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Foreword

The 2024 Separation Science Research Pl Meeting was sponsored by the Division of Chemical Sciences,
Geosciences, and Biosciences, Office of Basic Energy Sciences (BES), U.S. Department of Energy (DOE)
and held on September 10-12, 2024, at the DoubleTree by Hilton Washington DC North/Gaithersburg in
Gaithersburg, Maryland. The purpose of this meeting was to accelerate research progress through collegial
interactions by developing a common understanding of present activities, maximizing potential for
collaboration, identifying the scientific needs of the research community, and providing an opportunity to
discuss future research directions among the BES Separation Science Program Pls. Separation Science
research activities within BES emphasize fundamental, hypothesis-driven molecular-level experimental
and computational research projects that address questions to discover, understand, predict, and control de-
mixing transitions. The resulting knowledge will enable chemical separation paradigms that may become
the basis for solutions to current and long-term energy challenges.

This year’s meeting, which contained 22 oral and 45 poster presentations by BES Separation Science Pls,
was organized into four themes: Advancing Separations by Exploiting and Predicting Dynamic States and
Solvation Effects; Chemically Driven Reactive Separations for Dilute Constituent Removal and Release;
Molecular Driven Separation Phenomena: New Phase Formation, Confinement, and/or Intermolecular
Interactions; and Non-Thermal Mechanisms for Energy Efficient Separations. Two breakout sessions were
held that aimed at helping the community look back to look forward. The first breakout session, entitled
“Reflections of Separation Science since the 2019 Report and What Fundamental Science Should Deliver
by 2029/2039?” allowed participants to reflect on the progress made since the 2019 NASEM Report, A
Research Agenda for Transforming Separation Science and to discuss new opportunities arising from that
progress. The second breakout session, entitled “Separation Science and Data Science — Challenges and
Future Needs” provided participants an opportunity to discuss overlapping goals of these two fields to
identify how fundamental knowledge gaps in separation science might be advanced using data science.

Thank you to the program investigators as well as the students, post-doctoral associates, and collaborators
who are involved in this research, for their dedication to the continued success and visibility of the BES
Separation Science Program. Thank you to detailees Carrie Farberow and Vanda Glezakou for assisting
with the planning and execution of this meeting; meeting co-chairs Santa Jansone-Popova, Ryan Lively,
and Michael Tsapatsis for formulating the ideas for, leading the discussion on, and summarizing the
outcomes of the two breakout sessions; and Raul Miranda for his support of the program and role as Team
Lead for Chemical Transformations. Finally, thank you to Teresa Crocket (BES) and the Oak Ridge
Institute for Science and Education staff for their logistical and technical support of this meeting.

Amanda J. Haes, Ph.D.

Program Manager

Separation Science Program, Office of Basic Energy Sciences
U.S. Department of Energy
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Agenda

2024 DOE BES Separation Science Principal Investigators® Meeting

Location: DoubleTree Hotel, 620 Perry Parkway, Gaithersburg, Maryland, 20877

Meeting Co-Chairs: Santa Jansone-Popova (Oak Ridge National Laboratory), Ryan Lively (Georgia
Institute of Technology), Michael Tsapatsis (Johns Hopkins University)

Tuesday, September 10, 2024

7:30-8:30 AM Breakfast and Presentation/Poster Setup

8:30 AM Welcome, News from DOE-BES Chemical Sciences, Geosciences, and Biosciences
(CSGB) Division
Gail McLean, Director, DOE Office of Basic Energy Sciences, CSGB Division
Session 1 Advancing Separations by Exploiting and Predicting Dynamic States and Solvation
ggi::;z Chair: Francesco Paesani, University of California, San Diego
9:00 AM Daniel (Dan) Schwartz, University of Colorado Boulder
Single-molecule Dynamics in Complex and Interface-Rich Separations Environments
9:30 AM Ngai Yin Yip, Columbia University
Separation of Lithium lons from Competing Alkali Metal Cations using Switchable
Solvent Selective Extraction
10:00 AM Break
10:30 AM Vyacheslav (Slava) Bryantsev, Oak Ridge National Laboratory
Interfacial and Photochemical Control of CO; Binding, Transport, and Release in Direct
Air Capture
11:00 AM Daniel Higgins, Kansas State University
Solvation and Pore Surface Interactions Govern Solute Diffusion in Binary
Ethanol/Water Mixtures Confined within Anodic Alumina Nanopores
11:30 AM Michael Servis, Argonne National Laboratory
Interplay between Solution Structure and Separations
12:00 PM Working Lunch with Continued Discussion/Presentation Setup
Session 2 Chemically Driven Reactive Separations for Dilute Constituent Removal and

Release
Session Chair: Abigail Knight, University of North Carolina at Chapel Hill
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1:30 PM

1:50 PM

2:20 PM

2:50 PM

Introduction, Overview, and Meeting Charge

Amanda Haes, Program Manager, Separation Science Program

David Heldebrant, Pacific Northwest National Laboratory

Harnessing Confinement Effects, Stimuli, and Reactive Intermediates in Separations
Jindal Shah, Oklahoma State University

lonic Liquids for Direct Air Capture of CO: using Electric-Field-Mediated Moisture
Gradient Process

Break/Presentation/Poster Setup

Breakout Session A  Reflections of Separation Science Progress since the Report in 2019, and

What Fundamental Science Should the Field Deliver by 2029/2039?
Session Chair(s): Ryan Lively, Michael Tsapatsis, Santa Jansone-Popova

3:00 PM

3:10 PM
4:15 PM

4:45 PM
5:15 PM
7:00 PM

Topic Introduction and Breakout Session Charge

Ryan Lively, Meeting Co-Chair

Breakout Discussion, See Attachment for Format and Leading Questions
2-Minute Reports from Table Scribes Back to the Entire Group

Led by Meeting Co-Chairs

Poster Highlights/Lightning Round I (1 slide/60 sec/poster introduction)
Posters (see list)/Continued Discussion

Dinner/Continued Discussion (on your own)


https://nap.nationalacademies.org/catalog/25421/a-research-agenda-for-transforming-separation-science

Wednesday, September 11, 2024

7:30-8:25 AM Breakfast and Presentation/Poster Setup

8:25 AM Announcements
Amanda Haes
Session 3 Molecular Driven Separation Phenomena: New Phase Formation, Confinement,
and/or Intermolecular Interactions - I
Session Chair: Eric Schelter, University of Pennsylvania
8:30 AM David Cantu, University of Nevada, Reno
Identifying Small Circular Peptides for Ln/Ln Selectivity with Yeast Display, Molecular
Simulation, and Spectroscopy
9:00 AM Jovan Kamcev, University of Michigan
lon Transport in Highly Charged Polymer Membranes with Subnanometer Free Volume
Elements
9:30 AM Kristin Bowman-James, University of Kansas
Molecular to Mesoscale Targeting of Oxoanions with Multi-Tasking Hosts
10:00 AM Break
10:30 AM Jeffrey Long, Lawrence Berkeley National Laboratory
Interrogating Selective Metal-Adsorbate Interactions in Metal-Organic Frameworks
11:00 AM Merlin Bruening, University of Notre Dame
Highly Selective Membrane-Based lon Separations
11:30 AM Gangli Wang, Georgia State University
Memristor Effects for the Selective lon Enrichment and Entrapment at Asymmetric
Nanointerfaces
12:00 PM Working Lunch with Continued Discussion/Presentation Setup
Session 4 Non-Thermal Mechanisms for Energy Efficient Separations
Session Chair: Justin Wilson, University of California, Santa Barbara
1:30 PM Revati Kumar, Louisiana State University
Bridging the Length Scales in lonic Separations via Data-Driven Machine Learning
2:00 PM

Mark Jensen, Colorado School of Mines
Xi



2:30 PM

2:45 PM

Driving Selectivity Among Rare Earth Elements through Phase Modifiers
Chong Liu, University of Chicago

Probing the Coordination in Confinement for Electrochemical Separation among
Rare Earth Elements

Break/Presentation/Poster Setup

Breakout Session B Separation Science and Data Science — Challenges and Future Needs

Session Chair(s): Santa Jansone-Popova, Ryan Lively, Michael Tsapatsis

3:00 PM

3:10 PM

4:15 PM

4:45 PM

5:15 PM

7:00 PM

Topic Introduction and Breakout Session Charge

Santa Jansone-Popova, Meeting Co-Chair

Breakout Discussion, See Attachment for Format and Leading Questions
2-Minute Reports from Table Scribes Back to the Entire Group

Led by Meeting Co-Chairs

Poster Highlights/Lightning Round Il (1 slide/60 sec/poster introduction)
Posters (see list)/Continued Discussion

Dinner/Continued Discussion (on your own)
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Thursday, September 12, 2024

7:30-8:25 AM Breakfast and Presentation/Poster Setup

8:25 AM Announcements
Amanda Haes
Session 5 Molecular Driven Separation Phenomena: New Phase Formation, Confinement,
and/or Intermolecular Interactions - IT
Session Chair: Jerry Lin, Arizona State University
8:30 AM Tanya Prozorov, Ames Laboratory
Geo-Inspired Separation of Rare Earth Elements
9:00 AM Sameh Elsaidi, Illinois Institute of Technology
Controlling Densification-Induced Structural transformations in Metal-Organic
Frameworks for Size-Selective Separations
9:15 AM Bryan Beckingham, Auburn University
Transport of Complex Mixtures in lon-Containing Polymer Membranes
9:30 AM Venkat Ganesan, University of Texas at Austin
Nanostructured Polymer Membranes with Chemical Structure Selectivity
10:00 AM Break/Presentation Setup
10:30 AM Amar Flood, Indiana University
Binding Anions Selectively with Modular Triazolophanes and Releasing Them with Light
11:00 AM Phillip Milner, Cornell University
Carbon Capture Beyond Amines using Oxidatively Stable Oxygen-Based Nucleophiles
11:30 AM Briefing by Program Co-Chairs and Discussion
Michael Tsapatsis with assistance from Santa Jansone-Popova and Ryan Lively
12:00 PM Summary, Outcomes, and Path Forward
Amanda Haes
12:30 PM Adjourn
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Breakout Sessions

Breakout Session A (Tuesday at 3 pm) - Reflections of Separation Science Progress since the
2019 Report, and What Fundamental Science Should the Field Deliver by 2029/2039?

We will breakout into small teams Box 1: Themes from the 2019 Report:
and discuss the recent National Theme 1: Designing Separation Systems That Have High Selectivity, Capacity,
; ; and Throughput
Ac_ademles report on S_eparaﬂons 1-A. Advance the Understanding of Complex Systems
Science. Each table will focus on one 1-A-i: Development of measurement and simulation techniques for
of the key themes highlighted by that multicomponent mixtures. (Table 1) .
. . 1-A-ii: Design of separation systems that can handle a large dynamic range.
report. Please assign a scribe at the (Table 2)
start of the session and summarize 1-A-iii: Trace analysis and multistep processes. (Table 2)

1-B. Explore the Entire Array of Thermodynamic and Kinetic Mechanisms
1-B-i: Explore a broader variety of multiple forces, entropic strategies, and

your responses in 1 PowerPoint slide.

The scribe will present a PowerPoint cooperative binding mechanisms. (Table 3)
slide for 2 minutes upon reconvening 1-B-ii: Design for recyc_:le and reuse. (Table_ 3) _ -

. . .. 1-B-iii: Explore a wide array of chemical transformations to facilitate
and will send it to tsapatsis@jhu.edu. separations. (Table 4)

1-B-iv: Determine and control rates of species transport. (Table 4)
The tables are tasked with answering 1-C. Characterize the Interface and Understand the Interfacial Forces
the five questions below. 1-C-i: Controlling interface structure and transport to enhance separations.

(Table 5)
. 1-C-ii: Understanding interfaces in separation systems. (Table 5)
For Questions 1, 2 and 3, see Box 1 1-D. Understand the Physical Changes That Result from External Forces (Table 6)
for 2019 report research theme(s) ) ) )
. Theme 2: Understanding Temporal Changes That Occur in Separation
assigned to the table. For an Systems
Overview of Earthshots, see Box 2. 2-A. Determine Changes from Nonequilibrium States That Affect the Chemical and

Physical Properties of Separation Materials (Table 7)

1. What are the key breakthroughs or 2-B. Determine Fhe Identlt_v and Rates of Fundame_ntal Chemical Reactions That (;an
. . Change Separation Materials and How the Reactions Are Influenced by Operating

achievements in the last 5 years | Gonditions (Table 8)

that are aligned with the 2019 | 2-C.Understand the Fate of Unwanted Products (Table 9)

report research theme(s) assigned 2-D. Explore Alternative Strategies to Address Temporal Changes in Separation

to the table? Systems (Table 10)

2. What knowledge gaps remain
between the key research objectives of the 2019 report research theme(s) assigned to the table, and
what we have learned in the intervening 5 years?

3. At least four of the eight DOE Earthshots rely on separations. How does the 2019 report research
theme(s) assigned to the table intersect with (and hopefully address) key challenges for achieving the
Earthshots?

4. What are the key research items that were missed by the 2019 report, and what are the rapidly emerging
scientific questions that could be considered if an ‘updated’ report were to be made today?

5. "Success" for an Earthshot is intrinsically an interdisciplinary endeavor. Identify ways in which the
various disciplines supported within separation science (e.g., biology, chemistry, engineering,
mathematics, physics) can contribute scientifically to the Earthshots.

Xiv


file://///osccifs.osc.doe.gov/ODrive/BES/00.%20CSGB/4.%20Chemical%20Transformations%20Team/3.%20Catalysis%20Science/5.%20Program%20Folders/Catalysis%20Science%20Program%20-%20Current/PI%20Meetings/2024%20Separations%20PI%20Meeting/tsapatsis@jhu.edu

Box 2: Overview of DOE Earthshots: “The climate crisis calls for a different kind of moonshot.
Energy Earthshots™ will accelerate breakthroughs of more abundant, affordable, and reliable clean
energy solutions within the decade. They will drive the major innovation breakthroughs that we
know we must achieve to solve the climate crisis, reach our 2050 net-zero carbon goals, and create
the jobs of the new clean energy economy. The Energy Earthshots target the remaining solution
points of the most challenging technical problems across our energy economy.”

https://www.energy.gov/sites/default/files/2024-04/energy-earthshots-2024-factsheet.pdf
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Breakout Session B (Wednesday at 3 pm) - Separation Science and Data Science —
Challenges and Future Needs

Each table will be assigned to respond to all general questions and one specific question. Please assign a
scribe at the start of the session and summarize your responses in 1 PowerPoint slide. The scribe will
present one PowerPoint slide for 2 minutes upon reconvening and will send the slide to
tsapatsis@jhu.edu

Specific Questions (two tables will be assigned each of the questions):

1.

2.

How can data collection/curation/processing be improved to enhance the utility of data in separation
science? Are existing databases sufficient to advance the field? (Tables 1 and 2)

What steps should be taken to ensure data quality and reproducibility? Is collaborative research across
different institutions necessary to address data quality and reproducibility needs? (Tables 3 and 4)
What are the limitations of current experimental, ML, simulations, and data analytics approaches in
accurately predicting separation outcomes? What key factors influence the accuracy of these
predictive models? (Tables 5 and 6)

What are the most exciting opportunities for autonomous discoveries in separation science using data
science? (Tables 7 and 8)

How can data science be leveraged to accelerate the discovery of novel separation processes and to
support the development of promising new chemistries for advancing the separations field? (Tables 9
and 10)

General Questions (for all tables):

A. How can interdisciplinary collaboration be fostered to develop next-generation separation

technologies? What approaches can improve communication and synergism among the various
disciplines supported within separation science ((e.g., biology, chemistry, engineering, mathematics,
physics)?

What are best practices for training the next generation of researchers in this synergistic field? What
new educational programs are needed or how can existing programs be updated to meet the needs?
Fundamental discoveries and insights drive innovation; what steps might be taken to ensure these
breakthroughs lead to practical technologies? What current strategies effectively bridge the gap
between basic/early-stage research to applied science to accelerate next-generation technology
development?
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From Small-Molecule Chelators to Macromolecular Assemblies: Combining Electronic Structure
with Allosteric Effects for Enhanced Rare Earth Selectivity

Rebecca J. Abergel,*? Polly L. Arnold,*? Wayne W. Lukens,! Michael D. Connolly,* Ting Xu,!?
Wibe A. de Jong,! Emory M. Chan,! Stefan G. Minasian*

L awrence Berkeley National Laboratory, 2University of California, Berkeley
Key Words: Bioinspired Recognition; Inorganic Chelation; Reactive Separations; Solvation; Rare Earths

FWP CH20CRIMAT: The Rare-Earth Project: Harnessing Differences in Electronic Structure for
Multiscale, Multicomponent Separations

(co)PlIs: Rebecca J. Abergel, Polly L. Arnold, Emory M. Chan, Michael D. Connolly, Ethan J. Crumlin,
Wibe A. de Jong, Alexei V. Fedorov, Wayne W. Lukens, Stefan G. Minasian, Ting Xu.

Postdoc(s): Rebecca Hamlyn, Sabari Ghosh, Megan Keener, Daniel Loh, Jia-Ahn Pan, Roger M. Pallares,
Amy Price, Xiao Qi, Artom Skripka, Patrick W. Smith

Student(s): Gretchen M. Brown, Elise Eng, David J. Fiszbein, lvan Jayapurna, Baichuan Na.
Research Project Scope.

The overall goal of this project is to delineate fundamental principles that will guide the incorporation of
specific molecular systems into higher order materials, ultimately leading to breakthrough and innovation
in rare earth extraction processes. The proposed scope of work include (i) the design, synthesis, and
characterization of fundamentally new molecular architectures and biomimetic materials that enable
electronic structure manipulation and selective charge- or size-based binding of rare earth metal ions; (ii)
the discovery of new separation principles and materials that efficiently discriminate rare earth elements
from complex mixtures, including possible cooperative, switch-like mechanisms, and allow for
subsequent recovery and reuse of pure rare earth compounds with minimal energy input; and (iii) the use
of in situ and in operando physical characterization techniques to directly probe the physical and chemical
properties of rare earth systems and can be used to correlate behavior with electronic structure or monitor
uptake and transport of rare earth
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characterization techniques Figure 1. Synthetic scheme for the isolation of LnTp*2(DTBSQ) complexes.

required for accelerated
discovery and design in this context.

Recent Progress.

Tuning RE Oxidation State for Easier Separation. We have been exploring orbital use and overlap across
a series of isostructural LnTp*,(DTBSQ) (Lh = La, Ce, Pr, Nd, Sm, Eu, Gd, Tp* = tris(3,5-dimethyl-1-
pyrazolyl)borate, DTBSQ = 3,5-di-tert-butyl-o-semiquinone) complexes that were isolated and
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characterized crystallographically (Fig. 1). While the a
Ln-N bonds demonstrate the expected shortening
across the Ln series, the C-O and C(O)-C(O) distances

in the bound DTBSQ ligand are diagnostic for the b

redox state of the DTBSQ ligand and show separate & % -

trends: (a) C-O bonds decrease in the order Nd > Gd ~ N ¥ —""'f"‘f““@

Sm > Eu ~ La > Pr ~ Ce; (b) C(O)-C(O) bonds e O ’

decrease in the order Ce > Sm > Nd > Pr > La> Eu ~ c

Gd. ~TA TE R,
The complexes were also found spectroscopically to E;%ﬁ ——t &
retain the Ln®*"-semiquinone ground state via EPR and L8 ="
'H NMR spectroscopy, The La"'Tp*,(DTBSQ) shows Smm——

an organic radical on the DTBSQ while the Figure 2. Recapitulating key features in lanthanide
Ce'"'"Tp*3(DTBSQ) shows a paramagnetic open-shell ~ binding proteins in random heteropolymers.

singlet ground state. Computations show that f-orbital stabilization drives the differences in the electronic
structure and bonding of the complexes, with complexes featuring low-lying empty f-orbitals, such as Pr,
or less stabilized filled f-orbitals, such as Sm, were observed to deviate from isolated f"-organic radical
systems.

Discovery and Synthesis of Polymeric Macromolecular Platforms. We are investigating the selective
incorporation of specific RE-binding moieties within several families of (bio)polymeric platforms: native
proteins through selective amino-acid functionalization, chelating peptoids, the well-known styrene
maleic anhydride (StyMAnh, Fig. 2) copolymers, through post modification of side chains, and random
methacrylate-based heteropolymers (RHPs) where monomer distribution can be statistically controlled.
Synthesis was guided by RHP sequence simulation, which determines the side chain distribution along
polymer chains. We are transitioning the existing bench-scale workflow to a robotic, high-throughput
(HTP) system, to accelerate the development of heteropolymer libraries for rapid binding screening.

Peer Reviewed Publications Acknowledging this Grant in 2021-2024.
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lonic Liquids and Deep Eutectic Solvents in Separation Science: An Understanding of Nanoscale
Ordering

Jared L. Anderson, Jacob W. Petrich, Emily A. Smith, Xueyu Song

Ames National Laboratory, Ames, IA. 50011 USA
Key Words: Assembly/Ordering; Interfaces; Liquid-Liquid Phase; Solvation.

AL-19-380-059: Project Title: lonic Liquids and Deep Eutectic Solvents in Separation Science: An
Understanding of Nanoscale Ordering

PI: Jared L. Anderson; co-Pls: Emily A. Smith, Jacob W. Petrich, Xueyu Song
Research Project Scope

The goal of the work is to understand the role of nanoscale ordering, or "nanodomains,"” in ionic liquids
(IL) and deep eutectic solvents (DES) and their influence on separation systems. These nanodomains,
ranging from a few nanometers to hundreds of nanometers, are hypothesized to play a crucial role in
molecular transport and partitioning, significantly impacting separation processes. Our aim is to elucidate
the nature of these nanodomains and how they contribute to the properties of IL and DES separation
media, thereby influencing the underlying separation mechanisms. We hypothesize that tuning IL and
DES nanodomains may lead to the development of more efficient, scalable, and energy-saving separation
processes using these solvents. Our multidisciplinary team combines separation techniques, optical
spectroscopy, and computational studies to achieve our goals of revealing the properties of nanodomains
and their effects on chemical separations.

Recent Progress.

Our team has employed two complementary spectroscopic methods, namely, fluorescence correlation
spectroscopy (FCS) and single-molecule tracking (SMT) to demonstrate the presence of large (~20 nm)
nanodomains in an IL. FCS measurements have been performed on the tetradecyl-(trihexyl)phosphonium
chloride [Pess14*][CI] IL using fluorescent probes of varying sizes (ATTO 532, ~2 nm as well as 20- and
40-nm fluorescent beads). The fluorescence correlation function, G(t), was analyzed in terms of a
distribution of diffusion coefficients using a maximum entropy method (MEM). For ATTO 532 and the
20-nm beads, the fit to G(t) yielded two well-defined distributions; for the 40-nm beads, however, only
one was obtained (see Figure 1(A). These results are consistent with the existence of two nanodomains
whose size is greater than or equal to 20 nm and less than 40 nm. The origin of such nanodomains is
attributed to a liquid-liquid phase transition that the team has investigated. The complementary method of
SMT permits the observation of a single probe molecule in the IL, and because of the nature of the
experimental setup, also permits the temperature to be varied. The distribution of diffusion coefficients of
the ATTO 647N probe were measured in the [Pess147][CI7] IL at 20°C, 35°C, 45°C, and 50°C. As in the
FCS experiments, two distinct populations were observed (see 20°C and 35°C data in Figure 1(B)). The
populations of the diffusion coefficients were temperature dependent representing the two liquid phases in
the [Pess14][CI] IL at 20°C (4020 cP). However, only a single fast population was measured at 50 °C (439
cP), as observed in Figure 1(B). At a similar viscosity (640 cP), the [Pess14°]
bis[(trifluoromethyl)sulfonyl]imide [NTf,] IL showed only a single diffusing population at 20°C. Results
from the FCS and SMT studies allow us to make the following conclusions: (1) We suggest that because
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Figure 1. (A) Probability distributions,
p(D), of diffusion coefficients obtained from
FCS data for 20-nm fluorescent beads in
water (control experiment) and [[Psss14*][CI-
]; (B) SMT data revealing the effect of
temperature on nanodomains in which only
one distribution is observed at 45 and 50°C.

stability and H. reduction stability amongst the tested nitrogen

donor ligands. The coordination environment of [Ag*(Py)2][NTf>] produced the greatest interactions with
olefins, amongst the coordinated Ag* salts tested, but had the lowest thermal stability and second worst
H> reduction stability. The [Ag*(PPhs)][NTf,] complex exhibited impressive H; stability and was the
only tested coordination compound that reduced less than the neat [Ag*][NTf.] salt in a reducing
environment. It was also observed that some of the coordination complexes can undergo ligand-analyte
interactions, indicative of an additional pathway to modulate analyte retention. Findings from this
research demonstrate the ability to tailor and modulate Ag*-olefin -complexation, impart additional
ligand-olefin interactions, and extend the lifetimes of separation media containing Ag™* ions by varying the
type and coordination behavior of the ligand(s). The results further enhance the viability of Ag* ion
containing ILs as separation media for complex olefin-paraffin mixtures, ultimately leading to improved
and tunable separation performance with lower energy inputs.

Future Plans.

Our team is employing various separation platforms to measure intermolecular interactions between ILs,
transition metal ions, and DESs, and will use the data to further understand the connection between the
nanoscale ordering of ILs and overall separation characteristics (i.e., separation efficiency, selectivity).
Using coordination chemistry, we are developing coordination complexes as molecular drivers to further
improve the separation performance of ILs. Using our theory-based classification method, we have obtained
a preliminary liquid-liquid phase diagram for the Kob-Andersen model potential. We will use this approach
to calculate temperature dependent viscosity data for model systems and ILs used in the separations and
structural characterization experiments. Such calculations will be performed in concert with experimental
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measurements so that the effect of nanodomains on separations can be further elucidated via iterations
between experimental and theoretical analysis. Our team continues to collaborate with other separations
projects at Ames National Laboratory to understand rare earth element solvation in ILs and DESs to exploit
the tailorability of the solvents in the separation of rare earth elements.
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Research Project Scope/Future Plans

To address the urgent need to efficiently remove PFAS (as “forever chemicals’) from the environment,
chemical modifications of carbon surfaces are proposed with an objective to increase the carbon capacity
and selectivity to remove short-chain PAFS from firefighting waters. Both groups of interactions, dispersive
ones employing carbon hydrophobicity and the full range of PAFS specific interactions or even reactivity,
will be targeted, explored and understood. Controlled desorption/reactive desorption in various
atmospheres and influenced by heat treatments and the effect of carbon confined spaces are expected not
only to destroy PAFS “forever chemicals” but also to lead to new adsorbents of specific and unique
properties. We hypothesize that the chemical modifications of carbon surfaces in specific pores are
important not only for efficient adsorption and separation of a broad range of PFAS from complex mixtures
of organic compounds, but they also govern reactive desorption/regeneration process. The research will
focus on answering three distinctive questions:1) can we specifically modify surface chemistry in large
pores (in the mesopores range) with an intent to target/adjust/alter specific adsorption forces/selectivity and
reactive desorption? 2) what are the interactions which govern the separation process at various conditions
(composition, concentration, temperature)?; 3) how does reactive desorption/regeneration impact the
surface chemistry of carbon and adsorption /separation/ destruction of PFAS? The following tasks are
planned: 1) carbon modifications by focusing on the introduction of target N and S-groups to specific pore
sizes; 2) carbon characterization; 3) PAFAS adsorption/separation from simulated AFFF waters 4)
thermal/reactive regeneration of carbons. The collected results will contribute to the answers to the research
guestions emphasizing the roles of pore size, pore volume, the nature and amounts of functional groups,
their location on the surface on the separation of PFAS from firefighting waters. Various performance
factors such as adsorption kinetics, amounts adsorbed at equilibrium, efficiency for the PFAS removal and
efficiency of separation from the other components will be analyzed. The surface features advancing the
separation mechanism and the involvement of the specific forces and interfaces will be emphasized. The
analysis of the reactive desorption process will contribute not only to reusability of adsorbents either for
PAFS separation or for other separation processes informed by new and specific surface features, but it will
lead to the destruction of these “forever” chemicals. The separation process that we explicitly address is
very relevant to materials-water-energy nexus.
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This synergistic experimental and computational research studies and understands transport and separation
mechanisms in new PIM-TB and PIM-PI ionenes. These materials are built using the highly permeable and
selective PIM-TB and PIM-PI backbones and can interact with and support ILs within the polymer matrix.
This work will focus on understanding transport of single and mixed gases at relevant
temperatures/pressures/concentrations via systematic and rational variation of the polymer membrane
structure, with an emphasis on the density and nature of the ionic components. Our highly tailorable
materials can be uniquely and systematically varied to understand gas transport separation and separation
mechanisms in polymer membranes. The project aligns with the DOE BES Separation Science mission to
discover, predict, and ultimately control separation processes through “manipulation of molecular, atomic
and electronic factors” via the “design of inorganic and organic membranes and their hybrids”.

