below 1). This novel analytical platform provides multimodal
the numbering in (c) representing the 30 s spatially resolved molecular chemical analysis of

heating interval during which the AFM probe | g;rfaces under real world conditions. Such a combined
is nn the caffeine thin-film siirface .
AFM/MS platform could be used to co-register local
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nanomechanical measurements and topography using AFM with MS-based chemical profiling of
specific surface features. Because the AFM measurements and surface sampling and ionization are
carried out at atmospheric pressure, this system provides great versatility in the type of samples that
can be analyzed relative to techniques that might achieve similar spatial resolution, but require
operation at high vacuum. We anticipate this new analytical tool will have broad application for
determining the spatial distribution of target molecules in many complex systems including plant
tissue and interfaces in energy storage and conversion devices.

Science objectives for 2012-2014:

Understand, advance and create means to transfer chemical species at AP from complex matrices
in the condensed-phase (solid or liquid) to the gas-phase without loss of information, particularly
in the context of electrochemistry/mass spectrometry, nanoscale surface sampling/ionization and
mass spectrometry based chemical imaging.

Understand and implement the means to overcome the compromise between an optimum
solution/electrolyte composition for electrochemistry and that needed for mass spectrometry to
improve the utility of online electrochemistry/mass spectrometry.

Understand and implement the means to efficiently ablate, desorb, or extract surface species and
then efficiently collect and transport at atmospheric pressure (AP) the neutrals or subsequently
the ions created, with emphasis on micro- and nanoscale liquid extraction, thermal desorption, or
laser ablation/desorption approaches to surface sampling with molecular or elemental MS
detection.

References to selected work supported by this project 2011

1. M. S. EINaggar, G. J. Van Berkel, “Liquid Microjunction Surface Sampling Probe Fluid Dynamics:

Characterization and Application of an Analyte Plug Formation Operational Mode,” J. Am. Soc. Mass
Spectrom. 22, 1737-1743 (2011).

M. S. EINaggar, C. Barbier, G. J. Van Berkel, “Liquid Microjunction Surface Sampling Probe Fluid
Dynamics: Computational and Experimental Analysis of Coaxial Intercapillary Positioning Effects on
Sample Manipulation,” J. Am. Soc. Mass Spectrom. 22, 1157-1166 (2011).

V. Kertesz, G. J. Van Berkel, “Electronic Control of Analyte Electrolysis in Electrospray lonization Mass
Spectrometry Using Repetitively Pulsed High Voltage,” Int. J. Mass Spectrom. 303, 206-211 (2011).

0. S. Ovchinnikova, V. Kertesz, G. J. Van Berkel, “Combining Laser Ablation/Liquid Phase Collection
Surface Sampling and High-Performance Liquid Chromatography Electrospray lonization Mass
Spectrometry,” Anal. Chem. 83, 1874-1878 (2011).

0. S. Ovchinnikova, V. Kertesz, G. J. Van Berkel, “Combining Transmission Geometry Laser Ablation
and a Non Contact Continuous Flow Surface Sampling Probe/Electrospray Emitter for Mass
Spectrometry-Based Chemical Imaging,” Rapid. Commun. Mass Spectrom. 25, 3735-3740 (2011).

O. S Ovchinnikova, V. Kertesz, V. G. J. Van Berkel, “Molecular Surface Sampling and Chemical
Imaging Using Proximal Probe Thermal Desorption/Secondary lonization Mass Spectrometry,” Anal.
Chem. 83, 598-603 (2011).

O. S. Ovchinnikova, M. V. Nikiforov, J. A. Bradshaw, S. Jesse, G. J. Van Berkel, “Combined Atomic
Force Microscope-Based Topographical Imaging and Nanometer Scale Resolved Proximal Probe
Thermal Desorption/Electrospray lonization-Mass Spectrometry,” ACS Nano 5, 5526-5531 (2011).
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Abstract:

The U.S. has 1493 coal-fired power plants, 336 gigawatts (GW) of rated power generation
capacity. In 2006, these plants produced ~70% of U.S. fossil-fuel derived electricity, ~50% of
total electricity and ~1.9 gigatonnes (Gt) of CO,, about 1/3 of total U.S. emissions. To
substantially reduce the CO, emissions from the U.S. stationary power sector, these plants must
either be shut-down or retrofitted for post-combustion CO, capture.