Recent Progress.

We have already made great progress in the study of our new ionenes as gas separation membranes.
Figure 1 shows the synthesis route to both the neutral polyimide and its corresponding ionic form.

—_ —_
N\ NH Ny N\©\ Ny N\©\
N NO, NH
2
ch03 DMSO

HNO3/HZSO4 H,, 30 psi
.

10 °C Pd/C, EtOH
2 2
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0 O | 2) Ac,0, Py, RT, 2h
3)50-60 °C, 1 h
o o
FsC_ CF, FsC_ CF;
®N F2
< > <j 1)CH3IDMSO < > <j
2) LiNTf,
Pl-Im(Me)-6FDA Pl-Im-6FDA

Figure 1. Synthesis of new PI materials in both neutral and ionic forms.

MALDI-TOF MS indicated that a molecular weight of 91 kDa was achieved for PI-Im-6FDA. The
materials also exhibit excellent thermal stability as illustrated by TGA (Figure 2).

10



100

0 [

s0] —— Pl-Im-6FDA
—— Pl-Im(Me)-6FDA
70 —— Pl-Im(Me)-6FDA + IL

60
50

40 1

Weight (%)

30
20
104

04

T T T T T T T
100 200 300 400 500 600 700 800
Temperature (°C)

Figure 2. TGA plot for neutral, ionic, and ionic + IL material forms.

We have successfully formed membranes of PI-Im-6FDA and PI-Im(Me)-6FDA + IL (Figure 3).

Figure 3. Membranes of PI-Im-6FDA (left) and PI-Im(Me)-6FDA + IL (right).

11



The membrane permeability results are provided in Table 1.

Table 1. Permeability and selectivity in neutral and ionic + IL polymer membranes.

Membrane Permeability P; (barrer)
H, O, N> CH, CO,
Pl-Im-6FDA 20.05 | 2.83 0.58 0.65 | 19.62
Pl-Im(Me)-6FDA + IL | 9.60 | 2.42 0.77 0.99 | 17.52
Membrane Ideal selectivity a (Pi/P))
H2/N2 | O2/N2 | CO2/CH4 | CO2/N2 | Ha/N2
Pl-Im-6FDA 3456 | 4.87 30.18 33.82 | 34.56
Pl-Im(Me)-6FDA + IL | 12.22 | 3.14 17.69 22.75 | 12.22

We are highly encouraged by the success of our synthetic methods for producing new polymers and their
corresponding ionic forms which will allow us to deeply probe the influence of structure and charge on
gas transport in polymer membranes. The initial polyimide material we studied here has already revealed
that H, seems to be particularly influenced by the presence of charge/ionic liquid. Moving forward, we
will begin to work with more permeable backbone components associated with higher fractional free
volume (e.g., spirobisindane, ethanoanthracene). The versatility of our monomers and post-
polymerization functionalization also allows us to probe structure-property-performance relationships
related to the nature of the side chain on the imidazolium cation within the polymer backbone, the anion,
and the type of polymer backbone connectivity (i.e., imide, amide, Troger’s base, etc.). A manuscript on
this study acknowledging BES funding has recently been submitted to Macromolecules.
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Research Project Scope.

Permselective ion-containing membranes are an integral component for many applications from water
treatment, fuel cells, and solar fuels devices where the selective transport of molecules and ions is desired.
To design and understand membrane behavior in such systems a fundamental understanding of the transport
processes occurring is critical. In the case of a mixture of solutes, the presence of a solute in a membrane

can affect the diffusion and/or Hydrated filmsin Water  Hydrated filmsin 1 M Formate
sorption of other solutes, such that Less rigid S o g - o | [ o g A
we’ve found significant differences ~ Acrviate 2O (gl OLl|FO e &) OF
in transport behavior between single o/~ 1 5 5 e = :b) By =
and two-solute permeation behavior ¢, /.. TS ot R
for several solutes through ion °“ ’wT Cipwa e bl v o
.. ater-Polymer interaction Interrupted by Formate
containing ~ membranes.  The L —
objective of this research is to nm?ﬁﬁ:ﬁﬁ‘:? I | | X
improve our understanding of the — — i A %) D% |20 3 L) O
complex array of factors that ““w o7p o’¢ ;-_% o e s ;s_:i_‘ " 5;;
influence transport behavior of .. < T U of SR Y_oA;NP:;_D
multiple solutes within ion- -~ \ﬂ:’-ateT:F;Elvmtr interaction_ ﬁ.gﬁ}.gT&]i;. Less Ini:;ar;ui;;lon

containing polymer membranes. Figure 1. Schematic depicting phenomena where the presence of a methacrylate
This research is of critical relevance linkage yields a more rigid backbone than an acrylate linkage and ultimately a

. : difference in the interactions between the polymer membranes, water, and
tothe SEpar?ltlon Science PrOgram“as solutes (methanol and formate). Reprinted with permission from J. Phys. Chem.
noted by the NASEM report “4 5023 127, 22, 10826-10832. Copyright 2023 American Chemical Society.
Research Agenda for Transforming

Separation Science” which stated, ‘The ability to understand and design for the separation of complex
mixtures will be a turning point for the separations community and is a key to transforming separation
science and industrial practice.’ In our work we have focused on the transport and co-transport of solar
fuels products as controlling their transport across the membrane in solar fuels devices is critical for
improving device efficiency.

Recent Progress.

To understand how membrane structure (chemistry) impacts observed transport and cotransport behavior
in dense, hydrated polymer membranes, this project has systematically manipulated membrane chemistry
and characterized the physiochemical properties, transport and co-transport behavior of a large selection of
polymer membranes including uncharged polymer membranes, cation exchange membranes, anion
exchange membranes, and zwitterion-containing membranes. One recent example of this work is the
comparison of the methacrylate form with the acrylate form of the ionic monomer (in otherwise analogous
membranes). In this comparison the differences in polymer rigidity—due to the methacrylate quaternary
carbon—impact how the membranes behave. For instance, due to the additional steric hinderance in the
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methacrylate-containing membranes, higher water volume fractions but less osmotic deswelling is
observed. The difference in water volume fraction leads to anticipated changes in transport behavior (higher
permeability for higher water content membranes) but also unexpected transport behavior. Namely, both
the sorption coefficients and the relative permittivity of otherwise analogous acrylate and methacrylate
membranes were similar for formate-containing solutions. This is unexpected behavior since the presence
of formate in the solution should decrease the relative permittivity. Taken together this behavior is an
indication that the use of the methacrylate influences the polymer/solvent interactions (likely hydrogen
bonding behavior). Characterization of the cotransport behavior (methanol and formate) found that while
permeabilities to formate were typically unchanged in cotransport with methanol, solubilities to formate
decreased. This indicates that the presence of methanol within the membrane led to increased formate
diffusivity likely through flux coupling.

In other recent work we have investigated incorporation of comonomers with different length side chains
as a methodology for impacting the cotransport behavior. We synthesized polymer cation exchange
membranes using two different neutral comonomers, phenoxyethyl acrylate (PEA) or poly(ethylene glycol)
phenyl ether acrylate (PEGPEA), that are chemically analogous except for the number of ethylene glycol
repeat units on the side chain and investigated transport and cotransport behavior for methanol and acetate.
In this case acetate diffusivities for cation exchange membranes without a neutral comonomer or with the
shorter PEA comonomer increased, while those with the longer chain comonomer PEGPEA decreased.
Critically, the use of PEGPEA ultimately led to essentially unchanged permeability to acetate in co-
transport with methanol for the cation exchange membranes whereas cation exchange membranes without
PEGPEA tended to display an increase in the acetate permeability in cotransport. This is a promising result,
and additional related work on this topic is ongoing to understand the underlying mechanism towards
leveraging this methodology to control transport and co-transport behavior.
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The goal of this project is to advance direct air capture (DAC) under ambient conditions through an
understanding of adsorption and diffusion phenomena occurring within high-performing solid sorbents that
are purely inorganic in composition. We seek to use highly porous layered double hydroxide (LDH)
nanosheets derived from the exfoliation of Brucite-like LDH crystals as a class of highly tunable metal
hydroxides that carry both the requisite porosity as well as the appropriate coordination environment of the
hydroxyl moieties for DAC applications. The overarching scientific objective of the proposed project is to
combine equilibrium and dynamic sorption experiments and in-situ spectroscopy with ab-initio simulations
and theory to unravel binding and solvation mechanisms at play on porous transition metal hydroxide
surfaces that could in turn translate to discovering hitherto unidentified classes of DAC sorbents.

Recent Progress.

Carbonate-assisted precipitation under basic conditions were used to produce crystalline Brucite-like
hydroxide layers separated by

interlayer carbonate anions (Figure).

Ethanol redispersion of the crystalline B e e oo sion
powder resulted in a more than 100- . : 2

fold increase in nickel hydroxide ' I

surface area from 3.3 to 820 m?/g » 00 e Namporois M,(OH),
(Figure) with a minimal impact on l ]

LDH layer crystallinity, helping us — ]

700 - BET surface area

after ethanol &
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create a sample that carries what is to

the best of our knowledge the highest

surface area ever reported for a nickel
hydroxide material.
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of infrared bands between 1000-1700 Figure. Top left: carbonate-assisted precipitation method used to synthesize
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variety of hydroxyl-bearing materials including MOFs, reducible bulk metal oxides, and hydrotalcites. The
three bands at lower wavenumbers — 1387, 1435, and 1473 cm™ — can be assigned to symmetric O-C-O
bending modes for COs? species. Adding in 2.2 kPa water vapor to the 400 ppm CO_-containing stream
results in a significant increase in each of the aforementioned carbonate and bicarbonate bands. These data
point to carbonate-bicarbonate chemistry as constituting the chemical basis for the facilitative effect of
water on CO; binding onto nickel surfaces.

Future Plans.

Future work will emphasize combining density functional theory and molecular dynamics simulations with
equilibrium and dynamic adsorption measurements to elucidate the nature and effect of solvation spheres
in stabilizing adsorbate species on inorganic surfaces. The relationship between local coordination
environment and binding configuration and energy will be directly probed through a combination of theory
and experiment.
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Research Project Scope.

Supramolecular-based hosts for anions come in various shapes, sizes, and functional groups. This project
has involved heterotopic hosts consisting of pyridine/pyrazine-based frameworks with mixed amide-
amine bridges, and o-phenylene-based frameworks with mixed urea-amine bridges. The one thing in
common for all these hosts is the presence of secondary or tertiary amine groups. The primary targets
have been oxo anion guests. Additionally, starting from phenylene-based crown ethers, bis-o-phenylene-
urea-amine chelates have been synthesized and examined as tritopic K:A (A = dianion) receptors.
Crystallographic and NMR solution studies have also examined the structural influences of solvent on
host, guest, and host-guest complex formation, all three of which are crucial aspects of successful
separations.

Recent Progress.

Earlier studies revealed that, in terms of the chelate effect, o-phenylene-bis-urea-amine-based chelates
were superior to pyridine-bis-amide-amine-based chelates. i (€HC007,
Expansion of these studies to macrocyclic versions of the o- @ ;3!. S % 4 ¥
phenylene-based hosts indicated that anion affinity of the o-
phenylene-based chelate containing four mini-chelate urea groups
was just as capable of binding sulfate selectively as a macrocyclic
version (Figure — top picture). As in the urea-based chelate, the

macrocyclic host was found to be selective for sulfate over other

common oxoanions in DMSO. We also found what appears to be a £ 254 }w
solvent-dependent structural change in macrocycle:sulfate = TEE
stoichiometries, from 2:1 macrocycle:sulfate (possibly sandwich 7a o

complex) in DMSO with only small amounts (0.5%) water, to 1:1 it

macrocycle:sulfate ratios at higher water concentrations (Figure — £ s

bottom graph). This would be consistent with the very strong -

competition of water for the sulfate over the macrocyclic host. A
lon pair hosts were obtained by using crown ether-attached oS e ok e 2sx

phenylenes to obtain hosts capable of binding two cations with a ~ Figure. Top: schematic representation of
tral dianion. While the tetra-urea chelate showed significant ion the urea-based macrocycle for selective

cen S N . o 9 sulfate encapsulation; bottom: chemical

pair synergism in binding common anions, a similar enhancement  shift changes as a function of SO42 ions in

in anion affinity was not observed for the macrocyclic corollary. DMSO solutions with different

Given the versatility of these urea chelates and extended chelate percentages of water.

systems, higher ratios of cation:anion complexes can be envisioned, including multiple pockets for both

cations and anions.

While crystal structures of phosphate, sulfate and perrhenate with the pyridine-based hosts indicated
significant similarities, solvent interaction differences were also observed. Similar chemical shift
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variations were seen in solution NMR titration studies and are most probably attributed to anion
hydrophilicity. These findings, and especially aquation effects seen in other recent crystal structures, are
encouraging for future studies of solvation in anion complex formation.
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Research Project Scope.

This research aims to develop the principles for new agueous-based ion separations that in some
applications might displace processes such as precipitation and solvent extraction. These ion separations
rely on the combination of selective membranes, flow, electromigration, and diffusion. Modelling
employs the extended Nernst-Planck equation and rotating membranes that control concentration
polarization to accurately determine ion permeances. The research focuses on isolating critical ions
including Li* and rare-earth ions.

Recent Progress.

Rare earth elements (REES) are critical materials due to their utilization in high-flux magnets for wind
turbines and electric motors. Purification and recycling of REEs are vital for maintaining their supply.

Our recent work explores and models nanofiltration 1.0 - PN

(NF), electrodialysis, and diafiltration (filtration with 08 A Rype La3* Sim.
continuous addition of water) for concentrating REE — R, Na* Sim.
ions and polishing their concentrated solutions from 0.6 1 Rops La%* Exp.
monovalent ions. The combination of NF and 0.4 4 ® R, Na*Exp.

diafiltration provides concentrated La* with a molar

. . : X w 0.2 1
purity of 99% when starting with an equimolar 2=
mixture of La** and Na*. Highly negative @ 0.0 -

. o . 1.00

monovalent-ion rejections (the concentration of the -0.2 - 1T
ion in the permeate is greater than in the feed) 04 A 0.99 4 17
greatly enhance this polishing step. The negative Na* ' 0.98 4 [ —
rejection appears because the membrane is much -0.6 7 " 0 10 20 30 40 50
more permeable to Cl- than to La3*. Thus, NF of -0.8 r r r r S
LaCls spontaneously creates a transmembrane 0 10 20 30 40 50
electrical potential to cause electromigration that Jv (um/s)

decreases the net CI- flux and increases the La3* flux

to_achleve Z€ro Cu[‘rent' Whe? I\!a+ is also .m the observed rejections, Robs, of La®* and Na* as a function of
mixture, ?he electrical pot(_entlal increases its flux and the solution velocity, Jv, during filtration of 0.01 M LaClz
preferentially moves Na* ions through the membrane | 01 M Nacl through a NF270 membrane. The inset
(compared to La*) because of the high Na* shows the data for La3* on an expanded y scale.
permeance. Additionally, proton concentrations in

LaCls solutions decrease 3-4 orders of magnitude in

2-3 cell volumes of diafiltration due to the high proton permeance. Controlling the pH of acidic solutions
is potentially important when exploiting complexation to separate the metal ions, as complex formation
often depends on pH.

Figure 1. Simulated (lines) and experimental (symbols)

Simulations of NF and diafiltration using the solution-diffusion-electromigration model agree with
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experiments and demonstrate how separations depend on flow rates, boundary layers in solution, and the
solution composition. As an example, Figure 1 shows that in a solution containing equimolar LaCls and
NaCl, at low flow rates the observed Na* rejection may reach a value of -0.7, meaning that the
concentration of Na* is 1.7 times more in the permeate than in the feed. Rejections become even more
negative with an increasing ratio of La®**/Na* in the feed solution, but concentration polarization hinders
the separations. These simulations rely on experiments with a rotating membrane to determine single-ion
permeances. The rotating membrane is vital for providing a known and uniform boundary layer thickness
to account for concentration polarization at the membrane surface.

Future Plans.

Future work will model and perform electrodialysis for selective concentration of REE ions. Coupling of
electrodialysis to complexation should yield very high selectivities due to unusual concentration profiles
in the membrane. Additionally, further work aims to exploit ion hydration energies for separating Li*
from K* and Na*.
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Research Project Scope.

This project addresses the major fundamental roadblocks in efficient mass and energy transfer dynamics
that limit current-generation direct air capture (DAC) technologies. The overarching goal of this proposal
is to understand and control the fundamental factors governing CO, transport across the air-aqueous water
interface and develop photochemical processes for energy-efficient CO; release in DAC systems. To
address the overarching goal, two specific aims, will be pursued: 1) How can we understand and control
CO, transport and reactivity across the air-aqueous interface for more efficient DAC? 2) What are the
factors controlling the efficient photochemical release of CO, in DAC systems that require no thermal
input and avoid degradation of the CO.-sorption molecules? The proposed work will uncover new
mechanistic principles for developing highly efficient DAC systems with improved mass transfer of CO,
at the air-aqueous interface and energy efficient means for regeneration. The insights gained from this
study will provide the necessary knowledge to make DAC energy-efficient, affordable, and
environmentally friendly for climate change mitigation.

Recent Progress.

We demonstrated the speed up of DAC using interfacial oligomers. Acting as surfactants, these
oligomers lowered the surface tension, increased residence times for CO- at the surface to maximize the
chances of CO; transport through the surface and set up chemical gradients to encourage reactions. We
demonstrated that by directing reactions to take place near the interface via ionic interactions, one could
speed up the CO-, capture by ~15%.

We have learned how interfacial amino acids order at the air/aqueous interface in the context of DAC.
Through MD simulations and nonlinear vibrational sum-frequency generation (vSFG) spectroscopy, we
understand how both reactive anionic species and deactivated zwitterionic species compete for interfacial
vacancies and provide some insight into how this would impact DAC.

We explored the fundamental role that the bulk and surface properties of CO»-permeable polymer
membranes play in enhancing the efficiency of the solution sorption process in passive DAC. This work
leverages various spectroscopic and computational studies to demonstrate that a hybrid system,
comprising a reusable CO2-permeable polymer layer placed atop an aqueous amino acid (AA) solution,
can outperform a bare agueous AA system. We show how the enhanced solubility of CO; in the polymer
layer can improve the transport of CO- into the aqueous phase, while the chemistry of the polymer can
control the interfacial barrier for CO; permeation and the interfacial concentration of reactive AAs.
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We explored the bulk reaction mechanism and rate limiting steps of CO2 capture by agueous anionic AAs
via ab initio molecular dynamics (AIMD) simulations, free energy analysis, and reaction rate theory. The
overall process was found to follow a zwitterionic mechanism, wherein we find the formation of a
thermodynamically stable zwitterion to be the rate-limiting step, followed by the proton release from the
zwitterion by overcoming a similar barrier. Due to stronger nonequilibrium solvent effects in the first
step, many trajectories recrossed the barrier without stabilizing the zwitterion state, resulting in a slower
timescale for zwitterion formation.

Following our first photochemically-driven approach for CO; release by exploiting the unique properties
of an indazole metastable-state photoacids (mPAH), we unveiled the photoisomerization dynamics of an
indazole mPAH using time-resolved fluorescence (TRF) spectroscopy. The integration of experiment
with time-dependent density functional theory (TDDFT) calculations enabled us to determine timescales
and potential energy barriers associated with photoinduced structural changes.

We developed an effective approach to photochemically-controlled DAC based on a new class of
photobases. We demonstrated that upon photoirradiation with UV light, the photobase increases the
solution pH by 1.7 units, thereby activating the CO- capture agent for DAC. After the solvent is saturated
with atmospheric CO», leaving it in the dark under ambient conditions leads to a pH drop and CO,
release. Three consecutive DAC cycles have been demonstrated, with a measured average cyclic capacity
of 0.25 mols CO; per mol of the capture agent and minimal loss in efficiency from one cycle to another.

Future Plans.

Surface spectroscopy efforts will be directed toward controlling ion pairing interactions between
oligomers and amino acids via functionalization of oligomers with different head groups. Mechanistic
details on the mechanism of adsorption and dynamics of glycine and CO: in the interfacial region will be
obtained from classical MD simulations.

We will investigate the effects of the water solvent in terms of reorganization dynamics and structures
around the reactant and product species of aqueous amino acid-based DAC by employing MD simulations
and modeling of vSFG spectroscopy of the OH stretches in water. The interface-selective computed vSFG
spectra of water and detailed spectral density analysis will reveal information on the interfacial speciation
(e.g., ion pairs—contacts and solvent separated) mediated by water with distinct orientational ordering,
which varies across the systems.

We will explore how to enhance CO, capture kinetics using interfaces by reducing the coupling with the
solvent and ion pairing interactions. AIMD simulations incorporating enhanced sampling to overcome the
sizable free energy barriers will be employed to tease out the differences in the reactivities of amino acids
at the surface and in the bulk.

A collective variable to track the proton will be developed and applied to glycinate to track the possible
proton positions for the reaction products of CO5, kinetic analysis will be performed to estimate reaction
rates with inclusion of nonequilibrium solvent effects.

We will investigate the recently discovered imidazole photoacids and apply them for photo-regeneration
of CO; sorbent. This type of photoacid possesses very low dark acidity and could be used with high-
basicity amine or amino acid sorbents.

Structure-properties relationship will be established for photoacids and photobases with the goal of
maximizing the yields and rates of photoisomerization and shifting the absorption maximum into the
visible range for a more sustainable photo-DAC.

We will study the hydrogen-bonding interactions and intermolecular proton transfer reactions of
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photoacids and photobases using steady-state, time- and frequency-resolved electronic spectroscopic
techniques in various neat solvents or their mixtures. The molecular level understanding about these
microscopic interactions and dynamics will be further applied to design photoresponsive materials for the
photochemically-driven CO; release and solvent regeneration at the macroscopic level.
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Research Project Scope.

The aim of this project is to identify small circular peptides with
specificity to particular lanthanide (Ln) ions. Extractants with

improved specificity to particular Ln ions are needed to make
Ln/Ln solvent extraction more efficient. Peptides are expressed
on the surface of yeast cells to separate cells with Ln-binding
peptides from cells whose peptides do not bind Ln ions with
fluorescence-activated cell sorting. The Ln binding affinity of
the peptides in solution is being determined with emission and

peptides is being resolved with molecular dynamics simulations,

103-ASN

excitation spectroscopy. The Ln coordination structure of the {y INLE?L

computational chemistry calculations, and extended X-ray :
absorption fine structure spectroscopy.

Recent Progress.

Efforts have focused on developing the computational and

Figure. Structure of a Th-peptide complex
predicted with molecular dynamics
simulations (blue) compared with the
experimentally resolved crystal structure of

experimental capabilities to meet the project aim. We are the same peptide complexed with Th (yellow,
working with small peptides with a PDB: 1TJB).
circular structure that results from cysteine residues in both the N- and C-terminal positions.

We are expressing the peptides on the surfaces of yeast cells to gain the capability of separating cells
with Ln-binding peptides from cells without using fluorescence-activated cell sorting. We used both
flow cytometry and plate reader assays to show Ln binding to cyclic peptides expressed on yeast
cells. We observed signals in the presence of Ln ions in the nanomolar range; however, the yeast cells
also showed Ln binding. Ln ions did not affect yeast growth.

To determine the Ln-peptide binding in solution with emission and excitation spectroscopy, and
measure the stability of the complexes, we initiated the synthesis of cyclic peptides and established
the protocols to use a high-resolution fluorimeter for the fast assessment of different peptides bound
to Eu(l1l) in solution in a 96-well plate format.

Using molecular dynamics simulations, we are replicating the structure of a Ln-peptide complex
(Figure). Based on the computational protocol, the structure of >50 circular peptides were predicted
with molecular dynamics simulations. A quick metric to estimate complex stability is the number of
coordinated water molecules, which can also be determined with emission and excitation
spectroscopy. Promising peptides were identified for experimental characterization. To quantify Ln-
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peptide complex binding, umbrella sampling molecular dynamics simulations were performed with a
peptide (1TJB) whose binding free energies with Ln ions are known), and the La(lll), Eu(lll) and
Yb(lI) ions.

Future Plans.

We will continue developing high throughput methodologies to screen a larger library of cyclic peptide
and use fluorescence-activated cell sorting. We will continue efforts to synthesize and isolate peptides for
spectroscopic characterization in solution with Eu(l11), namely lifetimes in water and D0 to infer the
number of water molecules coordinated to the metal ion and compare with simulation. We will continue
working on developing an electronic structure calculations protocol to quantify binding energies. The
level of theory required with lanthanides, combined with the large number of atoms in the peptide ligands,
makes all-electron calculations for accurate binding energies computationally too expensive. We will use
an embedded calculations approach in which the Ln(l11) ion and coordinating functional groups are
treated with a high level of theory combined with a semi-empirical model for the remaining atoms.
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Research Project Scope.

Separation and recycling of the minor actinides from the lanthanides via the partition and transmutation
strategy can decrease the volume, radiotoxicity, and heat load of used nuclear fuel destined for storage in
a geologic repository. Extraction of the minor actinides from the neutron-poisoning lanthanides presents
numerous challenges as physical properties of the f-elements are quite similar. Work in this laboratory
has sought to develop molecular constructs which selectively bind to the minor actinides over lanthanides
by accentuating metal:complexant interactions of soft-N-donors with the diffuse f orbitals.

Recent Progress.

Achieving high solubility, chemoselectivity, stability, and reversibility are at the forefront of separation
method development. Recently, a discovery that solubility of C2-symmetric BTP complexants, polar
molecules, in nonpolar, process-relevant diluents including isooctanol and kerosene, could be effectively
modulated by purposeful installation of additional carbon atoms at the 3,3-positions of dihydroxybenzyl
followed by standard condensation to afford the BTP complexant has accelerated momentum of the alkoxy-
BTP class of complexants. Reversibility of the metal:complexant binding event by pH modulation without
competitive ligand exchange, as well as recyclability of the complexant for subsequent extractions, add
further value to the developed approach. Elements of molecular design, separations validation, in addition
to spectroscopic and density functional theory data will be presented.
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Research Project Scope.