The state-of-the-art CO;
separation technology, 30%
monothanolamine (MEA), is
outlined in Figure 1. Despite
decades of research and
development, numerous
challenges remain that hinder
the feasibility retrofitting coal-
fired power plants with this
technology. In this presentation,

the advantages and
Figure 1. Schematic of a state-of-the-art CO, absorption system used disadvantages of this approach
for post-combustion capture based on the report DOE/NETL- will be reviewed to illustrate the

opportunities for new technical
approaches. The primary challenge is the energy required to regenerate the solvent in the
stripper column at 100-140°C(Figure 1). To achieve these high temperatures, steam is diverted
from the turbines that generate electricity at the plant, resulting in a large parasitic energy
penalty that further adds to the cost of capture. While this problem is difficult, the fact that the
energy for the MEA process are more than a factor of 5 higher than the thermodynamic
minimum indicates that there is still room for improvement. Several agencies within the
Department of Energy are taking a coordinated approach to revolutionize this important area. In
addition to the Office of Science programs discussed at this meeting and applied research and
field demonstrations funded by the Office of Fossil Energy, the Innovative Materials and
Processes for Advanced Carbon Capture Technology (IMPACCT) program at the Advanced
Research Projects Agency — Energy (ARPA-E) seeks to identify promising early stage
separation concepts that, if successful, will drastically reduce the parasitic energy penalty for
CO, capture.

Several of these promising new concepts, such as phase-changing ionic liquids, non-aqueous
solvents, metal-organic framework sorbents, and multicomponent membranes, will be



discussed. Part of an ARPA-E project includes evaluation of
potential pathways to take new technology to market. Despite
the lack of clear carbon pricing signals, there are applications
such as enhanced oil recovery (near term) and synthetic fuels
(longer term) that are stabilizing the economics
of larger-scale demonstration projects and
providing additional value for separate d CO..
In addition to the IMPACCT program, other
ARPA-E programs in energy-related separation
technologies such as thermal storage, HVAC,
Figure 2. Carbon capture projects from FOA-1 and natural gas storage for vehicles will be

and IMPACCT: $42.7M in federal funding / $ssm  Nighlighted in this presentation.

References:
1. EIA (2007), Net Generation by Energy Source by Type of Producer
2. EIA (2007), Emissions of Greenhouse Gases Report



Coordination-Chemistry-Derived Materials Featuring Nanoscale Porosity and Selective
Chemical Separation Capabilities
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Overall research goals: The research objectives are design, understand, and utilize new materials
having nanoscale porosity — specifically, new metal-organic frameworks — to achieve energy-
efficient separations of technologically-relevant or DOE-mission-relevant chemical mixtures,
especially mixtures of gases and/or vapors (e.g. alkane/alkene, xenon/krypton, etc.).

Significant achievements in 2010-2012:

Much of our recent work is described in the 18 papers cited below. Three developments are
highlighted here.

1) A key development, described in part in papers 5, 18, and 21, has been the use of computational
modeling to discover new MOFs, or identify existing MOFs, showing potentially superior chemical
separation capabilities. Subsequent experimental syntheses have confirmed the effectiveness of the
approach. The computational approach provides a means for evaluating many more candidate
materials than could ever be examined experimentally. The following video also provides a
description of the work (a portion of which was supported by this program):
http://www.youtube.com/watch?v=0QaKSekjAngY

2) There has been considerable uncertainty and controversy over whether BET analyses of gas
sorption (a standard technique for mesoporous materials) accurately report on internal surface areas
for microporous and ultra-microporous (pore diameters below 0.7 nm) MOF materials. We
simulated nitrogen and argon isotherms in MOFs and zeolites having ultra-micropores and used the
simulated isotherms as pseudo-experimental data to evaluate the BET method for these structures.
BET surface areas calculated from the simulated N, and Ar isotherms agree well with the accessible
surface areas obtained directly from crystal structures in a geometric fashion. However, this is only
true when the BET analysis was performed using the appropriate pressure range based on published
“consistency criteria”; the BET analysis underestimates the surface area if it is done in the
“standard” BET pressure range.