The overall goal of the Rare Earth Project is to delineate fundamental principles that will guide the
incorporation of specific molecular systems into higher order materials, ultimately leading to breakthrough
and innovation in rare earth extraction processes. The scope of work includes (1) the design, synthesis, and
characterization of fundamentally new molecular architectures and materials that enable electronic structure
manipulation and selective separation of rare earth metal ions; (2) the discovery of new separation principles
and materials that efficiently discriminate rare earth elements from complex mixtures; and (3) the use of in
situ and in operando physical characterization techniques to directly probe the physical and chemical
properties of rare earth systems, correlate behavior with electronic structure, and monitor uptake and
transport of rare earth ions.

A Light B

Light-induced crosslinking

A major component of the Rare Earth project isto £ = oy v Yﬁ/ )
leverage photon and electron absorption to augment — anvende sl b Y
the selective chemistry of lanthanide ions (Task 1
above) and enable new separation techniques (Task 2).
Here, we exploit the ability of selected ligands and
lanthanide ions to modulate the solubility of
lanthanide-doped nanomaterials when exposed to
ultraviolet (UV) photons, near-infrared (NIR) light and
electron (e-) beams. Using lanthanide-doped
upconverting nanoparticles (UCNPs) as a model
system, we explored ligand chemistries that enable the
selective deposition of nanoparticles doped with Figure 1. Thin-film-based separation of lanthanide-doped
specific lanthanide compositions onto substrates, "Anoparticles using direct optical lithography.

enabling patterning with microscale and even nanoscale resolution. These UCNPs, 6-18 nm in diameter
and singly doped with Tm®3* or codoped with Yb3*/Tm?®, or Yb*/Er®, have distinct absorption lines and
nonlinear optical responses owing to the unique 4fN electronic structures of their rare earth dopants and the
complex energy transfer interactions between them. To enhance absorption and modulate the solubility of
the UCNPs, we developed a library of ligands that form either new ionic linkages or covalent bonds between
UCNPs under UV, e-beam, and NIR exposure. We find that 6-nm UCNPs can be deposited and patterned
with compact, ionic-based ligands, while larger UCNPs requires long-chain, cross-linkable ligands. This
highly localized photo/electron-initiated chemistry enables the fabrication of densely packed UCNP
patterns with high resolutions (~1 um with UV and NIR exposure; <100 nm with e-beam). Our
upconversion NIR lithography approach demonstrates the potential to use the intrinsic electronic structure
of rare earth elements and their unique optical properties as distinguishing characteristics for separating
these materials. The deposited UCNP patterns retain their upconverting, photon avalanching, and

Recent Progress.
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photoswitching behaviors, which can be exploited in optical devices for next-generation optical
applications. This selective lithography potentially enables the on-demand, fine separation of crudely
processed critical materials at the site of their integration into high value devices, rather separating
lanthanide ions in bulk as raw materials.
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Research Project Scope. Understanding the mechanisms behind solute transport, including the structural
features and intermolecular forces that modulate their energetics, represents a strategic and necessary
investment to advance separations, and in turn energy technologies within the BES portfolio. At a
molecular level, liquid/liquid interfaces naturally feature structural and dynamic heterogeneity across the
rough surface that derives from local thermally induced stochastic motion at the instantaneous surface and
longer-range capillary waves. This results in a distribution of microenvironments that seems to be highly
tunable by surface active molecules (whether they are the solutes or surfactants). The current work seeks
to understand the fundamental forces that determine interfacial organization and elucidate the correlating
relationship between organization and solute transport processes. We employ multiscale computational
methods and recently developed graph theoretical, algebraic, and geometric topology algorithms to
characterize interfacial structure, competitive interfacial interactions, and transport energy landscapes.

(A) Topological image analysis

Recent Progress.

Although liquid/vapor and liquid/liquid interfaces exhibit significant

disorder relative to solid and solid/liquid interfaces, the intermolecular
interactions of surfactants with surface waters and ions can dramatically ¥
change interfacial geometry and its associated fluctuations. In recent
work we have: 1) developed two new mathematical approaches for
describing and quantifying surfactant adsorption and the changes to
geometry that occur in the presence and absence of transport events, and
2) identified large changes to the surface geometry as a function of
surfactant structure and whether the surface is a water/vapor interface or
a water/organic surface (DOI: 10.1021/acs.jctc.3c00090, DOI:
10.2643/chemarxiv-2023-x66jd-v3). Indeed, water/vapor geometries are
distinctly different than analogous surfaces at the water/organic phase
boundary. This is particularly important, as water/vapor interfaces are
employed as surrogates for understanding water/organic surface Figure 1. (A) Topological image
organization and properties. Fluctuations of the interface, measured by analysis provides information about
autocorrelation functions of different geometric metrics additionally show gﬁrr‘?:cyecé‘;”rﬁ:fﬂ adsorbates. (6)
large variability of the oscillations of the interfacial film as a function of  extent of surface deformation and

surface composition. relationships with surface tension and
transport.

Future Plans. These data form the basis for ongoing research into modifications to capillary wave theory

and for new phenomenological models that relate surface deformation to dynamic evolution, including the
impact upon desorption rates during transport processes with mass transfer.
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Research Project Scope. The small differences in coordination chemistry and ionic radius within the rare
earth elements (REs: the lanthanide series, plus yttrium and scandium) make their separation a long-
standing challenge, but one that is critical for the continued use of these metals in myriad technologies. The
discovery that certain lanthanides are specifically utilized by biological systems has opened new avenues
for development of novel biochemistry-based strategies for highly selective recovery and separation of rare
earth elements and actinides. The first family of natural, selective
chelators for rare earths is the lanmodulin (LanM) family of
lanthanide-binding proteins, discovered by our group in 2018.
Lanmodulins possess >10!-fold selectivity for rare earths over other
metal ions. The overall goal of this project is to understand the origins
of the high RE selectivity of lanmodulins and to use this knowledge
to develop methods for intra-RE separations using these proteins and
their derivatives. A major area of emphasis is determining the
importance of interactions outside of the primary coordination sphere
on metal selectivity, in particular selectivity within the lanthanide
series.

Figure. Detailed view of the dimer

Recent Progress. We recently identified and characterized a novel interface near H. quercus LanM’s EF-

LanM with an oligomeric state that is sensitive to RE ionic radius,
the La(lll)-induced dimer being >100-fold tighter than the Dy(lll)-
induced dimer (Mattocks et al., Nature 2023), improving
discrimination between La(lll) and Dy(lll) by ~10-fold versus the
prototypal LanM. X-ray crystal structures revealed that the
picometer-scale differences between La(lll) and Dy(lll) result in a
reduction in coordination number from 10 to 9 that propagates to the

hand 3, showing the hydrogen bonding
network tying lanthanide coordination
(La(lr), green sphere) in one monomer to
Arg100 in the other. By tying multiple
interactions at the dimer interface to
positioning of the Glu91 residue, subtle
differences between REs can be
amplified.

dimer interface via a hydrogen-bonding network conserved in a subset of LanM proteins (Figure).
Immobilization of this protein yielded a column-based separation of Nd(I11) and Dy(l11) in a single column
stage. We believe that similar differences in global protein structure induced by small differences in
coordination at the metal-binding sites also underlie the behavior of the monomeric lanmodulins, and we
seek to understand these interactions in order to exploit these effects for enhanced separations.
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Research Project Scope.

The overarching goal of this project is to understand the structural, energetic, and mechanistic factors
leading to selective, energy-efficient, and sustainable anion separations with reactive, self-organizing
receptors, frameworks, and crystals. Toward addressing this goal, we are pursuing three specific aims: 1)
Understand how novel switching mechanisms based on physical stimuli can achieve sustainable release of
bound anionic species with minimal chemical and energy inputs; 2) Explore reactive crystallization of
(bi)carbonate anions for energy-efficient CO, capture and release; 3) Understand how self-assembly of
anion-binding units into preorganized receptors and materials can lead to enhanced anion-separation
functions. To address the overarching goal and the specific aims, we are developing anion receptors and
materials based on iminoguanidines (I1Gs), exploiting their versatility and special ability to selectively
separate anions and capture CO,. Specific separation targets are strongly hydrophilic oxyanions (e.g.,
sulfate, selenate, chromate, phosphate), PFAS, and atmospheric CO; (via carbonate anions), which are
extremely challenging to remove selectively and effectively from dilute aqueous environments and air,
respectively.

Recent Progress.

Building on our signature chemistry involving bis-iminoguanidinium (BIG)
receptors that can effectively remove oxyanions (e.g., sulfate, selenate,
chromate, carbonate) from aqueous solutions through crystallization of
hydrogen-bonded solids of extremely low aqueous solubilities, we have
demonstrated effective separation of selenate anions from dilute and
competitive aqueous environments. Here, we took advantage of the similarity
between sulfate and selenate oxyanions, leveraging the excess sulfate
concentration often found in Se-containing wasterwaters, and co-crystallized
the two anions through the formation of solid solutions with BIG receptors.
This approach allowed the quantitative removal of the two oxyanions,
leading to Se concentration reduction in wastewaters generated by coal-
burning power plants down to below 5 ppb, the discharge limit imposed by
the EPA.

Along a different line of investigation, we demonstrated a new approach to direct air capture by reactive
crystallization (RC-DAC) of CO, with aqueous amino acid/guanidine. The crystallization was monitored
in situ by pH measurements, real-time imaging with a microscope probe, and by Raman spectroscopy, and
ex situ by NMR spectroscopy, powder X-ray diffraction, and total inorganic carbonate analysis. The
investigation provided a detailed mechanistic picture of the RC-DAC process, involving formation of
carbamate and carbonate anions in solution, followed by sequential crystallization of different guanidinium
carbonate phases.
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In synergy with Bryantsev’s BES project on DAC at ORNL, we developed a CRYSTAL
new class of diiminoguanidinium (DIG) photobases that can regulate the | GROWTH
solution pH with light. Upon photoirradiation, pyridine-functionalized DIGs | < DESIGN
photoisomerize from E,E to Z,Z configuration, leading to a large increase in | , g
the pK, (2.8 units) and solution pH (1.7 units). This new class of photobases
is being further explored for photochemically controlled direct air capture.

Future Plans.

1.

p-

Mechanistic investigation of CO; release in direct air capture via
crystallization with bis-iminoguanidines. This includes experimental
studies by X-ray and neutron diffraction, solid-state NMR spectroscopy,
and Raman spectroscopy, as well as DFT calculations and MD
simulations.

Understand the structure/properties relationships of iminoguanidinium-based photoswitchable
oxyanion receptors using a combination of spectroscopic methods and quantum chemical
calculations. Specifically, we will investigate the correlation between the pK,s of the anions and the
receptors and the strength of anion binding, and the effects of substituents on the photochemical
properties of the receptors (e.g., absorption wavelength, quantum yield, photostationary equilibrium,
kinetics of photoswitching and thermal relaxation).

Investigate the interfacial assembly and recognition properties of a series of flexible amphiphilic
receptors comprising hydrophilic iminoguanidine anion-binding units in conjunction with lipophilic
hydrocarbon tails. These ligands will vary in the length, branching, and placement of their tails as
well as in their potential to provide convergent hydrogen-bond donors via increasing numbers of IG
groups. We hypothesize that these structural and chemical differences between ligands will lead to
variations in their supramolecular organization and solvation at an oil-water interface that can be
leveraged to understand, control, and drive the extraction of different anion species.

Understand how interfaces can be used to control chemical transport in solvent extraction via SFG
measurements with supporting DFT/MD simulations. Specific ion interactions, ion pairing, and
transport phenomena will be probed in these systems in the presence of competitive anions for limited
surface vacancies. We will probe characteristic spectroscopic reporters for ions and headgroups, as
well as OH stretches descriptive of solvation interactions at the interface, which are hypothesized to
change based on the solvation of the ligand tails in the neighboring oil phase. This work will shed
light on how interfaces can be used in selective, kinetically-controlled ion separations.
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Research Project Scope.

The overarching goal of this project is to investigate fundamental issues that control the selective binding
and transport of target molecular species in nanostructured architectures and unconventional separation
media via tailored interactions at multiple length scales. To achieve this overarching goal, we will pursue
three integrated specific aims by addressing: (1) Can collective gas transport be developed in ionic liquids?
(2) Can collective transport in ionic liquids and free volume-driven transport in porous media be integrated
through porous liquids? (3) Can gas transport be controlled via the tailored interaction of porous membranes
with ionic liquids? In answering these synergistic research aims, we will be addressing three major
challenges of extraordinary importance in separations: selectivity, transport, and their interplay. The central
theme of this research is to master the complexity of the ionic structure, interface, free volume, and
dynamics that control interactions and transport at multiple length scales, in order to achieve desired
separation efficiency, via integrated synthesis, characterization (including neutron scattering), and
modeling. The knowledge gained from this project has far-reaching consequences in the way we generate,
transform, and store energy and for greenhouse gas mitigation and environmental remediation, in support
of the DOE’s critical mission as well as recent DOE Energy Earthshots initiatives.

Recent Progress.

1. One of the extensively studied and appealing systems in carbon capture via chemisorption is the
Superbase-derived task-specific ionic liquids (STSILs). The capacity to capture CO; in these liquids is
strongly influenced by the basicity of the anions. However, challenges remain in terms of the high
energy required for desorption and the occurrence of side reactions due to the strong basicity of the
anions. To address these issues, there is a need for the development of tailored STSILs that utilize a
different driving force to achieve efficient CO, chemisorption and desorption. We focused on
carbanion-derived STSILs, which demonstrated efficient CO, chemisorption through the formation of
carboxylic acid. Interestingly, the STSIL with the deprotonated malononitrile molecule ([MN]) as the
anion exhibited a significantly higher CO, uptake capacity compared to the one derived from 2-
methylmalononitrile ([MMN]), despite having lower basicity ([MN] < [MMN]). Detailed
characterization and theoretical simulations confirmed that carboxylic acid formation occurred in the
[MN]-derived STSILs through proton transfer upon reaction with CO,, while [MMN] lacked the
necessary a-H for this process. These findings demonstrate an alternative design principle for STSILs,
utilizing extended conjugation in the CO.-integrated product.

2. Facile approaches capable of constructing stable and structurally diverse porous liquids (PLs) that can
deliver high-performance applications are a long-standing, captivating, and challenging research area
that requires significant attention. Herein, a facile surface deposition strategy was demonstrated to
afford diverse type Il1-PLs possessing ultra-stable dispersion, external structure modification, and
enhanced performance in gas storage and transformation by leveraging the expeditious and uniform
precipitation of selected metal salts. The Ag(l) species-modified zeolite nanosheets were deployed as
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the porous host to construct type I11-PLs with ionic liquids (ILs) containing bromide anion as the liquid
phase, leading to stable dispersion driven by the formation of AgBr nanoparticles. The as-afforded type-
111 PLs displayed promising performance in CO2 capture/conversion and ethylene/ethane separation.
Property and performance of the as-produced PLs could be tuned by the cation structure of the ILs,
which can be harnessed to achieve polarity reversal of the porous host via ionic exchange. The surface
deposition procedure could be further extended to produce PLs from Ba(ll)-functionalized zeolite and
ILs containing [SO4]2- anion driven by the formation and coating of BaSO4 salts. The as-produced
PLs were featured by well-maintained crystallinity of the porous host, good fluidity and stability,
enhanced gas uptake capacity, and attractive performance in small gas molecule utilization.

3. Superbase-derived ionic liquids (SILs) are promising sorbents to tackle the carbon challenge featured
by tunable interaction strength with CO, via structural engineering, particularly the oxygenate-derived
counterparts (e.g., phenolate). However, for the widely deployed phenolate-derived SILs, unsolved
stability issues severely limited their applications leading to unfavorable and diminished CO;
chemisorption performance caused by ylide formation-involved side reactions and the phenolate-
guinone transformation via auto-oxidation. In this work, robust pyrazolonate-derived SILs possessing
anti-oxidation nature were developed by introducing aza-fused rings in the oxygenate-derived anions,
which delivered promising and tunable CO- uptake capacity surpassing the phenolate-based SIL via a
carbonate formation pathway (O—C bond formation), as illustrated by detailed spectroscopy studies.
Further theoretical calculations and experimental comparisons demonstrated the more favorable
reaction enthalpy and improved anti-oxidation properties of the pyrazolonate-derived SILs compared
with phenolate anions. The achievements being made in this work provides a promising approach to
achieve efficient carbon capture by combining the benefits of strong interaction strength of oxygenate
species with CO; and the stability improvement enabled by aza-fused rings introduction.

Future Plans.

Development of next-generation separation media with unparalleled performance will require molecular
level understanding and control of interactions of the target gas species with the separations material to
achieve high selectivity, fast transport and facile release, allowing the coupling of different separation
mechanisms into a single integrated separation medium. we seek to understand in greater detail the
interactions that drive gas solubility and diffusivity in IL systems to couple transport to IL structures,
thereby overcoming the paradox related to selectivity and transport in separation media. ILs have become
an unconventional liquid medium for gas separations because of their extremely low vapor pressure,
versatile chemical functionalities, and the electrostatically dominated solvation environment created by
their molten-salt nature. Currently, only ILs that can physically absorb gas molecules (e.g., CO2) have been
intensively investigated for liquid-membrane separation. The separation mechanism is purely of physical
diffusion with no chemical bond formation and breaking involved. They are like the traditional polymer
membrane systems that can only be used in separation of highly concentrated targeted species. Our group
and others have developed novel superbase-derived ILs that can chemisorb acidic gas molecules. Even
though this class of ILs is highly selective for gas uptake, they are seldom investigated in membrane-based
separations because of slow diffusion. To fully leverage the advances in chemisorbing ILs for membrane
separations calls for a deeper understanding of how the molecular structure of a liquid medium dictates gas
interaction and transport. If a gas is chemically absorbed in a liquid, the key is to tune the molecular
structure to achieve fast transport. Can we design ILs for fast CO, transport to overcome the constraint of
viscosity? Can we balance the physical/chemical sorption mechanisms to control the interaction of ILs with
CO: for high selectivity and fast transport? The ability to customize the physicochemical properties of ILs
through either selection of the ionic constituents that comprise the liquid or addition of specific functionality
will enable us to accurately identify and elucidate the key fundamental interactions in ILs, inducing
collective diffusive transport of chemically absorbed molecules.
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Research Project Scope.

Metal-organic frameworks (MOFs) can dynamically respond to external stimuli, leading to bond
rearrangements and/or structural transformations that alter key material properties like porosity, surface
area, and guest recognition. In this context, we introduce a universal strategy for MOF densification by
modulating nanoparticle interactions at the molecular level, resulting in the stitching of neighboring
crystallites. This enhances particle adherence, reduces intergranular voids, and improves volumetric
capacity. Additionally, densification can trigger lattice rearrangements that modify pore structure, shape,
and size, significantly impacting the material's separation properties.

Recent Progress.

In this project, we introduce a novel approach to controlling structural transformations in the CuBTC MOF
through a high degree of MOF densification. The densification of MOF nanocrystals induces shearing of
the crystal lattice, resulting in modified pore characteristics.

The structural transformations of the densified MOF were investigated using synchrotron powder X-ray
diffraction in collaboration with Argonne National Laboratory. The newly identified deformed phase of the
densified MOF exhibits exceptional mechanical strength, radiation resistance, and unprecedented
selectivity for krypton (Kr) over xenon (Xe) at ambient conditions. On the other hand, the densification
process and the resultant structural changes have led to a remarkable transformation in CO2/hydrocarbon
selectivity, where the originally hydrocarbon-selective CUBTC MOF becomes CO;-selective. Additionally,
the material is highly shapeable, capable of forming monolithic chunks, strands, or self-standing flat sheets.
It can also be applied as continuous coatings via spray, knife, or drop-casting onto surfaces such as stainless
steel, glass, and plastic. These findings highlight the potential of densified MOFs to revolutionize material
design and open up new avenues for scalability of MOFs and its integration in various industries.

Future Plan.

Our future work will focus on inherently flexible MOFs to explore the effects of densification on their pore
properties and gas adsorption and separation behavior. The inherent gate-opening behavior exhibited by
certain flexible MOFs presents challenges to gas selectivity, as multiple gases may adsorb simultaneously
during pore gating. Our goal is to develop new strategies to modulate gas selectivity and gate-opening
dynamics in flexible MOFs, providing a promising path for their practical use in advanced gas separation
processes.
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Fluid MOF Paint

Figure 1. Pictures of the different forms of densified material.

(A) Gel CuBTC in ethanol. (B) Thin film coated on 30 cm glass sheet. (C) Thin film coated on 20 ¢cm stainless steel sheet. (D)
Transparent self-standing sheets. (E) A monolithic chuck as a size of a quarter. (F) Self-standing strands after being taken out of
silicon molds. (G) Stability of the sheet after shaking and soaking in ethanol for a month. (H and I) Scale-up of Mono-CuBTC and
FS-CuBTC, respectively.
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Figure 2. Single Kr and Xe adsorption isotherms and IAST selectivity at 298K.
(A) Kr and Xe isotherms of CuBTCrwe. (B) Kr and Xe isotherms of Mono-CuBTC (769). (C) Kr and Xe isotherms of Mono-
CuBTCuw. (D) Kr and Xe isotherms of FS-CuBTCuwm. (E) Kr/Xe selectivity of CuBTCrwe. (F) Kr/Xe selectivity of FS-CuBTCum.
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Anions play important roles across many areas of the energy cycle, e.g., bicarbonate intermediate (HCO3")
in carbon capture, and the separation of radioactive 99-TcO.™ generated during nuclear power production.
Anion recognition and the molecular receptors that modulate anion binding help provide a means for the
selective capture of dilute forms of these anions for use in separations. Here we seek to understand deeply
and control the binding affinity and selectivity of both rigid and flexible receptors in the form of

macrocycles and foldamers using a combination of
experiment and theory. Fundamental efforts are focused on
creation of modular receptors to test and understand how
structure impacts binding, and how solvation modulates
affinities and folding preferences of receptors. These efforts
are directed towards understanding how to design
photoswitchable receptors for use in liquid-liquid
extraction, and proof-of-principle demonstrations of the
selective and photodriven capture and release of larger
anions.

Recent Progress.

Solvent acts to screen electrostatics in anion binding
events for cationic and neutral receptors alike

To provide a molecular level understanding of the receptor-
anion binding behaviors needed for liquid-liquid extraction
(LLE) of anions, we provide the first combined experiment-
theory characterization of solvation for cationic receptors.
This work showcases a track record of success with a
solvation model[1] (see equation in Figure 1a), where the
solution-phase binding free energy (DGsa) depends on the
electrostatic contribution to stability (DGesgs) that is
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Figure 1. (a) Predictive model of solution phase
binding energies based on dielectric-screening of
electrostatic and unscreened non-electrostatic
contributions. (b) Model was tested for binding
CI- to cationic receptor and found to hold across (c)
three solvents

screened and reduced in effectiveness by the solvent’s dielectric response (er). We find that the non-
electrostatic contribution (DGhnon-es), Which stems from polarization, dispersion and charge-transfer, are
unaffected by this screening and can buoy up affinity. This model was found to work when extended from
rigid to flexible receptors.[2] In our most recent work,[3] we tested the validity of the model with cationic
receptors (Figure 1b) with equal success of the model for aprotic solvents spanning polarity (Figure 1c)

from chloroform (e; = 4.5) to DMSO (e, = 47).
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All these tests rely on detailed thermodynamic analysis, that we are sharing with others.[4] We are also
excited by the strong correlations between experiment and theory, suggesting that we are coming closer to
an accurate molecule-scale picture of receptor-anion binding in solution. The key to this progress is
developing a series of modular receptors and investigating the theoretical basis to make progress towards
computer-aided receptor design.

Solvent-driven folding of anion receptors

One key element of anion binding is the geometrical pre-organization of the receptor, and thus the response
of the organization to changes in solvent and solvation. To study this factor, we examined the coil-helix
folding preferences of an aromatic foldamer. While the folding has been examined extensively by
experiment,[2, 5] they have only rarely been
examined by theory for the purpose of providing |, MeCN ®) DCM
atomic level insights. We conducted all-atom  »
molecular dynamics (MD) simulations to examine
the role of solvent polarity on driving the helical
folding behavior of aryl-triazole foldamer.[6] The
simulation results show that in a low polarity solvent
(dichloromethane), the foldamer prefers to stay in
the random-coil state. This state has four dipolar
triazoles (5 Debye) in their favored all-anti
geometries favoring anti-parallel arrangements.
However, an increase in solvent polarity using Figure 2. (a) The helix form of the foldameric receptor is
acetonitrile resulted in solvophobic collapse, favoredin MeCN and (b) disfavored in dichloromethane.
yielding the helically folded form as the predominant state. The folded helix has an all-syn geometry with
triazoles in parallel arrangements.
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Ultimately, the degree of organization boosts the anion-binding affinity,[7] and thus knowledge of the
factors dictating receptor folding translate from affinity to efficiency in extraction. This ability to
understand the folding preferences, despite the existence of 4096 conformations, lays the groundwork for
using modelling to help with computer-guided design of receptors.

Light-driven release of anions for selective and efficient liquid-liquid extraction and anion isolation

Towards use of light as a non-thermal separation mechanism, we are developing photoactive receptors and
investigating the molecular-level mechanisms for binding and release of anions. We are using the selectivity
of specific macrocycles to form strong complexes with PFs~ anions to extract them under dilute conditions
from a salt solution containing CI~. We are using liquid-liquid extraction (LLE) for this purpose. We find
that the complex can be subjected to photo-irradiation to enable the release of the anion.
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Research Project Scope.

The overarching goal of this project is to suppress physical aging in glassy polymer membranes for
gas separation, while simultaneously tuning permeability and selectivity. To accomplish this goal, we
propose to blend commercial and in-house synthesized microporous polymers with hyper-
crosslinked Porous Polymer Networks (PPNs), using molecular simulations as a tool to understand the
molecular phenomena leading to improved transport properties and stability.

The overarching hypothesis is that polymer chains can thread through and/or absorb within the
PPN porosity. This phenomenon, in synergy with polymer-PPNs-penetrant interactions and the
configurational free volume exhibited by PPNs, which eliminates the transient, entropically disordered
conformational free volume exhibited by conventional glassy polymers, is expected to regulate
penetrant transport rate, selectivity and membrane long-term stability.

Recent Progress.

A model microporous, high free volume glassy polymer, poly(trimethyl silyl propyne) (PTMSP),
was blended with a porous polymer network (PPN) synthesized from the hydroxy alkylation reaction
between an aromatic substrate, triptycene, and an activated ketone, isatin. The fabrication step was
followed by a detailed structural and transport characterization.

While slight reductions or enhancements in gas permeability and either an increase or decrease in
selectivity were observed upon blending, depending on the PPN loading and the gas being tested,
physical aging resistance significantly improved.

A dedicated physical aging study was run using N2 as a probe molecule, and a 20 mm thin film. We
observed that N> permeability in the PTMSP-PPN blend containing 5%wt PPN declines by merely
14% over the course of 500h, in striking contrast with the 41% decline observed in neat PTMSP over
the same time frame. A variety of experimental and theoretical approaches, such as Positron
Annihilation Lifetime Spectroscopy (PALS), molecular dynamics simulations, 13C CP/MAS NMR
spectroscopy, as well as modeling with the Struik and dual mode model indicate that the hindered
aging rate is ascribed to the adsorption of PTMSP chains in the PPN porosity.
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Finally, we demonstrate that, to correctly interpret small molecule transport mechanism in these systems,
diffusion coefficients must be carefully corrected for thermodynamic non-idealities.
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Research Project Scope.

The objective of this collaborative project is to elucidate a fundamental understanding of the effect
of nanoconfinement and polymer-solute interactions on the permeation of organic molecules in
membranes through a combination of experimental and computational analyses. As a test bed to
achieve the above objectives, we will use the self-assembly and cross-linking of cross-linkable
zwitterionic (ZI) amphiphilic copolymers (X-ZACs) to create membrane selective layers featuring
nano-domains/channels of tunable size, filled with ZI functional groups that exhibit interaction
selectivity between solutes of interest (e.g. aromatic ZI groups). Ultimately, we aim to leverage our
findings to develop membranes capable of chemical-structure-based selectivity for downstream
separation of phenolics produced in biorefineries for lignocellulosic biomass valorization for the energy-
efficient production of high-value chemicals.

Recent Progress.

We conducted all-atom molecular dynamics (MD) simulations of ZAC membranes with
sulfobetaine methacrylate (SBMA) as the zwitterionic moiety and allyl methacrylate (AMA) as the
hydrophobic moiety.! These simulations revealed the ability of r-ZAC membranes to separate halide ions
while evading the solubility-diffusivity tradeoff. Subsequently, we switched to using reduced order
models, wherein only

the zwitterion-lined nanopores were simulated to save on
computational costs.? Our simulations showed that smaller ions
preferentially reside near the pore center while larger anions
reside closer to the pore walls in these systems. This results in
the larger ions being confined in an environment of higher
zwitterionic volume fraction and low water mobility, which in
conjunction with their smaller affinity towards the zwitterionic
moieties results in much faster diffusion. Our results clarified
the mechanisms underlying the ability of ZACs to separate a
mixture of halide ions from one another, with larger anions

being selectively transported over the smaller ones. . T T
Figure 1. Permselectivity of various halide

We extended our above work to investigate the impact of ~ ionswith respect to Fin an SBMA-
zwitterionic architecture on the transport of halide ions.3 This  functionalized nanopore.

was achieved by inverting the positive and negative charge

centers of the SBMA zwitterions in our reduced order

simulations. Overall, the permselectivity values were

significantly higher in the case involving zwitterions with positive charge centers located at the end of the
molecule due to the ultra-high partitioning selectivity in these systems. Our study revealed the potential for
significant enhancement in ionic selectivity by altering the architecture of the zwitterionic dipoles in r-ZAC
membranes.
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Future Plans.

We plan to extend our simulations to the separation of mixtures of organic compounds dissolved in water.
Specifically, we plan to study zwitterionic moieties involving aromatic rings with the goal of separating
aromatic solutes from non-aromatic solutes in water. The differences in specific interactions (such as pi-pi
interactions) between the aromatic zwitterions and the various organic solutes (depending on their
aromaticity) will result in selective permeation of one component over another. By leveraging reduced order
models, we aim to discern the design principles for r-ZAC membranes involving aromatic zwitterions for
aromatic — non-aromatic separations.
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Research Project Scope.

The goals of this new research project are to: 1) examine physical aging behavior of super rigid ladder
polymers instilled with configurational free volume using shape-persistent pentiptycene units for gas
separations; 2) interrogate the role of free volume architecture enabled by semi-interpenetrating polymer
network (sIPN) structure based on PIM-1 ladder polymers in providing physical aging resistance; and 3)
evaluate temperature tolerance of configurational free volume introduced in polybenzimidazole (PBI)
membranes with iptycene-based structure units, focusing on high temperature (up to 200 °C) H,/CO;
separations central to hydrogen fuel production from syngas.

Recent Progress.

We have established fully the synthesis of pentiptycene-containing ladder polymers (PPIM), iptycene-
based PBI (PPBI), as well as crosslinkable telechelic iptycene-containing oligomers with controlled
molecular weight for the preparation of SIPN membranes. We demonstrated that PPIM ladder copolymers
prepared from a mixture of isomeric pentiptycene-based monomers (i.e., S-shaped and C-shaped tetra-
hydroxyl pentiptycenes) showed comparable gas permeabilities with pure PIM-1 but noticeably higher
selectivities for all gas pairs. The enhanced selectivity could be attributed to the presence of
configurational free volume microcavities delineated by the configuration of pentiptycene skeleton,
which provides better size sieving properties and potentially better aging resistance due to its
configuration-based permanent nature. We are making great progress in preparing a series of ladder
copolymers with systematically varied pentiptycene molar content

to establish the correlation between configurational free volume and transport properties and aging
resistance. In exploring the strategy of constructing semi-interpenetrating polymer network (sIPN)
structure to improve physical aging resistance of ladder polymers, PIM-1 was chosen as the model
system. We successfully synthesized telechelic PIM-1 oligomers with well-controlled molecular weight
(4k, 6k and 8k) and crosslinkable end groups. A series of PIM-1 s-IPN membranes were prepared using
PIM-1 oligomers and the linear high-molecular-weight PIM-1 in systematically varied weight ratios, with
the network content ranging from 10% to 30%. Flexible and defect-free membranes were obtained via
solution casting and thermal crosslinking. Insoluble content observed when immersing the s-IPN
membranes in organic solvent indicates successful crosslinking. Pure-gas permeation test results
demonstrated that PIM-1-based s-IPN membranes exhibit no appreciable loss in permeability after two-
week aging, in sharp contrast to the fast-aging behavior of linear PIM-1 reported in the literature.
Moreover, two-month aging studies showed CH4 permeability loss occurring two to three times slower
than linear PIM-1. While long-term aging studies are yet to complete, these results demonstrated the great
potential of s-IPN design in providing physical aging resistance to glassy ladder polymer membranes. To
evaluate temperature tolerance of configurational free volume of iptycene-based polymers, we developed
new synthesis strategies to prepare microporous pentiptycene-containing polybenzimidazoles (PPBI) for
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high temperature (up to 200 °C) H2/CO- separations. High molecular weight of PPBI product was
evidenced by the fibrous precipitation of the polymer solution after the reaction was completed, and the
fully cyclized imidazole structure and high thermal stability of the synthesized PPBI were confirmed by
'H NMR and TGA analysis, respectively. Robust, defect-free and solvent-free PPBI thin films (~20-30
pum) were solution cast following our established thermal protocols, which were subjected to both pure-
and mixed-gas permeation tests at temperatures ranging from 35 °C to 180 °C. Compared to commercial
m-PBI film, PPBI showed much higher H, permeability due to its higher free volume fraction instilled by
pentiptycene moieties. In mixed-gas permeation tests using a 50:50 mol% H,/CO, mixture at 130 psig,
PPBI films showed exceptional separation performance approaching the mixed-gas upper bound with
markedly increased H2/CO; selectivity at 180 °C. Work is ongoing to explore several strategies (e.g.,
acid-doping, physical blending, copolymerization) to further improve overall separation performance at
high temperatures as well as to provide fundamental insights regarding the role of configurational free
volume in providing high temperature resistance.
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The goal of this research program is to develop high-capacity sorbents amenable for alternative regeneration
approaches for direct air capture (DAC) of CO.. In particular, the research aims to develop an understanding
of CO; binding mechanism, thermal and oxidative stability, and regeneration energetics of functionalized
ionic liquids (ILs), deep eutectic solvents (DESs), and porous materials. ILs and DESs are high-dielectric
solvents with structural tunability that permits the rational-design for energy-efficient regeneration
approaches based on electromagnetic (EM) field and moisture-swing. By further incorporating these
solvents into polymeric capsules and other structural supports, multi-scale interfaces for targeted CO. and
energy transfers are achieved. Aspects related to CO; capacity, selectivity, stability, dielectric properties,
and binding energies are examined by experiments and computations to identify molecular descriptors
through machine learning to inform future design of structured solvents and hybrid materials for DAC.

Recent Progress

An extensive review of CO; capture with ILs, DESs, and derivatized composites as well as a perspective
on DAC are now available in literature through support from this project.? 2 We’ve shown that the CO;
absorption and binding energetics in structured solvents are significantly influenced by hydrogen bonding
interactions.*® As DESs are commonly formed from mixtures of halide salts that act as the hydrogen bond
acceptors (HBASs) and alcohols, amines or amides that act as hydrogen bond donors (HBDs), structure and
dynamics are primarily governed by the hydrogen bonding network.®® In particular, our study contributes
to the understanding of how H-bond interactions influence reactive separation of CO; using spectroscopy,
density functional theory (DFT), and molecular dynamics (MD) simulations where we revealed the
mechanism by which the HBD component hindered the proton transfer between two active sites (e.g.,
choline prolinate with ethylene glycol), thus eliminating site deactivation and hence increasing the CO;
capacity.® Our more recent work” underlines the importance of structure-composition-property relations in
these solvents as varied trends in physical properties and CO; binding affinities are possible via modulation
of (i) the number and strength of H-bonding groups in the parent compounds, (ii) proton sharing
equilibrium, and (iii) HBA/HBD composition. Encapsulation of these solvents have been demonstrated to
enhance thermal stability and gaseous transport.® *° In complement, we developed machine learning (ML)
approaches in consideration of the vast design space and non-intuitive correlations among the structure-
property-composition parameters that successfully predicted some of the critical solvent parameters such
as viscosity and CO- capacities;** 12 these models will be useful in guiding our future solvent design
efforts. 1316
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Towards our goal of sorbent development
amenable to alternative regeneration
approaches, we demonstrated the
susceptibility of ILs to microwave (MW)
irradiation and the utility of MWs for
dielectric heating, thus CO; release.'’
Further, composites of metal organic
framework, ZIF-8, and a functionalized
IL were developed for a coupled
moisture-swing and EM-based
regeneration that demonstrated high CO;
capacity, selectivity, and rapid CO;
release (FIG 1).! The intellectual merit in
the demonstrated approach is five-fold:
(1) synergizing the high CO- solubility
and selectivity of the IL with the high
porosity of the MOF for improved
transport; (2) stability against moisture
and maintained selectivity; (3) mild
regeneration temperature (e.g., 60 °C) via
dielectric heating that acts on the entire
volume with minimal MW power; (4)
targeted energy transfer to the active IL
domain where the chemisorbed CO;
resides; and (5) suppressed degradation
kinetics  (e.g., thermal oxidative
degradation) due to the instant nature of
the EM irradiation. Ongoing work is
focused on understanding the dielectric
properties of the developed liquids and
composites to tune the EM frequency for
enhanced dielectric storage and loss that
govern energy transfer and efficiency.
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FIG 1. Illustration of the MW assisted regeneration of IL-MOF composites.! CO:
breakthrough curves of IL/ZIF-8 (35 w% IL) under 500 ppm CO2 at 30 °C with 0
and 50% RH (a) and MW-assisted CO desorption at 60 °C (b). Gray to black lines
are the CO: breakthrough curves representing the effluent CO2 concentration
relative to the feed and blue lines represent humidity in the effluent. During
regeneration, temperature of the samples was held at 60 °C by automatically
adjusting the MW input power between 1 to 10 W.
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Research Project Scope.

Efficient and selective separations of acid gases is among the most difficult and essential challenges
needed to enable the transition towards a CO- negative emissions economy. Solvents, porous materials,
and membranes have been used for these separations, yet the design of more advanced materials remains
hamstrung due to an antiquated understanding of how molecular level phenomena control macroscale
performance. To address this need, these joint experimental and theoretical studies focus on gaining a
deep understanding of how we can coax CO; into novel behavior by means of introducing precisely
controlled confining environments in solvents and porous sorbents.

Recent Progress.

Taking inspiration from respiration and the click MOFs developed by Long’s group, we posited that
liquid amines could achieve cooperative binding akin to oxygen to the heme groups of hemoglobin. Our
studies have discovered the first ever stepwise, albeit
negatively cooperative, capture of CO; by a single-
component water-lean solvents (WLS) occurring via self-
assembly of reverse micelle-like clusters in solution. This
unique hydrogen-bonding environment creates a novel
tetrameric binding mechanism of CO- fixation as compared to
conventional dimeric models used for all amines. This new
method of capture enables us to design nanoscale clusters of
solvents with double the degrees of freedom of other amines,
giving us twice the enthalpies and free energies of CO>
fixation for us to control the thermodynamics of CO; capture.
This unique confining environment also promotes the
formation and stabilization of the first ever observed
carbamic-anhydride, a species with two CO, molecules bound
in a linear fashion (Figure 1, top). These findings enable us to
design novel solvents that may exhibit positively cooperative
binding in addition to doubling the CO; storage capacity of
amines.

Figure 1. Top) Tetrameric amine cluster
activating CO2 by proximal carbamates enabling

The effects of confining environments have also been studied double CO5 fixation as a carbamate-anhydride,

for porous materials.ar)d m_embrane_:s; these mate_rials could Bottom) Direction-specific diffusion of CO»
become far more efficient if CO, diffused directionally augmented by polygonal rifling in chiral
through the sorbent without any inefficiencies like a hexagonal boron nitride nanotubes.

magnetically levitating train or ‘hyperloop.” One of the primary inefficiencies of diffusion is Brownian
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motion, where CO- randomly flips, tumbles, and bounces into interfaces or other molecules, resulting in
sporadic changes in direction slowing down diffusion. We have learned how to overcome this challenge
by using specifically sized chiral hexagonal boron nitride (h-BN) nanotubes that facilitate directional
motion of CO2 molecules down their axis by imparting a molecular level “spin” like a bullet in a rifled
gun barrel (Figure 1, bottom), resulting in minimized Brownian collisions and directional changes. This
finding will enable us to exploit these unique chiral confining environments and molecular level spinning
to design more efficient separation media that allow nearly 100% of diffusion to occur directionally
through a sorbent or membrane, potentially breaking the Robeson upper bound of selectivity and
permeability.

Future Plans.

We will continue to investigate the properties of molecular clusters of aminopyridine and diamine WLS.
We will evaluate enthalpy/entropy contributions to the stabilization of molecular clusters and provide a
more thorough understanding of CO- capture processes. A machine learning force field will be developed
using ab initio molecular dynamics simulations of WLS, enabling us to explore the impact of temperature
and speciation on reactive CO; capture at a larger dimensional and longer temporal scale than simulations
with comparable modeling accuracy. X-ray scattering experiments will be used to probe how molecular
structure and water content impact cluster size, shape, and structure to gain a predictive understanding of
WLS clustering and active sites.

We will conduct a comparative study of the transport of N2, O, and water molecules in h-BN to obtain
insight into the effects of the electronic and atomic structure of small molecules on their diffusion in one-
dimensional confinement environments to determine if this phenomenon is more broadly applicable in
separations. We will also procure and isolate varied dimensions and chiralities of h-BN tubes and
perform high-pressure *C NMR DOSY NMR in high-pressure cells with *C-enriched CO, to measure
the diffusion coefficients to link diffusion rates to the chirality of the tubes.
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Research Project Scope.

The overall goals of this project are to quantitatively and comprehensively understand key molecular-level
mechanisms behind energy-relevant chemical separations employing nanoporous membranes. We are
systematically investigating solute diffusion dynamics within model solvent-filled cylindrical nanopores
using advanced fluorescence microscopic methods including confocal fluorescence correlation
spectroscopy (FCS) and super-resolved single molecule tracking (SMT) by wide-field fluorescence video
microscopy. These methods provide quantitative data on local solute dynamics in sub-femtoliter volumes,
and thus reveal the intrinsic diffusion behaviors of nanoconfined solutes. We are presently investigating
how nanoscale demixing in binary solvent mixtures confined within anodic aluminum oxide (AAO)
nanopores governs the diffusion dynamics of model solutes.

Recent Progress.

We recently reported FCS investigations of Rhodamine B (RhB) diffusion in 10 and 20 nm diameter AAO
nanopores filled with ethanol-water mixtures (see Figure panel A) of relatively low water volume fraction
(Uw=0-33%). RhB diffusion was found to occur by two distinct mechanisms comprising fast and slow
diffusion and having diffusion coefficients Dr and Ds differing by two orders of magnitude. The faster
component was attributed to hindered, bulk-like diffusion in the nanopore cavity and was modestly slowed
by hydrodynamic and/or electrostatic drag due to pore surface interactions. The slower component was
attributed to RhB diffusion involving frequent adsorption/desorption on the nanopore surface.

We have since continued to explore solute dynamics in ethanol-water mixtures confined within AAO
nanopores in much greater depth. Our latest investigations comprise a complete study of RhB diffusion
across the full range of possible ethanol-water mixtures ([ Jw = 0 — 100%). The results support our previous
assignment of RhB diffusion to a two-component mechanism. The fast diffusion data (D) revealed a clear
viscosity-dependent trend (Figure panel B), confirming it arises from bulk-like Brownian motion of the dye
within the nanopores.

The slow diffusion component (Ds) exhibited an altogether different trend. A much greater dependence on
pore size was observed, as shown in plots of Ds relative to the bulk diffusion coefficent (Ds/Dy, Figure panel
C). Interestingly, these data reveal clear correlations between Ds/Dy and RhB solubility (Figure panel D).
The data show Ds was smallest in pure ethanol and pure water, in which RhB is least soluble, and largest
in intermediate mixtures of the two, where RhB is most soluble. It was concluded that slow RhB diffusion
was governed primarily by solvation-dependent adsorption of the dye to the pore surface. Indeed, surface
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adsorption of RhB was observed in confocal fluorescence time
transients and also in wide-field fluorescence videos acquired from
AAO membrane cross-sections. MD simulations performed by our
collaborators (Servis and Wang) at Argonne National Labs revealed
that the dye was solvated primarily by ethanol across much of the
range of mixtures employed, while the pore surface was covered by
a layer of water (Figure panel E). Taken together, these
observations suggest that adsorption of the dye to the pore surface
from ethanol-water mixtures requires a significant change to its
solvation shell, thus providing an energetic barrier to adsorption.
Dye-pore collisions are also believed to be important in this model,
with contributions by the slow diffusion mechanism becoming
more important and Ds decreasing between the 20 nm and 10 nm
nanopores, as the dye-pore collision frequency increases.

Future Plans.

Super-resolved single molecule tracking data acquired by wide-
field fluorescence microscopy will be used to verify that slow solute
diffusion under nanoconfinement occurs by a desorption-mediated
mechanism. The pore size dependence of diffusion by the fast and
slow mechanisms will also be explored in greater depth.
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This project aims to explore, develop, and exploit new concepts for energy-efficient separation of gas,
vapor, or liquid mixtures. The project will take advantage of — and further develop — recent advances in
the synthesis of new metal-organic frameworks (MOFs), framework-integrated guests, and related high-
porosity compounds. A tight integration of material synthesis, detailed characterization — including DOE-
synchrotron-enabled structural characterization, adsorption studies, breakthrough measurements, and
electronic structure calculations together with computational molecular (and atomic) modeling will be
employed by a team that has creatively melded such tools in the past.

Recent Progress. Among the topics we will highlight in a poster presentation are the following:

e Many important industrial gas separations require separating molecules with subtle (sub-angstrom)
differences in size and similar chemical properties, such as hexane isomers, xylene isomers, and
olefin/paraffin mixtures. To address this challenge, extremely precise control over a material’s pore
size is required, as small changes can result in drastic changes in separation capabilities. In effort to
establish this sub-angstrom level control, we have designed and synthesized metal—organic frameworks
(MOFs) that are built from 3-dimensional linkers (3DLs), i.e. linkers with sterically bulky, symmetrical
cores. The bulkiness of the linker can further confine the pore to targeted sizes; further, it mitigates or
even eliminates flexibility that results from phase transitions. These phase transitions are common in
many MOF structures and can be instigated by changes in temperature and pressure or adsorption of
guest molecules. Additionally, because linkers are subject to rotational motion, the symmetrical nature
of 3DLs ensures near uniform protrusion, preventing variations in pore size from rotating linkers.
Specifically, we synthesized eight new MOF structures and demonstrated their selectivity toward
separation hexane isomers and xylene isomers.

e Water separation from air, followed by concentration in liquid form, and then release of the captured
water is a compelling problem from the perspective of obtainable potable water in low-humidity
environments. Water capture and concentration is also important, however, for catalytic hydrolysis of
vapor-phase reactants. Further, it can be important for enhancing the adsorptive separation of selected
molecules from air — molecules such as CO- (i.e. carbon capture) and ammonia. It can also facilitate
transport of molecular guests through porous frameworks. Finally, sorptive vapor capture and release,
especially for water with its anomalously high heat capacity, can be exploited for cooling. Repetitive
use of frameworks as sorbents brings to light a chemical conundrum: Frameworks featuring micropores
or ultra-micropores can be cycled indefinitely, but are characterized by low gravimetric and, especially,
volumetric capacity. Frameworks featuring mesopores typically display much higher capacities, but
they are susceptible to capillary-force-induced, pore collapse during water removal. Irreversible pore
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collapse, in turn, decimates capacity for subsequent cycles. An ideal scenario would be one in which
high initial capacity could be obtained, pore collapse could be arrested, and the mesoporous sorbent
could be recycled indefinitely.
We developed and experimentally validated a collection of strategies for simultaneously satisfying
the seemingly conflicting requirements of high capacity and high stability toward repetitive cycling.
Further, we showed that the concept of nanocavitation could be exploited both to explain stability
and predictively identify candidate structures or modifications for stable, high-capacity, repetitive
capture and release of water.
t

We intuitively posited and
experimentally ~ demonstrated  that
systematic  tuning of  framework
polarizability could be used to alter
selectivity for sorptive separation of
polarizable Xe from less polarizable Kr.
These two gases are of particular interest
to DOE because they are known products
of (i.e. markers for) nuclear fission.
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The recovery and separation of the rare earth elements (REESs) in a sustainable manner, both economically
and environmentally, represents a significant technological problem. The scope of this collaborative
project is to develop a novel approach to existing extraction behaviors. Specifically, our team’s approach
focuses on developing a class of electrodialysis membranes with ion-gating functionality for selective
extraction of early lanthanides via molecular recognition in tandem with a conventional electrodialysis
strategy. Our strategy will enable an entirely new technological approach to the separation of valuable
REEs. Additionally, incorporation of sequestrants on membranes and their applications in low-
temperature, aqueous-based systems render the approach to be more chemical- and energy-efficient than
many existing technologies.

Recent Progress.

Our team has demonstrated that surface deposition of ion sequestrants is a versatile approach for
improving membrane selectivity. Many I N

separation processes including harvesting

critical minerals from nonconventional membrane
sources often requires extraction of low-
level target ions from matrices of
background ions at dominant
concentrations. In our first proof-of-concept
study, we evaluated the selective extraction
of Ba?*and Mg?* from synthetic brine
solutions. Using a commercially available
cation-exchange membrane as a baseline,
we functionalized the membrane with crown ether or calixarene host molecules (Figure 1). Compared to
the unmodified membrane, the crown ether- and calixarene-modified membranes showed increased
selectivity for Ba?* and Mg?* with respect to the dominant ion (Na*) by up to fourfold.
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Figure 1. Depiction of CEED with physisorbed modified crown-ether
shown as an example.

Once sequestrants are installed on the membrane, there is a subtle balance between strong ion binding and
transport in CEED. Sequestrants that bind the strongest in a bulk solution do not necessarily equate to the
best overall performance on the membrane surface. Moreover, during electrodialysis, parameters
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including current density, REE to background ion ratio, and pH can be systematically varied and will
impact ion mobility and ion transport selectivity. Recently, we assessed the binding specificity of
sequestrant molecules for REEs (Dy and Nd) and background ion (Na) with extraction studies. Crown
ethers and calixarenes of various cavity size were screened in bulk solution, and Dy and Nd were
preferentially extracted relative to Na. We observed that the pH of the solution influences ion binding
efficiency strongly. A sharp increase in REE sequestration was attained as pH increases above 6,
outcompeting background ions such as Na.

Future Plans.

Our next steps include synthesizing ion-specific sequestrants, conducting solution extraction experiments,
modifying commercial electrodialysis membranes with the sequestrants, and conducting bench-scale
CEED tests.
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lower temperatures, e.g., below
~ 400 °C. This work combines materials data mining, physics-informed descriptors, high-throughput ab
initio calculations, and detailed experiments to discover and understand totally new classes of oxide
materials promising for reduced temperature applications. Using these approaches, we were successful in
discovering and validating outstanding oxygen conduction performance in multiple new families of
interstitial and vacancy conducting materials, as described more below.
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First, oxygen interstitial-mediated conductors have the potential to realize outstanding performance but
have received far less attention than vacancy-mediated conductors. Multiple new families of high-
performing interstitial conductors were found which adopt completely different structures from known
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Figure 2. (a) Arrhenius plot of oxygen ion self-diffusivity D* in LBC, LBC with 2.8% extrinsic oxygen

oxygen conductors.
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Figure 3. (a) X-ray powder diffraction data of the synthesized LaBi,O,Cl powder fitted to
the monoclinic phase, and the sintered LaBi,O,Cl pellet fitted to the tetragonal phase. (b)
FESEM image of the LaBi,O,Cl pellet surface. (c) The predicted ionic conductivity and
experimental total conductivity in intrinsic LaBi,O4Cl, Sr-doped LaBi,O,Cl from this work
compared with the state-of-art fast oxygen conductors. (d) The predicted ionic conductivity
from AIMD simulation compared with experimental conductivity.

temperature of known materials
(see Figure 1). From investigating
the newly discovered and
previously known oxygen
interstitial conductors, we
proposed that the essential
features for forming an effective
interstitial oxygen conductor are
the availability of electrons and
structural  flexibility enabling
sufficient  accessible  volume.
Overall, this work provides a

powerful approach for
discovering and understanding
new interstitial oxygen
conductors.

Second, employing a structure-
similarity analysis of >60k
oxygen-containing  compounds,

we identified the MBi.0.X (M=rare-earth, X=halogen) structure as an ultra-fast oxygen vacancy conductor,
which adopts a triple-fluorite layered structure. Ab initio simulations of the representative material
LaBi,04Cl (LBC) reveal migration barriers of 0.1-0.8 eV, depending on the mediating defect (see Figure
2). Experimental results demonstrate that LBC and Sr-doped LBC have comparable or higher oxygen
conductivity than commonly used solid-state oxygen electrolyte materials at temperatures of < 400 °C, but
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lower than the theoretical predictions (see Figure 3). We believe realizing the exceptional predicted high
oxygen conductivity of LBC resides in creation of extrinsic oxygen vacancies (e.g., through aliovalent
doping) and through microstructural engineering (e.g., through grain size refinement).
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Research Project Scope.

The research objective is to explore how the combination of "strong" interactions at the ligand-metal
binding site and "weak" interactions in the outer coordination sphere can be exploited for the targeted
separation of adjacent lanthanides. Aim 1 investigates the donor atom-metal ion interactions within the
first coordination sphere to uncover ligand design principles and structural descriptors that influence
selectivity across the trivalent lanthanide series. Aim 2 focuses on the role of water and its interactions in
both the inner and outer coordination spheres of lanthanide complexes. Aim 3 designs stimuli-responsive
lanthanide separation systems utilizing electrochemically active ligands.

Recent Progress.

This project delves into the intricate chemistries required for the selective separation of critical materials
by manipulating both local and extended chemical environments. The challenge of separating lanthanides
into individual elements stems from their similar chemical and physical properties. While existing organic
compound libraries can distinguish between heavier and lighter lanthanides, they often fall short in
selectively separating adjacent elements within the series.

Our recent work focuses on novel organic ligands with varying degrees of preorganization and their
effects on lanthanide separation.! The structural rigidity of the bis-lactam-1,10-phenanthroline (BLPhen)
ligand enforces size-based selectivity, showing exceptional affinity for lanthanides with larger ionic radii,
such as La. Modifying the ligand by removing one preorganization element (BLBPY) results in fast
complexation with light lanthanides, with peak selectivity shifting toward middle lanthanides (Sm) over
time, enabling time-resolved separation. At low nitric acid concentrations, the neutral tetradentate ligand
complexes with Ln®" ions, while at higher concentrations, the extraction mechanism changes, leading to
the formation and preferential extraction of anionic heavy lanthanide species, [Ln(NOs)x+3]*", which self-
assemble with two protonated ligands to form intricate supramolecular architectures. Removing two
preorganizing elements in the bis-lactam-1,10-phenanthroline ligand (DAPhen) maintains its size-based
selectivity across the lanthanide series but reduces its affinity for lanthanides by 50%. These insights will
help guide the design of novel separation systems for targeted lanthanide recognition.