3) A third result we wish to
highlight is the discovery of
emergent collective behavior by
propylene in various M-MOF-
74 compounds, resulting in
exceptional thermodynamic
selectivities for separation of
propylene and propane (e.g. S =

46 .at. 1 bar, With higher values Figure 1. Simulations showing basis for emergent behaviour in the
anticipated at higher pressures). separation of propylene from propane by MOF-74

Science objectives for 2012-2014:

e Build and capitalize upon, for efficient chemical separations, new MOFs featuring accessible
metal sites featuring unusually low coordination numbers.

e Develop additional examples of emergent collective behavior by sorbates within MOFs as a
means of achieving high selectivity in chemical separations.

e Exploit computational screening techniques to identify MOFs for desired chemical separations.
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phosphonoacetate: new methods for constructing porous materials,” Chem. Commun. 46, 9167-9 (2010).

9. A. M. Spokoyny, O. K. Farha, K. L. Mulfort, J. T. Hupp, C. A. Mirkin, “Porosity tuning of carborane-
based metal-organic frameworks (MOFs) via coordination chemistry and ligand design,” Inorg. Chim.
Acta, 364, 266-71 (2010). (special issue honoring Arnold Rheingold)
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Framework Materials,” Acc. Chem. Res., 43, 1166-75 (2010).

11.P. Ryan, O. K. Farha, L. J. Broadbelt, R. Q. Snurr, “Computational Screening of Metal-Organic
Frameworks for Xenon/Krypton Separation,” AIChE Journal, 57, 1759-1766 (2011).

12.Y.-S. Bae, R. Q. Snurr, “Development and evaluation of porous materials for carbon dioxide separation
and capture,” Angew. Chem. Int. Ed. 50, 11586-11596 (2011).
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Overall research goals: The overall goal of this project is to investigate fundamental issues of
chemical separation phenomena at the gas-solid, and gas-liquid interfaces of nanostructured
architectures and unconventional separation media that selectively bind or transport target
molecular species via tailored interactions. Currently, the systems of study include novel
nanoporous materials and ionic liquids with a focus on carbon capture.

Significant achievements during 2010-2012:

(1) We show that superbase-derived protic ionic liquids (PILs) with low melting points are
capable of reversibly capturing CO, with an extremely high capacity (more than 1 mol per mole
ILs). In addition, both polarities and basicities of these PILs can be easily tuned using CO, and N,
as the "switch," which opens up their potential applications in separation and catalysis.

(2) We show that the CO, solubility, selectivity, and permeance could be optimized for CO,/N,
separation through controlled introduction of the nitrile functionality into the anion. Molecular
simulations indicated that the symmetric [B(CN),] anion is unique in giving high CO; solubility
by interacting weakly with the cation and hence allowing easier creation of cavity for close
contact with CO,. This insight has great implications in designing new ionic liquids for CO,
capture.

(3) We succeeded in a strategy to tune the enthalpy of CO, absorption by tunable basic ionic
liquids, which were prepared by neutralizing weak proton donors with different pKa values with
phosphonium hydroxide. Based on the relationship between the stability, the enthalpy of
absorption, absorption capacity, and the basicity of ILs, highly stable ILs for CO, capture with
desirable absorption enthalpy and high capacity were achieved.

(4) We developed a synthesis method to make functional porous carbon and carbon-oxide
composite materials using conventional ILs. This unique method does not require the ILs to have
cross-linkable groups and instead, utilizes the space confinement of ILs inside oxide networks to
convert ILs with no carbonization yields into efficient carbon precursors with carbonization yields
approaching theoretical limits.

(5) We show that an ammonia activation process that introduces nitrogen functionality into a
hierarchically-structured mesoporous carbon can be used to significantly enhance the separations
capabilities of the material for CO,/N, and CsHg¢/N, separation. This process enhances
separations by introducing additional microporosity to the carbon framework and by adding
nitrogen-containing groups to the carbon surface.