Our team also conducted the first fundamental investigation of promethium (Pm), the rarest lanthanide,
uniquely produced by Oak Ridge National Laboratory's isotope program.? Using a combination of
synthetic efforts, X-ray absorption spectroscopy, and ab initio MD simulations, we characterized the
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complexation of Pm by diglycolamide. This study provided the first experimental opportunity to
investigate the effect of lanthanide contraction across the entire Ln series, revealing structural and
electronic features beyond the simple change in ionic radii of Ln** ions.
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Research Project Scope.

To overcome marginal separations performance in current liquid-liquid extractants, we are striving to
understand how to harness the properties of the organic solution itself to significantly enhance metal ion
separations. Instead of focusing on the metal-ligand bonds of the extracted rare earth complexes, we are
pursuing a novel separations principle for rare earth elements wherein altering the properties of the
organic solution by introducing phase modifiers improves the separations selectivity by tuning the
thermodynamic selectivity for particular rare earth ions through solute-solvent interactions in the outer
coordination spheres of the extracted complexes in the bulk organic phase, or by shifting the balance of
the metal ion phase transfer kinetics at the aqueous/organic interface.

Recent Progress.

A comprehensive understanding of the effect of phase modifiers on metal ion selectivity in solvent
extraction requires measurements across a wide range of solution compositions, such as the identity and
total concentration of the acid, phase modifier, diluent and metal ion. To achieve the degree of data
collection required we have used the Los Alamos SuperSeparator to collect thousands of distribution
ratios in lanthanide-tetraoctyldiglycolamide (TODGA\) extraction system. These results are being
analyzed by burgeoning machine learning
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diamide extractant. Despite the expected stronger metal-extractant interactions in this system, the
presence of the tributyl phosphate phase modifier alters the lanthanide coordination environment.

The kinetics of neodymium(I11) extraction by TODGA have also been investigated to understand how
phase modifiers affect the actual partitioning of rare earth ions. Using operando optical spectroscopy in a
highly stirred cell, the rapid phase transfer reactions of the rare earth ions are easily followed, even
though the reaction can reach equilibrium in 10 seconds or less (Figure 1). In the absence of the phase
modifiers, we find that the rate of the phase transfer reaction is controlled by slow absorption and
desorption reactions at the interface, the core M(TODGA)3(NOs)s complex is formed by the time the
metal migrates from the interface into the bulk organic phase, and additional extractant or nitric acid
molecules bind in the outer sphere after detachment. Contrary to our initial hypothesis that metal
interactions with organized interfacial structures are rate limiting species at the interface for the forward
reaction, in the absence of phase modifier the primary favorable contribution to the rare earth extraction is
the complete dissociation of the metal-TODGA-nitrate-nitric acid assembly, and this is the kinetic feature
that should be exploited to generate selectivity. When phase modifier is added to the system, the position
of the rate determining step or the overall mechanism changes for even a few volume percent of 1- or 2-
octanol. However, increasing the phase modifier the more branched 3-octanol has no significant effect on
the phase transfer rate or the mechanism.

Future Plans.

While some of our initial hypotheses have been demonstrated and others have been shown to be incorrect,
key areas for our future work include:

o Computational modelling of interactions between the phase modifier and extracted complexes in the
bulk phase.

e Gaining a systematic understanding of the effect of alcohol phase modifiers on the equilibria driving
the extraction and separations.

e Optical spectroscopy of the interfacial complexes to validate or alter proposed reaction mechanisms
and help us understand the effect of phase modifiers on the extraction kinetics.

o Linking observed kinetic behavior to computational models of interfacial metal-extractant
interactions.
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Achieving efficient and selective critical material separations
from liquid feedstocks such as produced waters, geothermal
brines, and leachates is a grand scientific challenge essential
to enabling the transition to a clean energy economy and
ensuring national security. Spatially confining environments
are one promising approach to accomplishing such
separations. Our studies employ well-defined graphene oxide
(GO) laminates with nanoscale functionalized interlayer
transport channels. Knowledge gaps remain in the
fundamental understanding of how the size, charge, surface
functionality, and hydrophobicity of nanoconfined transport
channels influence the selective adsorption/desorption,
transport, and sieving of solvated metal cations and the flux
of water molecules. Our work aims to understand how
differences in the interactions of solvated metal ions and
water molecules with confined functionalized interfaces may
be exploited to promote the atom- and energy-efficient
extraction of critical minerals and pollutants from widely
available domestic liquid feedstocks.

Recent Progress.

One challenge to using laminate membranes in separations is
understanding how different surface functional groups
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Figure 1. Controlled oxygen functionality of GO
membranes. The introduction and removal of
different oxygen functional groups from GO
surfaces modulate the selective adsorption and
transport of metal ions through nanoconfined
transport channels and increase the overall flux of
water molecules for scalable separations.

influence the adsorption of solvated ions. We hypothesized that the reversible binding of aqueous metal
ions on GO laminates may be achieved through surface functionalization with carboxylic acid groups. We
tested this hypothesis by increasing the surface coverage of carboxylic acid groups on GO using

hydrothermal synthesis methods. lon adsorption and p
characterization and theoretical modeling revealed the reversibl

ermeation experiments combined with
e adsorption and desorption of lead cations

at low and high pH values, respectively. These findings demonstrate a scalable approach to synthesizing

adsorption media that may be regenerated through a simple pH ¢
channels in GO membranes, achieving a sufficient flux of water
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challenging. We hypothesized that functionalizing the basal planes of GO with hydrophobic ionic liquid
molecules may increase the flux of water through membranes. To test this hypothesis, we covalently
anchored imidazolium-based ionic liquids to the surface epoxide groups of GO. lon permeation experiments
revealed a substantially increased water flux without sacrificing selectivity between different metal ions.
Until recently, the primary mechanism of ion separation in GO membranes was proposed to be size-
selective sieving. We hypothesized that a different mechanism involving the adsorption and desorption of
different ions at surface oxygen sites may underlie selective ion permeation rates. To test this hypothesis,
we selectively removed hydroxyl groups from the basal planes of GO using ultraviolet radiation. This
scalable modification approach enhanced the interactions of metal cations with functional groups located
at the edges of GO, resulting in a lower transport rate of smaller monovalent ions than larger divalent
cations. Our findings inform the design of nanoconfined media that may be used for selectively recovering
critical minerals and pollutants from abundant domestic feedstocks.

Future Plans.

Future work will develop the understanding needed to improve the selectivity of GO membranes by
controlling their oxygen functionality through photoreduction at different pH values and modulating their
interlayer spacing using boronic acid linker molecules.
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Charged polymer membranes play a crucial role in various ion separation processes, such as
electrodialysis and diffusion dialysis, as well as in energy generation systems like reverse electrodialysis,
electrolysis, and fuel cells. Enhancing membrane selectivity and throughput can significantly improve the
efficiency of these technologies and support emerging environmental and energy applications, including
redox flow batteries, microbial fuel cells, ion-exchange membrane bioreactors, and electrochemical CO,
reduction. Achieving this requires a deeper understanding of how polymer structure influences transport
properties, which would accelerate the design of new membranes with tailored functionalities. The
primary objective of the proposed research is to develop a fundamental understanding of ion transport in
highly charged polymer membranes that feature subnanometer free volume elements.

Recent Progress.

This presentation will highlight our recent work on understanding specific ion effects (SIES) on ion
diffusion in highly charged polymer membranes. To advance this understanding, we synthesized
homogeneous ion-exchange membranes (IEMs) and measured the diffusion coefficients and activation
energies of diffusion of 15 different counter-ions in the membranes. These experimental findings were
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Figure 1. a) Difference in experimental activation energy of diffusion between the membrane and solution, AEF*~5, plotted vs.
the strength of interactions between the fixed charges and mobile ions in the MD simulations, AGF*%2™¢. b) AG*2™ plotted
vs. the tabulated ion softness, o.



complemented by atomistic molecular dynamics (MD) simulations using a subset of 11 counter-ions. The
results reveal highly ion-specific diffusion behaviors, with ion transport properties in the membranes
diverging from those in agueous solutions to varying degrees, depending on the counter-ion identity. Our
findings suggest that solvent-mediated interactions between ions and fixed charge groups are the primary
drivers of SIEs in these IEMSs. The increased energy barrier for diffusion within the IEM, experienced by
each ion, strongly correlates with the free energies of interaction between fixed charge groups and mobile
counter-ions as determined from the simulations (Figure 1a). These interaction energies also correlate
with ion softness (Figure 1b), which is often used to predict ion/fixed charge group interactions based on
Pearson’s Hard/Soft Acid/Base (HSAB) theory. The HSAB mechanism, characterized by electrostatic
interactions driven by ion/water coordination, aligns with the cooperative hydration observed in the
simulations.

Other recent progress on this project includes several key developments. We published a comprehensive
review article on analytical models for equilibrium ion partitioning and diffusion in charged polymer
membranes.® Additionally, we explored the fundamental ion transport properties of adsorptive
membranes, which consist of a continuous charged polymer matrix with embedded highly selective
adsorbents.® Our findings revealed that interfacial interactions between the polymer and adsorbent
particles significantly affect the ion transport properties of these membranes. We also published a detailed
guide on accurately measuring the ionic conductivity of charged polymer membranes, addressing a topic
that has been widely debated in recent literature.* Furthermore, we conducted an extensive analysis of
approximately 1,000 recently reported charged polymer membranes, which showed that existing
membranes fall within a narrow range of charge densities, limiting their performance and contributing to
the observed trade-off between ion conductivity and selectivity.® Building on this, we developed an
analytical model that predicts the ionic conductivity/selectivity trade-off and the upper bound line in
charged polymer membranes.! Notably, the model suggests that increasing membrane charge densities
could significantly enhance performance and shift the trade-off boundary.

Future Plans.

As part of this project, we have discovered synthetic strategies for membranes with unprecedented charge
densities. Future work will focus on developing these synthetic strategies further and investigating the ion
transport properties of these unique systems.
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Research Project Scope. We are developing a macromolecular selection platform focused on lanthanide
ion separations as a model system. Lanthanides (Ln: La-Lu), scandium, and yttrium are rare earth (RE)
metals crucial to industries like technology, renewable energy, and medicine. Polymers are ideal for
separations due to their multifunctional nanoscale environment and scalability. Our research aims to
uncover the fundamental polymer properties needed for selective RE ion coordination and create a scalable
material design platform for chemical separations. This platform connects polymer sequence (composition,
monomer distribution, architecture) to structure (local, analogous to protein secondary structure, and global,
analogous to tertiary and quaternary structure) to function through both systematic studies and machine
learning workflows.

Recent Progress.

Leveraging protein-mimetic structure for functional materials. Engineering each facet of protein-
mimetic hierarchical structure into synthetic copolymers enables a unigue opportunity to develop
scalable, functional materials that begin to approach the affinity and selectivity of natural proteins.
Towards this, we designed a bioinspired di(phenylalanine) (FF) moiety that engenders local, secondary-
like structure and global, tertiary-like structure within amphiphilic copolymers (J. Am. Chem. Soc., 2021,
143, 13228; Fig. 1a). We qualitatively elucidated the role of hydrogen bonding, aromatic interactions,
and hydrophobicity on both the local and global structure through synthesizing copolymers containing
analogous monomers. Monomers containing a single phenylalanine- and alanine-phenylalanine- were
synthesized, revealing B-sheet-like interactions unique to FF. In collaboration with Drs. Laura Stingaciu
and Changwoo Do (Oak Ridge National Laboratory), we performed neutron spin echo spectroscopy (ACS
Macro. Lett., 2024, 13, 889) to quantitatively probe the impact of each interaction on polymer dynamics.
Copolymers containing FF as the hydrophobic moiety demonstrated increased internal friction (i.e., local
rigidity) as compared to copolymers containing the single phenylalanine monomer and commercial N-
benzylacrylamide, highlighting the significance of non-covalent interactions to tune polymer structure and
dynamics.

In an inaugural effort to identify connections between sequence parameters, hierarchical structure, and
function we have identified how the arrangement of FF within the polymer primary sequence impacts
local structure and binding affinity/selectivity to target rare earth ions (J. Am. Chem. Soc., 2024, 146.
8607; Fig. 1b). A series of compositionally identical copolymers were synthesized, and kinetic Monte
Carlo simulations were used to visualize and quantify overlap between the unique polymer ensembles
using CopolymerSequenceGeneration (available Knight Group GitHub). Single-chain collapse and the
distribution of single- and multichain assemblies were both impacted by multiple sequence descriptors,
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temperature protocols and polymer composition can be orthogonally tuned to selectively precipitate with
target ions bound. Nonequilibrium dynamics are intrinsic to many biological and synthetic materials, but
due to the variety of confounding variables, they are challenging to understand and subsequently exploit.
In collaboration with Allie Obermeyer (Columbia University), an expert in biomolecular condensates, we
demonstrated that hysteresis is not solely determined by a polymer’s cloud point, and that features of the
temperature protocol (ramp rate and minimum/maximum temperatures) impact both the overall intensity
of hysteresis and whether the hysteresis is maintained over multiple heat-cool cycles. Recent work has
demonstrated that these principles can be applied to the design of copolymers that extract lanthanide ions
from solution, with both hydrophobicity and sequence control tuning the binding affinity (ChemRxiv, 2024,
DOI: 10.26434/chemrxiv-2024-w6ckv). Further, characterization of solution-phase conformations before
and after metal-binding supports a binding-then-assembly mechanism for the metal extraction process.

High-throughput platform development to reveal essential design principles. To engineer materials that
can effectively address emerging challenges, connections between macromolecular composition, structure,
and the desired properties must be established. With a vast array of macromolecule structures at our
disposal, this task is daunting with iterative design. The incorporation of machine learning strategies is
rapidly enhancing our ability to derive essential design principles, particularly within expansive design
spaces (described in our perspective, ACS Polym. Au, 2023, 3, 406). However, to effectively harness the
potential of these algorithms, it is imperative to develop high-throughput workflows that can generate the
requisite datasets.

Our initial efforts in this area were coupled to the investigations of copolymer catalysts ((J. Am. Chem. Soc.,
2023, 145, 9686 and J. Am. Chem. Soc., 2024, 146. 17404). Using multivariate linear regression, we
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uncovered complex correlations, such as the relationship between polymer composition and reaction
temperature in an initial study. We have extended this analysis in recent work, harnessing diverse chemical
featurization strategies (e.g., DFT calculations and chemical connectivity metrics) to capture differences
within a selected substrate scope. While these efforts yielded promising results, the sequential synthesis of
polymers remains a bottleneck in the workflow. Hence, multiple of our ongoing endeavors are dedicated to
platforms capable of simultaneously screening thousands to hundreds of thousands of molecules for
structural or functional attributes.
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ResgoalloPiijevoScigte.create broadly applicable
design rules for metal oxocluster-based separations
that can be translated to separating any chemically
similar metal cations. Towards this end, we are
investigating and demonstrating the broad utility of
oxocluster-based separations in two critical
separation scenarios: 1) separation of any two or
more rare earth elements, and 2) separation of
precious metals Pd/Pt?* and Au®*. In addition to
these systems, we are also developing Zr/Hf cluster
chemistry as a model system for cluster-based
separations more broadly. Towards this end, we
have sought to define aqueous conditions that lead ~ Figure 1. Overview of our approach to developing metal-oxo
to differentiating cluster topologies for different ~ Cluster basedseparations.

but similar metals, elucidate oxocluster properties

that enhance separations, understand the role that counterions play in cluster assembly and separations, and
invoke speciation changes to differentiate metals at the interface via ligand exchange or aggregation
processes.

Recent Progress.

Towards our overarching goal, we have examined the aqueous and nonaqueous assembly and speciation
of lanthanide, precious metal, and zirconium/hafnium clusters.

1. Rare Earth Element Cluster Chemistry. A survey of the Cambridge Structural Database suggests that
lanthanide ions may exhibit differentiating cluster chemistry that arises from subtle differences in metal ion
hydrolysis and condensation behavior. However, these data are notably biased towards the solid-state and
thus our efforts have focused on examining the solution and solid-state speciation of homo- and
heterometallic lanthanide complexes and oxoclusters in different ligand systems, including B-diketonates
and nitrate. For the B-diketonates, we found that the early lanthanides precipitated as dinuclear, ligand
bridged complexes while the later lanthanides yielded no solid-state products under identical synthetic
conditions. We further probed these differences using solution-based techniques (i.e. nanospray
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electrospray ionization mass spectrometry) and found that despite apparent differences in the solid-state,
the solution speciation of the early and later lanthanides was similar. We attempted to leverage differences
in solubility in a crystallization-based separation; however, ESI-MS data suggests that both homometal and
heterometal complexes are present in solution and thus limit separations. In agueous nitrate ligand systems,
we focused on the assembly and isolation of homo- and heterometal hexameric clusters. We found that
clusters prepared from mixed metal solutions showed a preference for the heavier lanthanide ion; however,
these systems suffered from low yield. To address the yield, we prepared the hexamer via bulk electrolysis
and examined solution speciation both pre- and post-electrolysis using small angle X-ray scattering. These
data showed that the hexamer accounted for roughly 1% of the solution species. Taken together, these data
provide important insight into the solution stability of different cluster topologies and considerations for
developing lanthanide oxocluster based separations.

2. Hf/Zr Separations. We have examined Hf/Zr oxo cluster chemistry as a model for developing general
guidelines for cluster-based separations. Using O-17 solid-state NMR, we confirmed that Hf/Zr form mixed
metal compositions of [OM4(OH)s(SCN)12]*, and that the Hf-analogue exhibits lower solubility that can be
harnessed for separation. Carbon-13 NMR of [OM4(OH)s(SCN)1.]* collected across a variety of solution
conditions was used to determine ligand exchange rates, and thereby differentiate Zr-SCN and Hf-SCN
ligation; however, fast ligand exchange rates complicated these studies. We thus turned to Raman
spectroscopy and were able to measure bound versus unbound thiocyanate for dissolved
[OZr4(OH)s(SCN)12]* and [OHf4(OH)s(SCN)12]*. These showed that the Hf-analogue consistently exhibits
more bound thiocyanate in equilibrium with unbound thiocyanate, in comparison to the Zr-analogue. This
could indicate that 1) the poorer solubility of [OHf4s(OH)s(SCN)12]* (as well as favored solvent extraction)
is derived from the greater stability of the Hf-SCN bond and/or 2) a difference in the speciation equilibrium
of Zr and Hf between [M4(OH)s(H20)16]% (speciation in the absence of structure-directing ligands) and
[OM4(OH)s(SCN)12]* (speciation in the presence of structure-directing SCN- ligands) exists which could
explain selective precipitation due to the large differences in aqueous solubility between these two
competing species. We are currently attempting to show this by computation and identify a descriptor that
explains the underlying differentiating properties of Zr/Hf'V, leading to the observed behavior. Although
most of the studies on precipitation-based separation of [OM4(OH)s(SCN)12]* (M=Hf, Zr), as well as the
characterization of mixed-metal clusters, was executed with tetramethylammonium countercations (TMA),
we are seeking a more industrially friendly cation. We have found that choline works very well for this
purpose.

3. PGE Separations. Towards platinum group element separations, we have developed palladium cluster
chemistry. We synthesized and characterized a phenylphosphonate-capped Pdis-type cluster that is rare
earth (REE) templated. Furthermore, we isolated a catalogue of nano star-shaped palladium clusters
containing Yttrium and REEs (REE = La, Ce, Nd, Sm, Eu, Gd) [X"'O10Pd1s (PhPO3)10]”, and for Yb
crystallized (Ybh"'OsPd:2(PhPOs)s). The variation in topology of the Yb templated cluster can be attributed
to its smaller ionic radius compared to the other REEs. We used P-31 NMR, SAXS and ESI-MS to
understand solution speciation behavior and its correlation with crystallization. We examined the
countercations’ role in palladium based oxo cluster (known as Polyoxopalladate, POP) assembly,
crystallization, and solvent extraction as an initial step. We further described the role of capping agents (R,
phenylarsonic acid, PhAs and phenylphosphonic acid PhP) and host-guest chemistry of [XOgPd12Rs] (Guest
X =Y, Gd, Cu, Zn) in the crystallization and extraction of different POP topologies. In the first step, Li,
Na, K, Rb, and Cs counter-ions extracted Pdiz POP (cube-shaped), with K being the most efficient.
Meanwhile, phenylarsonate-capped POP resulted in the crystallization of cube-shaped POP
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[XOsPdi12(CsHsAsO4)s]*, which extracts more effectively than the phenylphosphonate-capped crystalized
star-shaped POP [X"' O10Pd:5 (CeHsPOs)10]".
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Reducing energy intensity and CO- footprints of important large-scale separations involving natural gas,
olefin-paraffin streams, and hydrogen from various other gaseous components can be done using carbon
molecular sieve (CMS) membranes. Such membranes have superior transport, mechanical and
processability advantages over other molecular sieving materials for these large-scale processes. We
focus on fundamental understanding using a hypothesis-driven path to significantly advance the state-of-
the-art in CMS membranes, an approach that aligns with BES core values. We use fundamental pressure,
composition, and temperature measurements of membrane transport properties to estimate
thermodynamic factors (sorption enthalpies) and kinetic factors (activation energies and entropies for
diffusion). These specialized studies are complemented by thermal analysis, microscopy, and
spectroscopy. Our specialized techniques to study the CMS membranes, combined with classical
materials science characterization methods, ensure the insights gained through program supported
research will continue to advance the broader materials and core separations communities.

Recent Progress.

In our previous work, we expanded upon the

fundamental understanding of structure-property O Langt docasin vatls)

relationships for polyimide derived CMS by

establishing an integrated self-consistent

framework relating CMS morphology to direct
measurements of gas sorption and diffusion. During
pyrolysis, entangled polymer chains undergo
backbone scission and aromatization, forming

short, rigid carbon strands with different degrees of

subtle kinks. These strands are driven to organize _

. . Pore Size (A)

into well-packed plates analogous to liquid crystal Figure 1. Qualitative Pore Size Distributions (PSD) and

systems, and they further assemble into impact on different sized gases. The “tightened” PSD can be
microporous cellular structures. Due to kinetic achieved with straighter aromatic strands and higher
. . pyrolysis temperatures.

limitations, some of the aromatic strands are unable

to organize effectively, leaving an additional continuous network of chaotically arranged single strands.
Each of these two resulting environments displays unique sorption and diffusion characteristics that
contribute to overall CMS performance due to local equilibrium between the domains. The cellular
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structures, referred to as the “Langmuir” domain, enclose a significant quantity of micropore volume,
giving rise to a horizontally asymptotic contribution in CMS sorption isotherms for which the domain is
named. Narrow ultramicropores within the walls of Langmuir plates can effectively discriminate between
gas molecules based on size and shape, resulting in elevated diffusion selectivity. The “continuous”
domain of randomly dispersed strands comprises predominantly larger ultramicropores and obeys
Henry’s law for gas sorption. Wider spacing between aromatic strands in the Henry’s Law environment
allows for rapid gas diffusion, increasing the intrinsic productivity of CMS membranes. Our current
research has its foundation in this mathematically coherent and physically meaningful framework and
focuses on modifying aromatic strand structure to selectively tune gas transport and sorption properties
within the respective environments of CMS membranes.

The effects of structural modifications of aromatic strands can best be visualized through consideration of
hypothesized pore size distributions, with special emphasis on ultramicropore dimensions as shown in
Figure 1. Subtle differences in the kinetic diameters and shapes of relevant gas pairs can be leveraged to
fabricate CMS membranes with outstanding permselectivities. Each of the critical gas separation
processes mentioned previously benefits from a unique range of ultramicropore sizes. For example,
separating small, pseudo-cylindrical CO, molecules (kinetic diameter 3.3 A) from bulkier methane
molecules (kinetic diameter 3.8 A) is best achieved with a narrow distribution of small ultramicropores.
Our recent direct gas sorption measurements for CMS derived from the commercial polyimide
Matrimid® show that the combined effects of short, rigid aromatic strands and high final pyrolysis
temperatures (up to 900 °C) not only bolster diffusion selectivity but also promote thermodynamic
exclusion of methane from micropores in Langmuir domains (1). The resulting membranes have
unmatched permselectivity paired with high CO; permeability. We hypothesize that this highly desirable
combination of CO,/CHjs selectivity and CO, permeability results from the unique nature of aromatic
strands formed from Matrimid® polyimide. The dianhydride in Matrimid®, 3,3’-4,4’-benzophenone
tetracarboxylic dianhydride (BTDA), contains a weak benzophenone link that is more likely to break due
to the mechanical stress that occurs during pyrolysis (compared to other common dianhydride links such
as biphenyl and hexafluoroisopropylidene groups). This is envisioned to lead to shorter aromatic strands.
The diamine, 5(6)-amino-1-(4-aminophenyl)-1,3,3-trimethylindane (DAPI), consists of two isomeric
units, one of which is relatively straight while the other contains an abrupt kink. Together, the structures
of these monomers may lead to a mixture of straight and crooked aromatic strands which enrich the
Langmuir and continuous domains, respectively. Tighter ultramicropores between straight strands in the
Langmuir walls augment selectivity, while impeded packing of crooked strands in the continuous domain
grants higher permeability. To gain even more precise control over ultramicropore size distributions and
thus gas separation properties, we have undertaken the challenging process of separating the DAPI
isomers in order to synthesize BTDA-DAPI-derived CMS with modulated ratios of straight to crooked
DAPI units. We have recently succeeded in separating the two isomers and confirmed the result with
differential scanning calorimetry and plan to collect NMR spectra as well. Incorporating more of the
straight isomer is hypothesized to lead to narrower pore size distributions, which may be advantageous for
natural gas and hydrogen separations. Larger gas pairs, such as olefin-paraffin mixtures, will benefit from
higher productivity achieved with more crooked DAPI segments. By connecting precursor structure, CMS
morphology, and gas transport phenomenon, our work has continued to advance capabilities for
developing next-generation CMS membranes.

Future Plans.
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The specific example of BTDA-DAPI as a CMS precursor is one of several approaches we plan to pursue.
Analogous tuning of the dual-mode structures of polyimide-derived CMS membranes can be
accomplished for a wide variety of polymeric precursors, including those containing free-volume-
generating trifluoromethyl groups and cross-linkable moieties. In addition to pursuing further
understanding of the fundamental relationships between aromatic strand structure and dual-mode
morphology, we will continue to make advances in the processability of the materials studied here,
especially regarding fabrication of thin-skinned asymmetric CMS hollow-fiber membranes (2,3). By
combining fundamental knowledge with improvements in membrane manufacturing processes, we hope
to maximize the positive impacts of CMS membranes on energy and carbon efficient gas separations
worldwide.
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Electrochemical separations are poised to play an important role in securing critical minerals supply
chains, environmental remediation and nutrient recovery, organic acid collection from processed biomass,
and other applications involving carbon management, P————
hydrogen, and water purification. Because electrochemical S
separations are electrified, they can use renewable energy
sources to drive separations. Our team has pursued a multi-
faceted approach that combines advanced metrology with
molecular simulations and machine learning to advance the
science of electrochemical separations involving ion-
exchange membranes.

Machinel earning
Device

Optimization

Molecular

Recent Progress.

In one research thrust, we have used molecular simulations
and machine learning along with experimental data to : —

. L . . Figure 1. A schematic of our synergistic approach
understand ion-partitioning behavior of composite and non- .t combines experiment, molecular simulations,
composite ion-exchange membrane materials. The selective  and machine learning to electrochemical
removal of one ionic species over another in separations.
polyelectrolyte-based ion-exchange membranes is related to the product of the partitioning factor, a
thermodynamic property, and the ionic mobility ratio, a transport coefficient. The partitioning factor
relates to the activity coefficient of the different ionic species in the interfaced solution and membrane.
Activity coefficients are governed by the Gibbs excess free energy; however, activity coefficient models
are based on complex semi-empirical equations that capture long-range and short-range electrostatic and
van der Waals forces and is strongly impacted by the solvent/dielectric behavior of the environment. To
overcome to time-consuming nature in developing semi-empirical models and determining the viral
coefficients for different ions and ion-exchange membranes chemistries, our group has developed a
machine learning based alternative to accurately predicting the ion activity coefficient. Our framework
uses a relatively small experimental activity coefficient dataset along with polymer structure information
and molecular level attributes describing the solvation of ions and polymers from molecular dynamics
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data to predict the ion activity coefficient in polymeric ion-exchange membranes. We will present the
main considerations in the development of the machine model, the validation and the intrinsic properties
of the polymer electrolytes that were found to affect activity coefficients.

The second research thrust aims to advance selective ion separations using composite ion-exchange
membranes and new separation mechanism strategies in electrochemical platforms. The experimental
effort in this area has been complemented with molecular simulations to understand how metal oxide
particle additives in anion exchange membranes promote selective phosphate uptake from model
wastewater solutions. Furthermore, the combined strategy of experiments and molecular simulations have
revealed the molecular origins behind ‘pH inversion’ in forward bias bipolar membrane capacitive
deionization units. This unique in-situ pH adjustment strategy was exploited for selective lithium capture
from model geothermal brines while simultaneously producing lithium hydroxide upon lithium release.
Lithium hydroxide is the precursor of choice in battery electrode manufacturing.

Finally, we will present a machine learning framework that leverages ion-exchange material properties to
the performance attributes of electrochemical separations platforms. Overall, we have devised a
comprehensive machine learning scheme that takes molecular simulations information to predict
thermodynamic properties of ion-exchange membranes while also relating transport and thermodynamic
properties of membranes to electrochemical separations platform attributes.

Future Plans.

The final tasks for this project involve modifying the machine learning framework for selective ion
separations at the platform level with in-situ pH adjustment using bipolar membranes. This work also
includes a molecular modeling and machine learning effort to relate the chemistry attributes of bipolar
membranes to the activation barriers for water dissociation and water association.
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Deep eutectic solvents have emerged as a new class of designer solvents with interesting physicochemical
properties for separations, which arise due to their microscopic structure. Deep eutectic solvents are formed
by mixing and melting two solids into a liquid at room temperature. By selecting the components that make
up the deep eutectic solvent, it is possible to create one with built-in structures that look like either oil or
water, and thus can dissolve both molecules with strong and those with weak water affinity. This work links
the microscopic intricacies of the deep eutectic solvent to its separation properties through a combination
of theory and experiment.

Recent Progress.

The non-ionic deep eutectic solvent formed by lauric acid (LA)
and N-methylacetamide (NMA) has a complex liquid structure
with LA nanoscopic heterogeneities, which are directly observed
via X-ray scattering (SAXS). The discovery of such
heterogeneous domains has led to the possibility of employing the
NMA-LA DESs as polarity-based separation media for complex
mixtures. However, previous studies have indicated that the
ability of the non-polar LA to separate non-polar solutes is,
surprisingly, limited. Here, a characterization of the DES non-
polar domains using IR spectroscopy and molecular dynamics
simulations is presented. The simulation results show good
agreement with the experimental characterization of the system.
In particular, the MD simulation correctly describes not only
intermolecular interactions, such as hydrogen bonds, but also the X-ray spectrum, where a pre-peak in real
space of 20.2 A is observed. The MD simulations also demonstrate that the X-ray pre-peak is a consequence
of the formation of highly organized LA aggregates, as previously proposed. These LA aggregates are
tightly packed where the LA interacts in an interdigitated manner and does not allow the insertion of
solutes/probes into them. To investigate the dynamics of the aggregated LA domain, a vibrational probe is
used. Our results from 2DIR spectroscopic experiments show that the probe observes the heterogeneity of
the system through its long-time dynamics, which correlates with the trend of the pre-peak intensities in the
SAXS experiments. These computational and spectroscopic findings answer long-standing questions on the
structure of the system and the dynamics experienced by different non-polar probes, whose spectroscopic
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results could not be interpreted in terms of a molecular framework of ideal solutions. Finally, this newfound
understanding of the microscopic structures of the heterogeneous domains and how to predict their behavior
brings the possibility of tailoring these systems to better separations.

Future Plans.

Next steps will focus on understanding how to tailor the molecular heterogeneity in the DES.
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This project aims to overcome key scientific and technical barriers in the direct air capture (DAC) of CO2
using supported ionic liquid adsorbents (SILAs) and convert captured CO: into long-lasting and valuable
products, such as polyketones, without external hydrogen. The research focuses on designing supported
ionic liquid sorbents with precise thermodynamic control and developing highly dispersed single-
site/binuclear-site catalysts (SSCs) for CO: conversion using ethane as a hydrogen source. This work
contributes to the Separation Science Program by advancing CO: capture technologies and carbon
valorization processes to address climate change mitigation and circular carbon management.

Recent Progress.

We have demonstrated that composite sorbents with a thin film of superbase-derived ionic liquid (SIL) on
porous supports, such as metal-organic frameworks (MOFs), significantly improved dilute CO. adsorption
capacity and stability. By leveraging the confinement effect of the porous MOF substrate, we enhanced the
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interaction strength between the active anionic sites and CO.. Additionally, we successfully constructed the
first highly crystalline ionic pair-functionalized covalent organic frameworks (COFs) with strong CO:
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capture from air. The SIL active sites, combined with fluorinated alcoholate anions, enabled efficient
capture and low-temperature release.

On the catalytic front, we developed a novel "dry deposition™ strategy to fabricate an atomically synergistic
binuclear-site catalyst with Zn acidic and Cr redox sites (Zn®"-O-Cr** on SSZ-13). This catalyst achieved
~100% ethylene selectivity and near-complete CO. utilization during ethane-to-ethylene conversion,
representing a significant advance in CO: valorization.

Binuclear-site catalysts
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Zn and Cr for the conversions of
ethane and CO:z.

Highly dispersed Zn-Cr sites

CHg, €O, CO, activation __CC
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Future Plans.

Future work will focus on developing kinetic and thermodynamic models to simulate breakthrough
experiments of supported ionic liquids for CO: capture and performing classical molecular dynamics
simulations of IL sorbents confined in porous supports. Quantum mechanical calculations will be used to
study reactions between CO: and IL sorbents, simulating the influence of porous supports on CO:
chemisorption energetics. We will design next-generation DAC CO- adsorbents by optimizing anions and
leveraging substrate geometry effects to identify the ideal reaction enthalpy, balancing capacity and energy
consumption. Additionally, we plan to investigate the effect of moisture and analyze the structural assembly
of these next-generation sorbents to create hydrophobic surfaces with abundant CO--binding sites. On the
catalytic side, we will design new catalysts for the carbonylation of CO and ethylene into polyketones,
focusing on controlling polyketone quality. In parallel, we will explore high-entropy alloy (HEA) catalysts
for alkane and CO: co-conversion, studying how elemental composition and atomic structure affect
catalytic performance and uncovering fundamental reaction mechanisms.
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Research Project Scope.

Li-ion transport in liquid filled micropores plays a key role in membrane separation processes for lithium
extraction or recovery, and many energy storage devices including lithium-ion and lithium-metal batteries
for energy storage. There exists a gap in knowledge about the mechanism of lithium-ion transport through
the micropores of porous materials filled with liquid solvent or electrolyte. The goal of our research is to
understand if and how Li ions diffuse through the micropores and the role of the pore size, solvent, and
counter ion on the Li transport mechanism and rate in zeolite micropores. Both experimental and
computational work will be conducted to prove the hypothesize that Li diffuses fastest through zeolite
pores via structural transport, and thus that configurations which minimize solvation shell formation in
the pores, but are still energetically favorable to have lithium intercalate, will have the fastest diffusion.

Recent Progress.

Experimentally, we have concentrated on the synthesis and characterization of intermediate pore MFI
zeolite crystals and membranes. Both randomly oriented and b-oriented MFI zeolite membranes were
successfully synthesized on macroporous alumina and stainless-steel supports. Additionally, small pore
DDR zeolites were synthesized. These zeolite membranes and crystals will be used to investigate the
accessibility of solvents within the zeolite structures. We have also established the setups to study both
the solvent accessibility in zeolite pores and Li-ion conductivity in zeolite membranes. Preliminary
results indicate that our new setup effectively measures the uptake and rate of solvent transport into
zeolite crystals.

Initial computational efforts have focused on understanding the accessibility of solvents and Li salts
within zeolite pores. Specifically, we have been examining the interaction of LiCl and water with MFI
zeolites. Atomistic energies and forces were calculated from atomic geometries using a combination of
density functional theory (DFT), force fields (FF), and machine learning-enhanced force fields (ML-FF).
Grand Canonical Monte Carlo (GCMC) simulations were employed to determine solvent concentrations
in zeolite pores as a function of solvent chemical potential, which can be correlated with salt
concentration dependence in solution. Due to the complexities of applying the GCMC method to charged
species while maintaining charge neutrality, the calculations were performed with a constant number of
salt molecules, focusing the GCMC simulations on water molecules.
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Future Plans.

We will execute the experimental and computational work outlined for the first year of the project. This
includes Task 1: Understanding the accessibility of solvent and li salt in zeolitic pores. Additionally, since
both Ph.D. students joined the project earlier than expected, we anticipate accelerating progress and aim
to complete a portion of Task 2: Determining the diffusion rate and mechanism of Li-ion transport
through MFI in water and ethylene carbonate, within the coming year.
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Despite intense academic interest in two-dimensional covalent organic frameworks (2D COFs) and their
exciting potential to break the permeability-selectivity tradeoff, 2D COFs have not yet been successfully
developed for any large-scale separation applications. As shown in Figure 1, ideal predicted separation
performance, predicated by atomistic modeling, has not been demonstrated in commercial COF
membranes, primarily due to the poor long-range order found in most experimental samples, which
prevents the formation of functional, defect-free membranes. Until recently, few high-quality COFs had
been reported, with even fewer based upon robust chemical linkages and mild, rapid synthesis conditions,
each of which are necessary for their broad adoption in separation fields. To address these challenges and
provide more accurate transport mechanism of COF membranes, we propose to use large single crystal
COFs, recently synthesized under mild conditions for a short period of time by our team members, as
membrane materials for mass transfer mechanism study and their potential for membrane manufacturing
in large scale. This project involves two interacting activities that will advance the potential of 2D COFs
as separation materials. The project’s objectives are: 1) To identify the key drivers, via atomistic
modeling and direct experimental verification, that are responsible for single crystal, as opposed to
polycrystalline COF formation during the self-assembly (nucleation ripening) process. Understanding the
self-assembly step in synthesized COFs will accelerate new separation materials discovery and their
deployment in large scale engineering applications. 2) To add external forces into our atomistic model to
simulate external pressures used in experimental filtration processes, instead of only molecular diffusion.
3) To use critical mineral (CM) recovery as a case study, together with dyes of different sizes and
charges, to quantify the adsorption of the chosen COF platforms, which can be utilized for expedited
material discovery and process design for next generation, energy-efficient CM purification.

Recent Progress.

While the project is new, it is built upon past work in the Pl and co-PIs’ group. In this poster, we
highlight the common challenges in COF membrane separation, especially the discrepancies between

predicated COF performance and current modeling predications, including polycrystallinity of COFs,
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defects in COF membranes and role of adsorption.
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Figure 1. Mapping molecular interactions of covalent organic framework (COF) membrane from commercial TpPa-1 in
mixed solvents via atomistic modeling and experimental study.
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The goal of this early career project is to probe the fundamental limit of a new mechanism,
electrochemical intercalation, for rare earth elements (REES) separation from one another and to
understand REE coordination in confinement restricted by crystalline host materials. We hypothesize that
the rigidity of the lattice structure can amplify the energy penalty to unfavorable coordination
configurations, promoting collective behaviors among the same elements for separation. To approach this
goal, we will build model host systems, develop multimodal correlative characterization to resolve the
REE coordination, establish a feedback loop to tune the coordination environments and evaluate the
effect of different synthetic strategies on REE selectivity. We expect to pinpoint the material
characteristics governing REE selectivity and generalize these characteristics into design rules for
predictive RE separation.

Recent Progress.
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favors heavier Ln®", which shows a higher intercalation potential (Figure 1a). Inductively coupled plasma
mass spectrometry (ICP-MS) was used to measure the selectivity between neighboring pairs.

Structural Change — The structural change of the host material during deintercalation of Mg?* and
intercalation of La®*, Nd**, and Dy*®" were characterized using in situ synchrotron X-ray diffraction (XRD).
The starting Mgo 16MnO2-nH,0 showed a dominating signature interlayer spacing of 9.7A with the presence
of a weak peak with interlayer spacing of 7.2A. During deintercalation, the XRD at 9.7A first left shifted,
indicating an expansion of interlayer spacing, and started to diminish halfway through deintercalation with
a weak signal showing right shifting (Figure 1b). This indicates the crystallinity decrease along the [001]
direction without pillar ions. The final empty state still showed a weak peak with 7.2A interlayer spacing.
Starting from this empty host structure, La*, Nd**, and Dy*" showed very different structural responses
during intercalation. Dy** showed a strong crystalline peak approaching the end of the intercalation with
the interlayer spacing of ~9.2 A. In contrast, La®* and Nd®* did not show any recovery of the ordering of
the host along [001] direction (Figure 1c, d). During intercalation, all La®*", Nd**, and Dy*" are inserted in
between the MnO; layers in their hydrated ion forms. We hypothesize that the structural change difference
is due to the difference in the hydration level of inserted ions. Both the water amount and the speciation of
the ion (surface charge density) affect the structural ordering and, therefore, determine the position and
intensity of the (001) peaks. These structural differences can be utilized for the separation among Ln3*.

Coordination Change — X-ray absorption spectroscopy (XAS) was used to characterize the L3-edge of Dy
to resolve its coordination environment during electrochemical intercalation at four intermediate states. The
results show that as more Dy** are inserted in between the MnO; layers, the coordination numbers of Dy**
decrease.

Hydration Change — X-ray photoelectron spectroscopy (XPS) was used to characterize the persistent water
amount in the structure in vacuum. O1s was probed for samples with different inserted ions (Na*, Mg?*,
and La%*-Nd®*" mixture). The results showed that the total persistent water amount in the material depends
on the ion type. After electrochemical intercalation, the empty structure has an overall less persistent water
amount than the starting Mgo.16MnO.. It indicates the possibility that when Mg?* leaves the host structure,
it carries some amount of its hydration water. However, this result cannot rule out the possibility of water
entering the structure during Mg?* deintercalation, and if so, such water was loosely bonded to the host
framework and will evaporate in vacuum. Moreover, parallel samples with Dy** intercalation at different
filling ratios were characterized. The persistent water amounts show a clear increase from the filling ratio
of 50% to 100% of the theoretical capacity, which means a stronger water retention capability.

In parallel, we have developed scanning transmission electron microscopy (STEM) to characterize Ln** in
confinement with spatial resolution approaching atomic level. This is important to reveal ion-to-ion
distance, especially during competitions with more than one type of ion. We have also synthesized new
types of host materials to investigate 3D confined structures for cation separation. Using the same
characterization toolset, we have revealed the relationship between the inserted ion storage site and redox
species.

Future Plans.
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In our future work, we will design electrochemical methods to achieve active control and quantification of
the metastable state and hydration level of the host materials for the separation among lanthanide ions.
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Pressure-driven membrane processes typically enable simple and
low energy separation processes; however, it is well known that
these types of membrane units struggle to recover diluted
compounds from a complex feed mixture in an energy-efficient
way.! The root cause of this is the need to provide a driving force
for the dilute compound to permeate through the membrane. As
permeation is driven by chemical potential gradients across a
membrane, the dilute compound typically must exist in a state of
higher chemical potential in the feed relative to the permeate for
permeation to occur. Supplying this driving force is often
expensive: either very high feed pressures or deep permeate
vacuums are required, or an energy-intensive phase change
across the membrane (e.g., pervaporation) is needed. This fact is
usually listed as a ‘“‘showstopper” for the exploration or
application of membranes in this area of separations science.

Recent Progress.

We have recently found an unusual transport modality that may
address this long-standing showstopper. We have observed that
rigid carbon membrane materials preferentially permeate diluted
organics from an aqueous stream, resulting in significant
concentration factors (3-4x) of the organic in the permeate
relative to the feed.®> Surprisingly, detailed thermodynamic
calculations on the chemical potential of the organic contaminant
revealed that the organic species has a higher chemical potential
on the permeate side of the membrane than on the feed side of the
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Figure 1: Diagrams depicting driving forces for
membrane permeation. (top) Classical depiction of
membrane driving forces, highlighting permeation
of a molecule from a state of high chemical
potential to a state of low chemical potential (blue
line). (bottom) Observed driving forces in
sorpvection experiments. Here, water (solid blue)
permeates from a state of high chemical potential to
a state of low chemical potential while DMF
(dashed blue) permeates from a state of low

membrane (Fig. 1). This unusual observation challenges
conventional membrane transport theory that posits that all

chemical potential to a state of high chemical
potential.

permeating species move from high chemical potential states to lower chemical potential states. Recently,
we have also observed this phenomenon in bio-oil separations using polymeric membranes. In this case,
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we permeate through a glassy polytriazole membrane a model bio-oil feed containing water and methanol
as the concentrated compounds with guaiacol (a phenol) and glucose as dilute compounds. As with the
surprising DMF concentration in the carbon membranes, we observe that the diluted guaiacol is
concentrated in the membrane permeate, while the glucose is almost quantitatively rejected, thus achieving
an otherwise difficult chemical separation. Detailed thermodynamic calculations indicate that the guaiacol
is transporting through the membrane with no chemical potential gradient, again challenging conventional
membrane transport theory notions. Our experiments reveal that the guaiacol transport is closely linked to
the transport of methanol through the membrane, thus providing an initial clue at the separation mechanism
under which the membrane is operating.

With this enticing preliminary data, we hypothesize that dilute compounds can be preferentially
concentrated via pressure-driven membrane permeation via favorable binding interactions between the
compound and the membrane. The dilute compound is then swept through the membrane by coupling with
another permeating compound in a process known as “sorpvection”, originally discovered by Koros and
coworkers in 2005. We calculate that some of the driving force for the “sorpvecting agent” (the compound
that couples to the dilute constituent) is utilized to transport the dilute compound “uphill” against its
chemical potential gradient. Because of this coupling, the uphill chemical potential permeation of the dilute
compound does not result in second law violations.

114



Interrogating Selective Metal-Adsorbate Interactions in Metal-Organic Frameworks
Jeffrey R. Long,! Jeffrey A. Reimer,! Jeffrey B. Neaton,! Walter S. Drisdell?
tUniversity of California Berkeley, 2Lawrence Berkeley National Laboratory

Key Words: Bioinspired Recognition; Inorganic Chelation; Reactive Separations

DE-SC0019992 (UC Berkeley) and CH19DRI01 (LBNL): Interrogating Selective Metal-Adsorbate
Interactions in Metal-Organic Frameworks

PI: Jeffrey R. Long; co-Pl: Jeffrey A. Reimer, Jeffrey B. Neaton, Walter S. Drisdell
Research Project Scope.

Separations of commaodity chemicals in industry are carried out on a massive scale worldwide, accounting
for a substantial proportion of global CO, emissions. Metal—organic frameworks (MOFs) are a class of
solid adsorbents that have emerged as leading candidates for energy-efficient adsorption-based
separations that could supplement, or even replace, energy-intensive processes such as cryogenic
distillation. MOFs exhibit highly porous, robust structures, and their chemical tunability sets them apart
from other adsorbents, including zeolites and porous carbons. As a result of this tunability, MOFs can be
designed to feature gas binding sites specifically tailored for the targeted removal of certain gas molecules
from complex mixtures near ambient temperatures, based on a range of selectivity handles. The further
development and optimization of such next-generation adsorbents necessitates a rigorous understanding
of the local physical and electronic structures that promote gas
binding, and how these properties change upon guest uptake.
Our research uses advanced in situ characterization methods,
such as nuclear magnetic resonance, x-ray absorption
spectroscopies, and x-ray diffraction, that enable direct, real-
time characterization of selective metal-adsorbate binding
processes at the atomic level, with relevance to a number of
industrial gas separations.

Recent Progress.

A. High-temperature CO; capture in a porous material
with terminal zinc-hydride sites. Carbon capture is an

imperative strategy to mitigate point-source CO, emissions, but Nl h h{ hY Nl N
substantial hurdles still impede the widespread adoption of c) Me, O "
amine-based technologies. The capture of CO. at temperatures & b 0 Oy 0=O( conversion of
closer to those of many industrial flue streams (>200 °C) has ie\ > j‘{ > ethane to

N Y ethanol

attracted considerable interest, although candidate dense metal N

oxide absorbents that operate at these temperatures typically Figure 1. (upper) Structure of MFU-41 and a
exhibit sluggish CO; absorption kinetics and poor stability to portion of the inorganic cluster. (lower) Reaction
cycling. We discovered that a highly porous MOF featuring schemes illustrating (a) CO2 and (b) CO
terminal zinc-hydride sites (Figure 1a) reversibly chemisorbs ~ adsorption processes and ethane oxidation (c).
CO; at temperatures above 200 °C—conditions that are
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unprecedented for an intrinsically porous material. Gas adsorption, structural, spectroscopic, and
computational analyses were used to elucidate the rapid, reversible nature of this transformation at high
temperatures. Extended cycling and breakthrough analyses revealed that the material is capable of deep
CO, capture at low concentrations and high temperatures relevant to post-combustion CO; capture.

B. Cooperative binding of multiple gas molecules at a single framework metal site enabled by
reversible alkyl migration. Some of the most promising MOFs studied for gas separations feature
coordinatively unsaturated metal sites that can selectively bind guest molecules. In essentially all cases,
these sites can bind only a single guest molecule. However, there is significant interest in the development
of MOFs featuring metal sites that can bind two or more gases, as such materials would exhibit enhanced
volumetric and gravimetric capacities relative to those accessible with traditional frameworks. Recently,
we discovered that a framework featuring cobalt(I11)-methyl (Figure 1b) is capable of reversibly
coordinating two equivalents of CO at ambient temperatures and pressures. Spectroscopic
characterization and computations revealed that biding of the first equivalent of CO occurs concomitant
with a transition from a high- to a low-spin cobalt(l1) site, followed by methyl migration and
chemisorption of a second CO to yield a mono-acyl, mono-CO adduct. This mechanism is fully reversible
at ambient temperature, and the material is highly robust to extended CO adsorption—desorption cycling.
Multicomponent breakthrough analysis revealed that the framework has a high affinity for CO at low
partial pressures relevant to CO separations from alkene mixtures and syngas and is highly selective for
CO over other gases, such as ethylene. In addition to elucidating a new mechanism of gas binding in a
MOF, this work highlights new avenues for the design of frameworks capable of binding multiple gas
molecules at coordinatively unsaturated metal sites.

C. Reactive high-spin iron(1V)-oxo sites through dioxygen activation in a metal-organic framework
(ref. 5). The discovery of new catalysts for the selective oxygenation of light hydrocarbons using O2
remains a formidable challenge in the global effort to develop green technologies for the valorization of
natural gas components. Nature uses nonheme iron-containing enzymes and abundant dioxygen to
generate high-spin Fe(IV)=0 species for a variety of oxygenation reactions. One well-studied enzyme in
this class is taurine—a-ketoglutarate dioxygenase (TauD), which oxygenates one of the C—H bonds of
taurine alpha to the sulfonate group. Key to the reactivity of TauD and its family of dioxygenases is a
high-spin (S = 2) Fe(IV)=0 intermediate, which is formed following oxidation of Fe(ll) with O, coupled
with oxidation and decarboxylation of the a-ketoglutarate co-substrate. Although scientists have long
sought to mimic this reactivity, the enzyme-like activation of O, to form high-spin Fe(I\V)=0 species
remains an unrealized goal in synthetic chemistry. We prepared a framework featuring iron(ll) sites
coordinated by pyruvate, whose local structure is similar to that in a-ketoglutarate-dependent
dioxygenases (Figure 1c). The framework reacts with O, at low temperatures to form high-spin Fe(IV)=0
species, which are the first of their kind in a synthetic system and were rigorously characterized using in
situ infrared, in situ and variable-field Méssbauer, Fe K X-ray emission, and nuclear resonance
vibrational spectroscopies. In the presence of O, the framework is competent for catalytic oxygenation of
cyclohexane and the stoichiometric conversion of ethane to ethanol.

D. A ligand insertion mechanism for cooperative NH3 capture in metal-organic frameworks (ref. 6).
Ammonia is a critical chemical in agriculture and industry that is produced on a massive scale via the
Haber—Bosch process. The environmental impact of this process, which uses methane as a fuel and
feedstock for hydrogen, has motivated research into more sustainable routes to ammonia production.
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However, many strategies that use renewable H; are not compatible with existing methods for ammonia
production. It has been proposed that ammonia could be produced more efficiently by replacing the
condensation separation step with alternative technologies such as those involving solid absorbents.
Given their high surface areas and structural and chemical versatility, MOFs have also attracted interest
for ammonia separations. However, most MOFs bind ammonia irreversibly or degrade on exposure to this
corrosive gas. We discovered that a tunable copper-based framework reversibly binds ammonia via a
mechanism involving cooperative ammonia insertion into its metal—carboxylate bonds, which results in
the formation of a dense, one-dimensional coordination polymer. This unusual adsorption mechanism
provides considerable intrinsic thermal management and affords the material with large ammonia
capacities under conditions relevant to proposed alternative methods for renewable ammonia production.
Further, the threshold pressure for ammonia adsorption can be tuned by almost five orders of magnitude
through simple synthetic modifications. This work points to a broader strategy for the development of
energy-efficient adsorbents compatible with sustainable ammonia synthesis.
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Our objective is to understand the
key structural and energetic
variables of cooperative flexibility ol
in metal-organic frameworks that

influence selectivity and kinetics of
adsorption, and thus separations
from relevant mixtures. These
efforts will significantly advance
the  atomic- to  meso-scale - 5=y
understanding of  responsive pressure (bar) Time (miny © 10
cooperative flexibility in porous
adsorbents and construct a scientific
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Figure 1: We have previous observed that flexibility in metal-organic
. frameworks can give rise to unusual and high performing separation properties,
foundation that promotes the namely the inverse selective for propane over propylene. Our current work seeks
intuitive design and application of  to understanding why this is and how to further control flexibility to enhance

cooperative flexibility in the pursuit ~ performance.

of low-energy adsorptive

separations for societally critical separations, such as purification of commaodity chemicals, removal of
pollutants from the environment, and isolation of critical minerals and elements.

Recent Progress.