Science objectives for 2012-2014:
e Pursue multi-dimensional gas separations using three dimensional hierarchical carbon architecture
with mesoporous networks coated with microporous skins.

e Develop highly porous nitrogen-doped mesoporous carbon materials based on ionic-liquid
precursors for CO, separation; understand the role of nitrogen with molecular simulation.
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e Achieve optimal chemical binding and transport kinetics of gas molecules by task-specific
ionic liquids for improved gas separations, including olefin/paraffin and CO,/N..

e Design, synthesis, and test of ionic liquids with high CO, solubility for membrane
separations in a supported liquid membrane setup.

Selected publications supported by this project 2010-2012

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.
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Wang, X.Q.; Dai, S. "lonic liquids as versatile precursors for functionalized porous carbon and
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Dai, S. "Direct exfoliation of natural graphite into micrometre size few layers graphene sheets
using ionic liquids," Chem. Commun, 2010, 46, 4487.
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Lee, J. S.; Wang, X. Q.; Luo, H. M.; Dai, S. "Fluidic carbon precursors for formation of functional
carbon under ambient pressure based on ionic liquids,” Adv. Mater., 2010, 22, 1004.

Wang, C. M., Luo, X. Y., Luo, H. M., Jiang, D. E., Li, H. R., Dai, S,. “Tuning the Basicity of
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Reversible SO, Capture by Tunable Azole-Based lonic Liquids through Multiple-Site Chemical
Absorption”, J. Am. Chem. Soc. 2011, 133, 11916.

Babarao, R.; Dai, S. Jiang, D. E., "Understanding the High Solubility of CO, in an lonic Liquid
with the Tetracyanoborate Anion™, J. Phys. Chem. B 2011, 115, 97809.
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Carbon Source: the Controlled Synthesis of Hollow Carbon Spheres and Yolk-Structured Carbon
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NMR Characterization of Metal-Organic Frameworks for Carbon Capture
Jeffrey A. Reimer
Department of Chemical and Biomolecular Engineering
University of California Berkeley
Berkeley CA 94720 reimer@berkeley.edu

Metal-organic frameworks (MOFs) represent a new class of crystalline materials that exhibit record-
setting porosity without sacrificing chemical “tenability” control of surface chemistry. Although
considered for many uses, these materials show great promise for CO, “"", In this talk | will describe
how various solid-state NMR methods provide multiple length scale characterization of MOF local
bonding structure, inform us on the dynamics of adsorbed CO, molecules, and provide an opportunity

for high-throughput screening of surface area.

Multivariate MOFs (MTV-MOFs), which have multiple linkers distributed throughout the crystal, are a
relatively new category of MOFs developed by Professor Omar Yaghi’s research group. The MTV-
MOFs adopt the same crystalline structure as the standard MOF-5, but have improved gas adsorption
properties when comprised of the “right” proportion of linkers. I will describe how 2D NMR correlation
and nuclear dipolar recoupling methods determine the local arrangement of these linkers; this approach
is analogous to those used to determine secondary and tertiary structure of proteins. Our findings suggest
that the different linkers are adjacent to each other in a single pore (Figure 1a), consistent with a random
distribution of linkers based solely upon the initial synthesis composition. The NMR results provide
unambiguous guidance for molecular simulations which, based upon a random distribution of linkers,

predicts an optimal ratio of linkers for the best CO, capture performance.

Certain MOFs with open metal sites, e.g. MOF-74, have superior CO, capture capacities. In these
materials we investigated the **C NMR of adsorbed *CO,. The lineshape and relaxation of CO, at
variable temperatures provide rich information regarding CO, dynamics, including characterization of
uniaxial rotation around the metal site at low concentrations (Figure 1b). Desorption processes with
differing activation energies have been observed from NMR relaxation times. We find that MD

simulation is in agreement with these NMR results.

Finally, characterization of MOFs using conventional BET adsorption for surface area me