This project is initially motivated by results our group published in 2023 in which we report a cooperatively
flexible metal-organic framework, CdIF-13 (sod-Cd(benzimidazolate),), that exhibits record-setting
inverse selectivity for propane over propylene across a large range of mixture compositions.! We
determined that the adsorption-induced first order phase change in this material results in bespoke binding
pockets that enables in the observed selectivity. In parallel, we have worked to understand how subtle
compositional variations to the framework’s ligands, such as replacing a hydrogen for a fluorine atom,
influences the pressure at which an adsorbate, such as propane, induces the phase change responsible for
adsorption.? While we have observed that such modifications can dramatically alter the pressure at which
adsorption occurs for a single gas, these are single-component measurements done under equilibrium
conditions. Accordingly, our ongoing efforts are to probe how these modifications that affect single
component adsorption under equilibrium influence the kinetics of adsorption-induced phase changes and
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performance for separations. To do so, we are leveraging both transient adsorption measurements with a
gas adsorption analyzer and breakthrough measurements using a prototypical home-built instrument.
Measurements are being performed with a family of fully characterized derivatives of CdIF-13 containing
functionalized organic linkers. Through these efforts we will better understand the relationship between the
thermodynamics and kinetics of adsorption-induced phase changes and how they can be modulated to
enhance performance in separations.
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New chemical pathways for separating greenhouse gases such as carbon dioxide, methane, nitrous oxide,
and hydrofluorocarbons from emission streams are needed to address the looming climate crisis. We are
studying how to engineer new reactivity-based interactions for these gases inside of porous materials,
including metal-organic frameworks and carbons. This talk will focus on our efforts to achieve carbon
dioxide capture “beyond amines” using reactive hydroxide and tertiary amine N-oxide sites embedded
within materials. These materials exhibit improved oxidative and thermal stability compared to traditional
amines.

Recent Progress.

We have shown that hydroxide sites can be incorporated into metal-organic frameworks (MOFs),
specifically cationic frameworks based on cyclodextrin linkers, to facilitate post-combustion and direct air
capture of CO,. In addition, we have shown that electrochemical
charging enables incorporation of the same reactive sites into

inexpensive porous carbons, which can facilitate direct air \N

capture while exhibiting excellent oxidative stability. Last, we !

have found that the N-oxides of tertiary amines, one of the \"

oxidative degradation products naturally arising during carbon >

capture cycling, can bind carbon dioxide via bicarbonate ~ Lo

formation. These molecules are inexpensive, non-toxic, non- Figure. Carbon capture at hydroxide sites in
corrosive, and non-volatile, making them potential drop-in metal-organic frameworks.

replacements for amines. Beyond carbon dioxide capture, we have also shown that hydrofluorocarbons
such as fluoroform can be bound within MOFs through hydrogen- and halogen-bonding interactions and
studied nitrous oxide sorption in a range of redox-active materials.
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Research Project Scope.

The main focus of the proposed research is on harvesting “critical metals” from waste-streams using a
process we call agua-mining. Many of these metals are used as components in manufacturing of a range
of products and devices which are considered essential to US economy and national security. Our choice
of investigating aqua-mining for the purpose of extracting critical metals, while still at the lab-scale stage,
offers a new paradigm as an alternative to and/or augmentation of traditional mining of ores, would
reduce reliance on international supply chains and the need for importation of some critical metals. It also
offers an alternate technology to traditional mining which by itself is an environmentally polluting
technology that outlines the project's scientific scope, approach, and relevance to the Separation Science
Program.

Recent Progress.

We have begun simulations to use reverse osmosis (RO) with zeolite membranes to determine the
upper limit of concentration that can be achieved using RO. The system we have designed for such RO
based concentration of the solution is shown in Figure 1 below. Depending on the outcome of this step,
we will either separate e.g. Li using selective permeation from the solutions, or follow up with
separations using ion exchange or adsorption. We have developed strategies to accelerate these
separations when using computational molecular modeling.

Future Plans.

Our future plans include evaluating the upper limit of the concentration of the waste solutions possible
using RO only. This will be accomplished by using zeolite membranes with pores that will allow none of
the ions present in the solution from permeating the membrane, just water. Once this is accomplished the
next challenge would be to identify a membrane that would only allow Li ions to permeate the membrane
and no other ions. Depending on these outcomes we will plan on using other strategies including ion
exchange, and/or adsorption.

124



Solution
Solution

Wacuum

= Moving wWall

Water only permeable zeolite membrane

| Impermeable Movable Wall

Figure 1: Proposed Simulation System for Molecular Dynamics

125
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Our research program explores the potential of metal-organic frameworks (MOFs) as efficient sorbent
materials for the extraction and recovery of essential metals. By integrating reticular chemistry with
advanced molecular dynamics simulations, we aim to develop novel MOFs optimized for the selective
mining of valuable metals from seawater. Our research provides critical insights into the mechanisms that
enable MOFs to selectively bind and release these metals from dilute solutions, contributing to the
establishment of design principles for creating efficient materials for seawater mining.

Recent Progress.

In the first eight months of our project, we focused our efforts on MOF-808 due to its hydrothermal stability,
making it an ideal model system. Specifically, we investigated the
thermodynamics of the adsorption process and the local solvation = | —i& =i w{

structure of Li*, Na*, and K* ions adsorbed in MOF-808 (Figure). N

Specifically, through alchemical free-energy calculations and enhanced B
sampling simulations, we found that the internal environment of MOF-

808 provides a favorable setting for the uptake of these ions from dilute A
aqueous solutions. While the dehydrated ions are stable in the small
pores of MOF-808, further hydration of the ions is thermodynamically
even more favorable, although it requires overcoming high energy
barriers. Systematic analyses of our simulation and experimental results
allowed us to determine the physical mechanisms governing the
adsorption process. These insights are currently being used to optimize

the MOF-808 framework for improved ion selectivity and kinetics. Figure. Hydration structure of Li*
ions in the small (top) and large
(bottom) pores of MOF-808.

g
Distance {A)

Future Plans.

Our future objectives include further characterization of MOF-808's uptake performance, particularly in
more concentrated ion solutions and the time dependence of metal ion uptake. Additionally, we are
exploring multivariate versions of MOF-808, where different functional groups are incorporated into the
MOF-808 framework to improve its selectivity for Li* ions.
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Nonthermal approaches using electric fields, such as electrophoresis and electrodialysis, are generally
more sustainable and energy-efficient routes to achieving high selectivity for critical mineral separation
than current chemical methods. Controlling the transport and enrichment of targeted ions at electrified
interfaces and promoting their selective adsorption and reduction is a grand scientific challenge in
electrochemical separations. The desolvation processes occurring at electrochemical interfaces play a key
role in the partitioning of metal ions from the bulk solution and facilitate stable and selective transport as
well as non-Faradaic (capacitive) and Faradaic (redox) enrichment of targeted ions. A critical knowledge
gap remains in our fundamental understanding of the effect of hydrophobic domains and redox-active
species on ion solvation, transport, and selective adsorption at electrified interfaces. Our work aims to
obtain a predictive understanding of the factors influencing the separation of targeted heavy metal and
lanthanide ions by modulating interfacial solvation dynamics and potential energy profiles using surface
functionality, hydrophobic domains, and electric fields.

Recent Progress.

We hypothesized that the hydrophobicity and
Faradaic adsorption and reduction properties of
electrified interfaces may be modulated through
functionalizing with task-specific imidazolium-
based ionic liquid cluster ions and multi-electron
redox-active polyoxometalate anions. The size,
stoichiometry, and charge state of the ionic liquid
cluster ions at the electrode interface were
precisely tuned using distinguishing ion soft
landing deposition capabilities. We obtained
kinetic and mechanistic insights into the metal ion
desolvation and electrosorption properties of
electric-field-assembled interphases using
operando electrochemical Raman spectroscopy,
atomic force microscopy, and electrochemical
impedance spectroscopy combined with advanced
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Figure 1. Electric field-induced assembly of 1-ethyl-3-
methylimidazolium chloride (EMIMCI) ionic liquid molecules
into a negatively charged aqueous electrode-electrolyte
interphase (EEI). The oriented EEI accelerates ion desolvation
and electron transfer during reduction of heavy metals like
Pb?*, enabling efficient pathways for electrochemical removal
of metals from contaminated feed streams.
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machine-learning-enabled theoretical simulations. We found that the imidazolium-based ionic liquids and
heavy metal ions such as Pb?* formed different complexes in solution than in the gas phase. The presence
of water resulted in more reducible complexes. By understanding the role of solvents in controlling the
molecular interactions and energetics of complexes formed between ionic liquids and heavy metals, the
rational design of more efficient and selective separation processes using environmentally friendly ionic
liquids will be achieved.

We also investigated how electric fields may be leveraged to control the complexation between ionic
liquids and targeted ions. We demonstrated that applying a negative potential to the electrode resulted in
the formation of well-oriented ionic-liquid layers at electrified interfaces with the hydrophobic alkyl
chains of the imidazolium cations extending into the bulk solution (Figure 1). The hydrophobic chains of
the ionic liquid efficiently desolvated heavy metal ions, enabling their efficient electrosorption and
selective separation by controlling their nucleation behavior. Our research demonstrates that adding small
guantities of hydrophobic ionic liquids to aqueous waste streams leads to the formation of ionic-liquid-
based aqueous interphases with the potential to promote the electrochemical separation of heavy metals
and lanthanides with similar chemical and electrochemical properties. Our findings inform the design of
novel non-thermal separation methods that may be used for decontaminating water and recovering critical
minerals from abundant domestic liquid feedstocks.

Future Plans.

Future work will focus on understanding how the length of the alkyl chain of ionic liquids and co-solvents
affects the selectivity and efficiency of the adsorption of heavy metals and critical metals from different
feedstocks.
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The long-term goal of this project is to gain a fundamental understanding of the chemical environment
and mechanisms of adsorption, separation, and extraction of rare earth elements (REES) ion-adsorption
clays. This acquired deep knowledge will underpin future developments in REE separations and recovery
from domestic secondary sources. We envision that the fundamental knowledge gained as a part of this
effort will further enable us to devise pathways to synthesize novel adsorbent platforms and chemically
tunable extractants with improved REE retention, separation, and recovery.

Recent Progress.

Due to their complex structure and presence of impurities, natural clays offer limited control over the
rational tunability of their interactions with REEs. It is difficult to work with clay minerals in their natural
settings, making it necessary to use laboratory-controlled conditions and compositions in REE adsorption
experiments. We used MCM-22 type layered zeolites as a well-studied model platform to explore the
tunability of the REE capture [1,2]. It was demonstrated that increasing the Al content in the material lead
to improved Yb (HREE) capture by ionic interactions, likely due to the enhancement in the anionic Bragnsted
acid sites (BAS) and Al-bridged siloxanes. The interplay
between Brgnsted acid sites and Lewis acid sites offers
important clues into the mechanism of REE binding to the
adsorbent [2,3]. MCM-22 served as a well-controlled
synthetic platform to aid the understanding of REE capture
in natural ionic adsorption clays.

To understand the solvation mechanism of rare earth cations
at the molecular level and test the extraction of REES using
ILs, we explored solvation phenomena and complexation
phenomena of bare RE cations in RITL and examined
whether the selected IL prefers to bind with the light or the
heavy REEs [4,5].

Figure. Spatio-chemical characterization of

We performed theoretical and experimental analyses on the ion-adsorption clays.

binding of RE nitrates in a pure silica-alumina zeolitic MCM-

22 platform. We considered Brgnsted acid sites (BAS), Al-bridged siloxanes, silanol sites, as a possible site
that could play a key role in REE binding existing either at internal pore surfaces or external surfaces. We
utilized Density Functional Theory (DFT) to comprehensively assess relative binding strengths, to show
BAS > siloxane > silanol. We found little difference between binding at internal and external surfaces. We
utilized both periodic plane-wave DFT incorporating the entire MCM-22 unit cell and localized-basis DFT
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for cluster models of MCM-22. This fundamental understanding of the relative strength of various binding
sites will guide the design of novel, selective adsorbents [6,7].

Exerting control over materials’ composition and structure to selectively adsorb REEs is important for
critical ions separation, and understanding how local electric potentials influence REE adsorption and how
they can be modified via chemical substitution is essential to the realization of such a control.

Our recent experimental results show that micas adsorb Nd (LREE) more readily than Yb (HREE). Clays
and micas are structurally and chemically similar, however, lanthanide adsorption in muscovite and
phlogopite micas appears different from a well-documented trend of regolith-hosted ionic adsorption clays
to retain preferentially HREEs. These findings offer an important experimental clue that impurity ions can
be used as tuning agents for REE adsorption and separation in layered matrices. Substitutions into the clay
and mica can significantly alter the extent of the electrostatic environment to either selectively enhance or
suppress interactions with the REE cations as well as with their coordinating ligands e.g., nitrate (NO3)
groups. Investigating the REE-specific chemical and spatio-chemical environment of micas and clays will
deepen our understanding of the REE adsorption process in these minerals. Our ongoing work considers
the connection between the localized charges in natural clays and micas and their REE adsorption trends.

Future Plans.

MCM-22 type layered aluminosilicates provided a well-characterized model suitable for testing specific
parameters our early project aimed to identify.

However, MCM-22 type zeolites are different from ion-adsorption clays, both

structurally and chemically. As a result, this class of materials offers limited synthetic adaptability. As we
learned about the importance of Al-bridged sites in the REE capture by ionic interactions in aluminosilicate
frameworks [6,7], we have turned to layered double hydroxide-types for their greater chemical versatility.

The complexation and mobility of supported REE complexes was examined using advanced NMR
techniques [6]. In particular, “Sc chemical shift has proven to be highly sensitive to the coordination
environment of the metal, going so far as to reveal the presence of secondary dative interactions with the
support. It was shown that “Sc-2’Al distance measurements can be used to probe the proximity and binding
of REEs near negatively charged sites in zeolitic platforms. Solid-state NMR will be used to reveal the
coordination environment and location of REE cation in the clay interlayer and inform about how the
binding is affected by changes in coordination while in the presence of water.
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Current rare earth (RE) element and other critical metals separations at scale are accomplished by
chemical complexation and equilibria between RE and organic extractants in biphasic, aqueous/organic
solvent extraction. Solvwent extraction delivers stepwise purification of RE from one another. In this
project, the team is working to develop alternative modes of reactivity that accomplish efficient
separations in fundamentally new ways.

Recent Progress.

Recent results include the discovery of a Ta/Nb photochemical separations system based on different
chloride salts. Irradiation of certain mixtures of those cations led to selective reaction and precipitation,
providing a new means to separate those critical metals. This was the first reported photochemical
separations system for Ta/Nb. We have also recently expanded studies of redox chemistry at the rare earth
element cerium to understand how metal-ligand redox cooperativity occurs. These results broadly inform
the design of new redox active ligand systems that may be relevant in oxidation-reduction based reactive
separations methods for rare earths. Work is also underway to study how the excited state properties of
certain rare earth elements can be tied to their reactive separations.
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Liquid interfaces play a role in the liquid-liquid extraction and separation of rare earth elements because
the interface is the primary location where metal ions encounter amphiphilic extractants. Recent advances
are starting to reveal the role of the interface in the formation of ion-extractant complexes, the complexes
that form there, and the influence of the interface on kinetics, selectivity, and other interfacial aspects of
the extraction process. We utilize synchrotron X-ray scattering from liquid surfaces and interfaces, as well
as optical techniques and molecular dynamics simulations (in collaboration with Ilan Benjamin) to
address these issues.

Recent Progress.

Our recent work has addressed the effect of metal ion-extractant complexation in the bulk aqueous phase,
which competes with their complexation at the liquid interface (1). We used tensiometry and X-ray
scattering to characterize the surface of aqueous solutions of lanthanide chlorides and the water-soluble
extractant HDEHP, in the absence of a coexisting organic solvent. These studies restricted ion-extractant
interactions to the aqueous phase and its liquid-vapor interface, which allowed us to explore the
consequences that one or the other is the location of ion-extractant complexation. Unexpectedly, we found
that light lanthanides preferentially occupy the liquid-vapor interface. This contradicted our expectation
that heavy lanthanides should have a higher interfacial density since they are preferentially extracted by
HDEHP in liquid-liquid extraction processes. Comparison experiments with DHDP, which is a water-
insoluble extractant with the same phosphoric acid headgroup as HDEHP, revealed the expected higher
interfacial density of heavy lanthanides. Similar effects were observed for Ni(ll) and Co(ll) where the
extractant HEHEHP was also considered because of its use in their separation (3). These results revealed
the antagonistic role played by ion-extractant complexation within the bulk aqueous phase and clarified
the advantages of complexation at the interface.

Extending this work to the liquid-liquid interface revealed unexpected transport phenomena that can lead
to a substantial transfer of extractant into the aqueous phase even if its solubility is low (4). We observed
the formation of metastable ion-extractant precipitates in the aqueous phase but separated from the liquid-
liquid interface by a depletion region without precipitates. Although the precipitate is soluble in the
organic phase, the depletion region separates the two and ions can be sequestered in a long-lived
metastable state. Since precipitation removes extractants from the agueous phase, even extractants that are
sparingly soluble in water will continue to be withdrawn from the organic phase to feed the aqueous
precipitation process. This work in a liquid-liquid bi-phase system supported the counter-intuitive
phenomena observed at the free surface of aqueous solutions, for which ions with higher binding affinity
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for the extractant were preferentially depleted from the interface (1). Here, precipitation in the aqueous
phase preferentially sequesters the more strongly interacting ions. Aqueous ion-extractant precipitation
during liquid-liquid extraction provides a reaction path that can influence the extraction kinetics, which
plays an important role in designing advanced processes to separate rare earths and other minerals.

In collaboration with llan Benjamin (current key personnel and former co-PI on this project) we are
exploring the binding reaction of DEHP- to Er(l1l) (2). This reaction involves the displacement of water
molecules from the tightly bound first hydration shell of the metal ion by oxygen atoms from phosphoric
acid headgroups. Approach of the headgroup into the region between the first and second hydration shells
leads to fast ejection of a water molecule that is accompanied by reordering of the hydration water
molecules, including discretization of their angular positions and collective rotation about the metal ion.
The water molecule ejected from the first shell is located diametrically opposite from the binding oxygen.
Current work has extended these simulations to multiple extractant binding in the bulk water and at the
liquid-liquid interface with dodecane (manuscript in preparation).
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In this project, we aim to study and ultimately control the interaction between polymers and metal ions
(specifically rare-earth elements (REES)) to improve extraction and purification processes. Our
overarching hypothesis is that in addition to the specific chelating ligand, polymer structure affects metal
chelation due to its effects on (1) the conformation and orientation of the chelating groups, (2) the
secondary coordination sphere of the solvated metal, and (3) the solvent molecules (water) surrounding
the polymer chelating group and the metal. We will elucidate these structure—property relationships of
polymeric metal chelators by investigating the fundamental thermodynamics of the underlying polymer—
metal interaction, primarily using isothermal titration calorimetry (ITC). This information directly
corresponds to key materials parameters underpinning effective extraction and separation, including
capacity, selectivity, and robustness to environmental perturbations.

Recent Progress.

We have synthesized linear modular polymers and appended ligands with systematic variations in the
linker between the chelating site and the polymer backbone. We hypothesize that this change will both
alter the hydrophobicity of the material as well as the conformational flexibility of the chelating ligand—
both critical factors in metal binding. ITC experiments on this series of materials revealed complex
polymer-metal interactions involving (de)solvation processes and conformational rearrangements. We
also conducted a series of ITC experiments in solutions of varying ionic strength to shed light on the
effects of salt identity and concentration on polymer-metal interaction thermodynamics.

To study tacticity effects on polymer-metal binding interactions, we synthesized a series of five
poly(methacrylic acid)s with systematic variations in tacticity (20-99% m diads) and measured (by ITC)
the thermodynamics of lanthanide binding to each material (AH, AG, AS, Ka, and stoichiometry). We
found that both |AH| and |AS| decreased with decreasing m diad content, while AG remained roughly
similar across the tacticity series (demonstrating enthalpy-entropy compensation). Molecular dynamics
simulations of the polymer—metal interactions revealed that the observed differences in binding
thermodynamics may be largely ascribed to differences in polymer flexibility, though we believe changes
in solvation around the polymer backbone are also playing a role. These combined experimental and
computational results demonstrate that metal binding can be influenced by altering the polymer
stereochemistry, ultimately informing the design of more efficient metal-chelating materials.

Future Plans.

136



Briefly, we plan to more fully investigate effects of degree of polymerization, linker length effects, and
metal-binding polysaccharides. We will expand our synthetic efforts on systematically varied pendant
ligands appended to linear and branched polymers and branched topologies, and conduct ITC experiments
on those materials. We will also leverage complementary techniques and computational experiments
when appropriate.
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This research focuses on understanding the transport of Nad

solute molecules and nanoparticles in complex porous f'«_\_/éa &
and non-porous environments. The project utilizes \ )
advanced single molecule/nanoparticle super-resolution T e
imaging to capture high-resolution spatiotemporal 01 o
trajectories across a wide range of time- and length-
scales. Computational simulations are employed to
analyze and interpret the experimental findings. We aim L
to enumerate and understand the microscopic B
mechanisms underlying transport (driven by thermal

motion, pressure gradients, external fields, and self- Figure 1. Diong ~r?/tuzp for different nanoparticles in
propulsion) in separations environments that include real- ~ environments with varied heterogeneity.

world complexities such as inter-particle interactions,

interfacial effects, dynamic motion of porous matrices, external force fields, and structural heterogeneity.
The transport models resulting from these new insights are expected to enable advances in permeability of
highly selective membranes, anti-fouling strategies, field-assisted separation design and porous materials
design.
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Recent Progress.

Despite extensive experiments and simulations, models that describe transport processes in complex
settings remain a major challenge. Utilizing 3D single-nanoparticle super-resolution imaging, we capture
high-resolution dynamics at both macroscale and sub-microscale, allowing us to generate a transport
model for realistic complex systems. For example, we have developed and employed a successive-escape
model to describe the long-time diffusive motion of nanoparticles in porous environments. In analogy
with a random walk, by dividing the transport into multiple cavity escape events, a linear correlation is
observed between the long-time ensemble-averaged diffusion coefficient (D) and a quantity involving the
characteristic cavity size (r) and particle trapping time (tyap): D~r?/tiap, Where the proportionality
coefficient depends on pore accessibility. This correlation is broadly applicable to heterogeneous
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Figure 2. (A) Activated transport by extended
hydrodynamic effects; (B) Independence of transport
bias and efficiency with electric fields.

are greatly amplified and act over long distances (at least 10 body lengths) (Fig. 2A). This unique extended
hydrodynamic effect in porous media suggests the potential of dilute nanomotors as mobilizers of passive
species in confined pore spaces, even when incorporated at very low concentrations.
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Figure 3. Transport of 390nm
Janus particle in a dynamic highly
confining environment. (a) Mean
squared displacements of active
and passive 390 nm tracer particles
in a highly confined fluctuating
environment. (b) Velocity
autocorrelation function of the
particles from part (a).

We are leveraging the methods and modeling used to study diffusive and
self-propelled motion to study the fundamental mechanisms of
electrophoretic motion of charged nanoparticles in porous environments.
Specifically, in the context of a successive cavity escape model, the cavity
escape time and directional bias both contribute to overall field-driven drift,
and by employing single-particle tracking we are studying the effects of
these two phenomena independently. Unexpectedly, while the cavity
escape time is observed to decrease dramatically under the influence of a
low DC field, the directional bias of cavity escape does not become
significant until the electric field strength reaches a critical value (Fig. 2B).
This observation revealed a surprising decoupling between cavity
translocation and directional transport bias driven by an external field. With
our theoretical collaborators, we are currently seeking to understand the
electrokinetic origins of these phenomena.

We are also studying the effects of porous matrix complexity in the form of
dynamic motion. In previous work under this award, we compared the
diffusion of nanoparticles within static and fluctuating porous environments
that were otherwise structurally identical, and found that thermal matrix
fluctuations increased the effective diffusion of probe particles by
approximately 50%. This was due to a combination of accelerated short-
time diffusion and a concerted “gate-opening” mechanism that allowed

probe particles to escape from highly confined scenarios. In the current reporting period, we investigated
how thermal fluctuations of a porous matrix affect active nanoswimmer transport. Our findings indicate a
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synergistic coupling of active particle motion and matrix fluctuations that
is dramatically influenced by the level of confinement. At lower levels of
confinement (i.e. greater free volume), self-propelled nanoparticles exhibit
only modest transport enhancement over Brownian particles, similar to that
observed in unconfined liquid. Surprisingly, at very high degree of
confinement, active nanoparticles exhibit transport that is not only
anomalously fast, but also superdiffusive and positively correlated (Figs.
3A, 3B). This emergent behavior manifests as persistent, seemingly
intelligent motion. Interestingly, the efficiency of transport is not only
dramatically greater than that of Brownian nanoparticles within the porous
medium but even greater than Brownian particles in unconfined liquid.
Moreover, the motion itself is distinctive, with directional bias persisting
much longer than the characteristic rotation time in free fluid, and the super-
diffusive behavior endures, with an anomalous exponent of 1.45 over all
timescales observed. These findings suggest that technologies
incorporating active particle transport may offer greater advantages than
previously anticipated, as the nuances in particle and medium dynamics
significantly enhance the transport process.

In the current grant period, we have also developed methods to study the
transport of ions in dense polymer materials that are used in a variety of
energy technologies, including energy storage devices, ion exchange
membrane fuel cells, redox flow batteries, and solid-state lithium batteries.
The ion diffusion coefficient (Dion) is a key parameter in theoretical models
of ion-polymer interactions to predict the limiting current and is commonly
measured macroscopically using NMR and electrochemical techniques.
Remarkably, using single-molecule fluorescence microscopy (TIRFM),
our observations revealed severe sub-diffusion of fluorescent anions in
Nafion membranes. Analysis of MSDs showed significant decays in time-
dependent 2D diffusion coefficients across various time and length scales
(Fig. 4). These results indicate that Disn in polymer conductivity models is
not a well-defined parameter as previously assumed. Our ongoing research
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Figure 4. (a) Mean squared
displacement of anionic probes in
nafion show highly sub-diffusive
motion. Effective diffusion
coefficient sof probes as a
function of (b) time and (c)
distance.

aims to identify the nature of this anomalous ion diffusion and its dependence on solvent effects and
membrane chemistry, complementing the gap in the understanding of sub-diffusive motion in proton/ion

exchange membranes and polymer electrolytes.
Peer Reviewed Publications Acknowledging this Grant in 2021-2024.

Intellectually led by this grant:

1. Daniel F. Kienle and Daniel K. Schwartz, “Single molecule characterization of anomalous transport
in a thin, anisotropic film,” Analytica Chimica Acta, 1154, 338331 (2021);

doi:10.1016/j.aca.2021.338331

2. Raphael Sarfati, Christopher P. Calderon, and Daniel K. Schwartz, “Enhanced Diffusive Transport in
Fluctuating Porous Media,” ACS Nano, 15, 7392-7398 (2021); doi:10.1021/acsnano.1c00744
3. Haichao Wu, Benjamin Greydanus, and Daniel K. Schwartz, “Mechanisms of Transport

140




Enhancement for Self-Propelled Nanoswimmers in a Porous Matrix,” Proceedings of the National
Academy of Sciences, 118, e2101801118 (2021); doi:10.1073/pnas.2101807118

4. Gregory T. Morrin and Daniel K. Schwartz, “Diffusion of Short Semi-Flexible DNA in Strong and
Moderate Confinement,” ACS Macro Letters, 10, 1191-1195 (2021); 10.1021/acsmacrolett.1c00470

5. Anni Shi, Daniel K. Schwartz, “Bridging Macroscopic Diffusion and Microscopic Cavity Escape of
Brownian and Active Particles in Irregular Porous Networks.” ACS Nano. 2024, in press

6. Anni Shi, Haichao Wu, Daniel K. Schwartz, “Nanomotor-enhanced transport of passive Brownian
particles in porous media.” Science Advances. 2023, 9(43), eadj2208.

Grant cited but not intellectually led by this award:

1. Ohad Vilka, Erez Aghion, Carsten Beta, Oliver Nagel, Matthias Weiss, Adal Sabri, Diego Krapff,
Raphael Sarfati, Daniel K. Schwartz, Ralf Metzler, Ran Nathan, Michael Assafa, “Unravelling the
Origins of Anomalous Diffusion: from Molecules to Migrating Storks,” Phys. Rev. Research, 4,
033055 (2022) doi:10.1103/PhysRevResearch.4.033055

141



Probing Phase Transitions and Mesoscale Aggregation in Liquid-Liquid Extraction of Rare Earths
Michael Servis, Brian Stephenson, Tasnim Rahman, Brittany Bonnett, Allison Peroutka

Argonne National Laboratory

Key Words: Dynamics; Liquid-Liquid Phase; Thermodynamics; Theory/Simulation

DE-AC02-06CH11357: Probing Phase Transitions and Mesoscale Aggregation in Liquid-Liquid
Extraction of Rare Earths

PI: Michael Servis; co-PI: Brian Stephenson, Subramanian Sankaranarayanan
Research Project Scope.

Recovery and recycling of critical materials through chemical separations enables a wide range of
important technologies. The predominant method for rare earth separations is liquid-liquid extraction
(LLE). In this project, we connect two key phenomena in LLE of metal ions: phase splitting of the
organic phase and the impact of organic phase aggregation extraction energetics. Our ongoing work
demonstrates how these phase splitting and aggregation are fundamentally connected. Using the theory of
critical phenomena, we can quantify and understand the aggregation behavior of these complex, multi-
component systems with remarkably generality. By connecting x-ray scattering measurements of critical
fluctuations with molecular simulation and thermodynamic modeling, we are creating a comprehensive
picture spanning lengthscales of the relationships between molecular structure and composition with
aggregation and phase behavior.

Recent Progress.

We have developed a strategy for combining 1) experiment (SAXS and XPCS), 2) thermodynamic
modeling and 3) molecular simulation. This provides a cohesive picture, where each provides unique
information while also providing overlap between each other technique for validation and comparison
(Fig. 1). We performed small angle x-ray scattering
(SAXS) and x-ray photon correlation spectroscopy data
(XPCYS), finding that structure across the entirety of a
complex (4-component) phase diagram results from critical
fluctuations, providing concrete and robust justification for
our governing hypotheses. Temperature-dependent SAXS
data allowed us to fit static critical exponents,
demonstrating universal scaling of the fluctuations between
these systems. We used scaling laws to show linear
relationships between solute concentration and spinodal
temperature, providing a fundamental link between
composition and temperature. XPCS data of the 4-
component systems show that the dynamic also show
scaling consistent with critical phenomena theory.

SAXS and XPCS
A

% R
fluctuations and ?{"}:; ey
phase transitions

thermodynamic modeling

Figure 1. Combined scattering, simulation and

Using experimental composition data, we have developed a emedynamic modelling approach.
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thermodynamic model for phase equilibria in ternary LLE systems. This model can quantitatively capture
the water extraction behavior across the entire range of extractant concentrations. We developed a method
to calculate fluctuations from just the thermodynamic model, allowing us to predict scattering at all
temperatures and compositions. This enabled us to connect macroscopic behavior (compositions,
fluctuation intensities, phase boundaries, critical compositions) with molecular-scale descriptions of
solution speciation, linking experimental data to molecular simulation. In addition to all-atom models of
ternary and quaternary systems, we implemented coarse-grained simulations of binary mixtures where we
extract static and dynamic temperature scaling. This involved developing computational capabilities to
calculate dynamic scattering that is directly analogous to experimental XPCS measurements. We are
using this capability to analyze dynamic scattering from simulation, which provides a real-space picture
of where dynamic scattering comes from, including isolating diffusive and phonon contributions at
different scattering wavevectors.
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This project commenced September 1, 2023. It has three primary objectives that consist of i) enhancing the
selectivity, affinity, and reversibility of immobilized supramolecular receptors that may compete with, or
outperform current separations of critical elements (i.e., Li, Co Ni, Ln), ii) developing receptors that allow
the pH of a caustic agueous medium to be lowered via direct capture of basic anions, such as hydroxide and
carbonate, and iii) preparing new ligands that allow for optical-based sensing of the f-elements while
facilitating purification. All three of these objectives involve separations, relate to chemical species, and
address unsolved problems relevant to the DOE mission. These problems include tank waste remediation,
critical materials recycling, and f-element purification.

Recent Progress.
Cobalt extraction

Cobalt recycling from electronic waste has been recognized as a sustainable and ethical solution to the
growing demand for this critical material. Therefore, we designed a new system that utilized high-
performance ion separation by tuning pore size and geometric control. Our approach combines highly
selective supramolecular receptors, nanoporous materials, and high-resolution 3D printing. Supported
receptors were prepared using polymerization-induced phase separation (PIPS) from a photocurable resin.
This resin was used to install nanopores during the DLP printing process. A cobalt-selective methacrylate
functionalized tetradentate bisdicyclohexyl acetamide (BDCA) receptor was directly incorporated into the
3D prints. A polymerizable methacrylate handle was installed on the BDCA receptor, resulting in the
modified receptor BDCA-MA. This modified receptor was then used for copolymerization with carbitol
acrylate initiated by phenylbis-(2,4,6-trimethylbenzoyl)phoshine oxide (BAPO). The 3D printing
nanoporous via PIPS was obtained and then cast in films between glass slides with 75 mm spacers and
irradiated, yielding a range of monomer to porogen ratios, and 1-decanol to cyclohexanol ratios. This
strategy allowed us to obtain resins with tunable pore size (pore diameter = 100-270 nm) and receptor
content. We prepared three resins bearing different microarchitectures (cube, kelvin, and gyroid) and the
Co?* binding profiles were carried out in anhydrous ethanol, which exhibited effective CoCl, binding. A
change in solvent polarity achieved when contacted with water was used to release Co?*. The Freundlich
isotherms of BDCA in the presence of other cations (Li* and Mn?*), revealed that the resins are selective
for cobalt. This work was carried out in collaboration with the group of Prof. Page at The University of
Texas at Austin. It was published in 2024 in the J. Am. Chem. Soc. A patent application was also filed.
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Thermal-based cobalt capture

Quite recently we explored the heat-driven catch-and-release of CoCl. using an immobilized neutral
dicyclohexylacetamide-based receptor (L). We used a hexadentate ligand (L) that allows us to use 95%
EtOH and overcome the high hydration energy of Co?*. We took advantage of cobalt's thermochromism
coordination transition in ethanol to enable heat-mediated catch and release of cobalt. We employed an
immobilized receptor onto chemically inert polystyrene to obtain a solid substrate for an efficient capture
and release process. Cobalt binding by L was investigated by UV-vis spectroscopy at various temperatures
(22 °C to 65 °C), wherein a dramatic change from octahedral to tetrahedral coordination occurred. Upon
adding two equivalents of L, only octahedral cobalt coordination was observed and binding constants
increased from 40.8 M to 111 M. The heat-mediated catch-and-release of CoCl; was studied using
receptor-functionalized polystyrene PS-L at variant temperatures in 95% ethanol. The absorption isotherms
revealed that a rise of cobalt uptake by PS-L was achieved with rising temperature (K = 33.6 M* to 88.5
M™). The absorption spectrum analysis of the dried PS-L cobalt-containing system corresponded to
octahedral and tetrahedral species, supporting the conclusion that CoCl; binds to the PS-L ligand as a [PS-
LxCo]*[CoCl4]. Analysis of the inductively-coupled plasma mass spectrometry (ICP-MS) results after
exposure of PS-L to the mixture (NiCl2:CoCl2:MnCly, 33.6%:32.2%:34.2%) for 12 h at 72 °C followed by
an exposure of the resin to fresh ethanol for 12 h at 22 °C, revealed a recovery of 52% of Co?*. Therefore,
our PS-L resin exhibits higher binding affinity for CoCl. than NiCl, and MnCl., with a process mediated
by heat. This work, carried out in collaboration with Dr. Byranstev and coworkers at Oak Ridge National
Lab, has just been published on line in the J. Am. Chem. Soc. in 2024.

ExJade-Ln coordination

Industrial separation of lanthanides and actinides remains heavily reliant on liquid-liquid extractions (LLEs)
and ion exchange resins. The Sessler group has identified an alternative selective precipitation process using
derivatives of the metal chelator deferasirox (ExJade). A first report involving the separation of lutetium
from other lanthanides was published prior to the start of this grant. Current work, being carried out in
collaboration with Dr. Tondreau of the Los Alamos National Laboratory, involves looking at ExJade
derivatives as ligands for the actinides. No papers have as yet come from this effort.

Coordination of Th by expanded porphyrins

We explored the axial coordination chemistry of thorium when coordinated to an expanded porphyrin. The
organometallic complex [Th(dipyriamethyrin)(Cp)F] (1) was obtained in 94% yield by reacting NaCp with
[Th(dipyriamethyrin)Cl,] (2) in a glass scintillation vial. Single crystal X-ray diffraction analysis revealed
an octahedral coordination complex wherein the Cp is coordinated in one axial position and a fluoride anion
is coordinated in the other axial position. The anion exchange observed in the complex was attributed to
the reaction of the cationic intermediate 1* with the fluoride ions present in the scintillation glass vial.
Additionally, we observed that in the solid state, the dipyriamethyrin ligand in 1 retained its characteristic
buckled geometry. UV-vis spectroscopic analysis of 1 revealed the formation of a new peak at 428 nm;
however, its spectrum is similar to that of complex 2, which was rationalized as Cp coordination causes no
gross changes to the core electronic configuration of the expanded porphyrin. Reaction with benzoate
yielded a Th(IV)-dipyriamethyrin complex with two benzoates coordinated in the axial positions. Passing
from the strongly basic Cp anion to the weakly basic benzoate resulted in a shortening of the separation
between the thorium and the porphyrinoid core. The shortening of these bonds is taken as an indication that
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weakening the axial ligand—Th(IV) leads to a strengthening of the in-plane porphyrinoid Th(IV)actinide
cation interactions. This work was published in ChemComm in 2023.
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Research Project Scope. The overall objective of the proposed research is to address limitations of the
current direct air capture technologies by using ionic liquid-organic solvent mixtures to capture CO- and
driving the transport of product of the reaction across a membrane using electric field. The combined
experimental and molecular simulation-based approach involves screening of ionic liquid solutions for
ionic conductivity and CO- solubility and providing theoretical and atomistic-level detailed understanding
of structure-property relationships for selection of mixture for direct air capture of CO,. The project also
focuses on evaluating the gains in the energy efficiency when

ionic liquid-organic mixtures are employed for CO; capture. The

relevance of the project to the Separations Sciences program

stems from its emphasis on removal of species in dilute Autcoglow shaker

Volu‘rE Dispenser

concentrations and decarbonization towards a net-zero economy. gs.We..p.a.em;“ﬁ»«

Electrochemical Cell
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Recent Progress. 3 Jeamaetaed G LA
The project has enabled development of two high-throughput ! ot FRobtic
screening systems that are based on conductivity measurements N o] ey .
of solutions: (a) CO; solubility in ionic liquids is obtained based @iﬁ;ﬁf

on cyclic voltammogram; (b) determination of ionic conductivity

of ionic solutions. Measurements from automated system coupled Figure. High-throughput screening of ionic
with quantum mechanical calculations have generated solutions for fonic conductivity
fundamental understanding of molecular-level factors such as the role of electrostatic interactions and
void fractions in ionic liquids responsible for CO; solubility and permeance in ionic liquids.! Similarly,
we have been able to establish a theoretical framework elucidating the behavior of ion mobility on the
ionic conductivity maximum observed in ionic liquid-organic solvent (ethylene glycol) mixtures.? The
relative ion dissociation concept provided a clear explanation for ion mobility and thus the overall ionic
conductivity across the entire concentration range, from dilute solutions to neat ionic liquids. This
behavior can be attributed to the interplay between free ions and viscous forces, which impact ion
diffusion and ultimately affect ionic conductivity. We were able to identify that the ionic liquid 1-ethyl-3-
methylimidazolium dicyanamide when mixed with ethylene glycol (EG) (60:40 molar ratio) resulted in
the maximum ionic conductivity of 3.4 S/m amongst all the ionic liquid simulations examined. When
employed in the migration-assisted moisture gradient process (MAMG), the ionic liquid solution offered

147



superior conductivity and energy efficiency for CO; capture when compared with ionic liquid-free
solutions highlighting the promising role ionic liquids are likely to play in the MAMG process.

Molecular dynamics simulations of 1-ethyl-3-methylimidazolium tetrafluoroborate and its mixtures with
EG revealed that the fluctuations in the number of ions in the first solvation of cations and anion play a
pivotal role in the determination of ionic conductivity with highest fluctuations coinciding with
experimentally observed ionic conductivity maximum. This approach opens up another avenue for
screening ionic liquid-organic solvent mixtures and narrowing the concentration range over which
experiments need to be carried out to identify concentrations at which ionic conductivity maximum is
observed which is directly coupled to the energy efficiency of the MAMG process. Quantum mechanical
calculations on various KOH-EG molar ratios identified the presence of multiple hydrogen bonding
interactions and variation in the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energies providing us clues to the reactivity of these solutions towards COs.
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Lithium (Li), a key element in batteries for electric cars and other devices, has experienced a major demand
surge in the past decade. While the primary source of lithium is from salt lakes, lithium-containing ores and
clay sources are widely distributed in the US and offer a potential

alternative source for this important element. The challenge of G1gpo| 2504 v
using lithium found in clays and ores is separating the element g o, °
from the complex sample, a process that is, in part, limited by the g 800+
low reactivity of the aluminosilicate host structure. Current g
separation methods for lithium from ores or clay require high @ 200.
energy and/or chemical consumption needs. The objectives of this ‘§ HF °
research are to develop a sustainable, electrochemical-facilitated & o lhiswork : x
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leaching method to extract lithium from ores and clay. Leaching efficiency (%)
Recent Progress. Figure.1 State-of-art of leaching technologies

for Li-containing ores

We developed an electrochemical based leaching technology to selectively separate Li ions from
spodumene ores. Faradaic efficiency of 72.2% and leaching efficiency of 92.2% are achieved at room
temperature.

Future Plans.

We plan to further the electrochemical leaching mechanism on other Li-containing ores and improve the
efficiency.
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Dielectrophoretic molecular separations is orders of magnitude more effective than predicted by current
models. This project hypothesizes that models can be made more accurate through a local coupling of the
electric and solution composition. Using high electric-field microfluidics that provide optical access to the
solution this hypothesis will be tested and models for separations efficiency, throughput, and sensitivity
will be developed. Special attention will be paid to how small variations in solvent-solute molecular
interactions, like those in the rare-earth series ions, will impact transport rates and selectivity.

Recent Progress.

Preliminary implementations of this model, results of which are shown in the figure, predict concentration
changes that are within a factor of 3 of experimental results. This is a large improvement over prior
models which underestimate concentration variations due to the electric field by over two orders of
magnitude.

Z
Electric FieIdJ Velocity Profile

Figure. 2D simulation of dielectrophoretic
molecular separations assuming a local
coupling of electric field strength and solution
composition.
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Research Project Scope. The development of new ion-selective technologies is key for critical element
recovery and environmental remediation. Separation of valuable transition metal ions form a “needle-in-a-
haystack” challenge, where aim to discriminate between elements close in size, valency, and chemical
structure, in the presence of excess competing salts. Electrochemically-driven separation processes can
offer a sustainable and modular pathway for removing ions, by controlling the adsorption and release based
solely on electrochemical control. However, molecular selectivity remains a major challenge. Within this
project, we leverage redox-active polymers as heterogeneous electrosorbents, which can be a powerful
platform by offering control of specific binding through reversible electron-transfer. We seek to elucidate
key selectivity mechanisms in redox-interfaces, including electrostatics, solvation, and charge-transfer
effects during ion-adsorbate binding, by integrating operando electrochemical methods (including neutron
reflectometry), with thermodynamic binding studies and macroscopic electrosorption measurements. Our
proposed research is expected to advance fundamental understanding of the electrochemically-driven
molecular separations, and establish design rules tailored molecular selectivity, which can lead to low
waste, energy-efficient, and highly modular separation technologies.

Recent Progress.

Through the project, we have explored supramolecular binding mechanisms of redox-polymers, including
controlling underlying thermodynamic and Kkinetic effects, and evaluating their impact on
electrochemically-driven molecular selectivity.>® Through the rational design and synthesis of new redox-
polymers and copolymers, we precisely tune the of electric field, solvation, and charge-transfer interactions
to achieve multicomponent selectivity towards for rare-earth elements (REEs),” and valuable transition
metals such as cobalt, nickel, rhenium and molybdenum.>* " Through synthetic control of the redox unit
and structural position, we have modulated selectivity towards transition metal oxyanions (e.g., subtle
differences ion selectivity using main-chain polymers vs side-chain polymers), and demonstrated
electrochemically-controlled adsorption and release.*

Fundamentally, we have elucidated of ion—solvent—polymer interactions, in combination with the rational
design of tailored copolymers. We created a thermo-electrochemical responsive polymer of N-
isopropylacrylamide (NIPAM) and ferrocene redox-units, which can tune ion selectivity between
oxyanions based on copolymer ratio, applied potential, and temperature.* Through a collaboration, with
Oak Ridge National Laboratory we have unraveled solvation effects, through a combination of in-situ
neutron reflectometry and computational simulations.®>* * Solvation and ion valency play a critical role in
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determining macroscopic selectivity for redox-polymers under potential. Finally, we have translated these
concepts of electrochemical separations for both electrosorption and continuous extraction platforms,
implementing them for the ion-selective recovery of valuable elements from waste streams.”® To date, the
project has yielded 8 directly related papers,*® 3 submitted U.S. patents®*?, and 6 associated papers.>1’
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Data Science-Enabled Ion Transport in Metallopolymer-Based Anion-Exchange Membranes
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(1) synthesized cationic cobaltocenium-containing polymers; (2) elucidated structure-property relationships
on metal-complex cations and the electronic and steric effects of chemical structures on alkaline stabilities.
(3) established thermodynamically consistent (TC) hydrodynamical models for charged particle transport.
(4) utilized DFT calculation to produce database of cobaltocenium electronic structure and other properties.
(5) innovated chemistry-informed and quadratic neuron network to make predictions from a small dataset.

Recent Progress.

Cations are crucial components in an anion exchange membrane (AEM) of a fuel cell. Rapid development
in this area necessitates the exploration of new cations with advanced properties. Cobaltocenium cations
demonstrate excellent thermal and alkaline stability, which can be improved by the chemical modification
of the cyclopentadienyl rings with substituent groups. We have combined computational and experimental
design of metallo-cations that have distinct electronic and redox properties. The relation between the bond
dissociation energy (BDE) and chemistry-informed descriptors obtained from the electronic structural
calculations is established. The analysis of 12 molecular descriptors for various derivatives reveals a
nonlinear dependence of the BDE on
the electron donating-withdrawing
character of the substituent groups
coupled to the energy of the frontier
molecular orbitals. A chemistry-
informed  feed-forward  neural
network trained using k-fold cross-
validation over the modest data set

W

diffusion LUMO
/ 066 \O»)/

can predict the BDE from the 069 9,
molecular descriptors with the mean /Do" "0@
absolute error of about 1 kcal/mol. 5 ¢
We have also analyzed the hydroxide ESP max BDE

diffusion in the presence of  Figure. Hydroxide transport in cobaltocenium-containing Polymers.
cobaltocenium cations in an aqueous

environment based on the molecular dynamics of model systems confined in one dimension to mimic the
AEM channels. We find that the hydroxide diffusion proceeds via both the vehicular and structural diffusion
mechanisms with the latter playing a larger (up to 50%) role at low diffusion coefficients. The role of the
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hydration level, found to be optimal at 50% of liquid water, is found to be particularly important for the
hydroxide transport under confinement.
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Long-Range Cooperativity among Rare-Earth Binding Sites in Organic Materials
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Research Project Scope.

The major goals of this project are a) to design novel adsorbents with rare-earth binding sites and b) to
study these adsorbents for the capture of rare-earth elements from aqueous solution. We are targeting a
series of 3+ cations (Y**, Nd**, Eu®*, Th®*, and Dy**) determined by the U.S. Department of Energy
(DOE) to be the most critical rare-earth elements in terms of their supply risk and their importance to
clean energy. The major areas of DOE relevance for the proposed work include supply chain risk
mitigation for critical rare earth elements and the discovery of new synthetic approaches for materials
with hierarchical functionality. This work advances the goals of the DOE Separation Science program by
pursuing cooperative phenomena that propagate local effects into an amplified chemical outcome.

Recent Progress.

Our work in the early stages of the project has been focused on adsorbent synthesis and characterization.
We have successfully synthesized a library of novel organic ligands, which are needed to build the
proposed supramolecular cages, helicates, and metal-organic frameworks. These ligands require 2-5
synthetic steps to make, and we have optimized the synthetic routes to obtain pure products in high yields.
We have characterized the products through nuclear magnetic resonance (NMR) spectroscopy, along with
mass spectrometry when necessary for conclusive structural assignment. To date, we have synthesized 9
novel ligands and 6 known ligands, for subsequent use in the construction of rare-earth adsorbents. We
have made significant headway in the synthesis of novel supramolecular complexes, using the ligands
described above. We have successfully synthesized 7 tetrahedral cages with M4L4 geometry (M = rare
earth metal; L = ligand) by reacting our novel ligands with the following rare earth elements: yttrium,
holmium, dysprosium, and terbium. These tetrahedral cages were characterized with NMR spectroscopy
and high-resolution mass spectrometry. We have also synthesized several linear polymers by linking the
reactive tails of the ligands end-to-end, which we characterized through NMR spectroscopy and MALDI-
TOF mass spectrometry.

Through numerous rounds of metal-organic framework synthesis, we identified a suitable platform for
inter-ligand crosslinking. We synthesized this framework with reactive groups tethered to the linkers, so
that the linkers could then react with a crosslinker. We carried out the crosslinking step using various
crosslinkers as guests, through which we identified the most effective crosslinking chemistries. We
subsequently demetalled the crosslinked framework to leave behind an organic network, which we
characterized through solid-state NMR, infrared (IR) spectroscopy, electron microscopy, gas adsorption
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measurements, and thermogravimetric analysis (TGA). We discovered that the pre-crosslinking
framework is photoactive, capable of absorbing UV light to generate reactive ligand-centered radicals
(which we then employed to initiate the crosslinking reaction), while the post-crosslinking framework has
negligible absorption at the same wavelength. These exciting results open the door to spatially-resolved
crosslinking in this framework.
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Our team introduced and is currently further developing a solvent-free synthesis and modification
methodology for thin-film MOF membranes, which creates intricate microstructures with highly tunable
permeation properties. It consists of a combination of vapor phase and irradiation-induced MOF deposition
and modification methods. We systematically investigate processing-structure-separation performance
relationships by determining MOF membrane structure, adsorption, and permeation properties during the
synthesis and modification processes.

Recent Progress.

We developed a new method for atomic/molecular layer deposition (ALD/MLD) of amorphous zinc-2-
methylimidazolate (aZnMIm) films and we have shown that these films can be converted to crystalline ZIF-

8 (Advanced Functional Materials 34(12), 2311149 (2024)). We joe] * Selectviy @ CH, ® G, 180
also demonstrated synthesis of selective membranes by our new & 4 {70
method (not yet published work, see Figure 1). L 1073 S " . b

‘(—; ' L * L ® 5 -;
In our recent publication (ACS Applied Materials & Interfaces E o 3'35
16, 21, 27887-27897 (2024)), we provided a comprehensive E 0o ZZ
understanding of the vibrational spectra of ZIF-8 and its defect- & #* " - - "o
induced variations and resolved conflicting assignments from the 1070
literature. This work will enable precise quality control and aid Time [h]

the design of ZIF-8-based materials for separation applications. ~ Figure 1. Separation performance of ZIF-8
membrane made by ALD/MLD.

We have developed spin-on and liquid phase deposition methods of ZIFs, as well as a vapor phase treatment
method to incorporate halogenated ligands in ZIF films deposited on silicon wafers (reported in Nature
Materials 22, 1387-1393 (2023)), and are currently extending these studies to porous supports for
membrane performance testing before and after e-beam exposure.

Peer Reviewed Publications Acknowledging this Grant in 2021-2024.
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The main objective of this FWP is to investigate the interactions between heavy ions and graphene-based
materials, such as graphene, graphene oxide, and functionalized graphene at the molecular level, with a
focus on developing predictive understanding of heavy element separations. To achieve this objective, we
utilize various surface-specific techniques such as synchrotron X-ray scattering and vibrational sum
frequency generation spectroscopy. Our primary research interest lies in identifying the key factors that
determine the surface interactions of heavy ions with the graphene/water interface.

Recent Progress.

Y (") adsorption on pristine graphene under electrochemical control has been studied using resonant
anomalous X-ray scattering. This marks the first-ever measurement of its kind in the literature, yielding
very surprising results. Y jons primarily adsorb in a diffuse layer without losing their hydration shell.
The amount of adsorbed yttrium ions significantly exceeds the amount needed to compensate the surface
charge of the graphene.

A simple yet effective method for preparing thin graphene oxide (GO) films at the air/water interface has
been developed. This new method has enhanced the sensitivity of our measurements to nanoscale
perturbations at the graphene oxide interface. A notable achievement resulting from this method is our
discovery that heavy water (D,O) and regular water (H20) interact differently with GO thin films. These
differences can be exploited for isotopic separations.

The adsorption of Cs®, Sr™, and Y on graphene oxide membranes has been studied, focusing on GO
film structure and interfacial water behavior, using synchrotron X-ray scattering, surface-specific X-ray
fluorescence, and vibrational sum-frequency generation spectroscopy. This is the first comprehensive
study of ion adsorption on GO thin films.

We have demonstrated that the selectivity of GO films for rare earth ions is concentration-dependent.
La" and Lu(" adsorb similarly at low metal ion concentrations, but almost 8 times more Lu" than
La""" adsorbs at higher bulk concentrations. This phenomenon can be partially reproduced with pure
carboxylic acid films. By comparing and contrasting pure carboxylic films with GO, we have identified
the unique properties of GO in lanthanide adsorption.

Furthermore, we have shown that carboxylic acid groups on GO primarily control GO-monovalent ion
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interactions. This is in contrast to GO-trivalent ion interactions, which informs strategies to enhance
separations by tuning the functional groups on GO.

Peer Reviewed Publications Acknowledging this Grant in 2021-2024.
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Our overarching goal is developing kinetics-based and generalizable separation strategies founded on our
unique capabilities to enrich and entrap ions in asymmetric nanopores. Our main hypothesis is that the
unique electrokinetic ion enrichment and entrapment (ion-EE) effects in asymmetric nanopores will be able
to kinetically overcome thermodynamic limitations in a spatiotemporal resolved fashion. Correspondingly,
mechanistic insight will enable new capabilities for better separations.

Recent Progress.

Memory effect or hysteresis in ion transport is unique in that the conductance depends on or ‘memorizes’
the previous states. The

—0ov

property  constitutes  new
mechanism  with  exciting
potentials to improve the
efficiency of energy
conversation and
electrochemical processes, to
overcome the selectivity-
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Figure. Characteristic memristor ion transport through asymmetric nanopores and
membranes. Left: ion current rectification, hysteresis and NDR regulated by
transmembrane potential. Middle: two types of NDR transitions. Right: mechanistic
insights from finite element simulation.

throughput bottleneck in the
enrichment of low abundant
species for environment- and
energy-friendly separation, and to develop advanced iontronic and neuromorphic computing functions.

In this report, hysteretic effects in the rectified electrokinetic ion transport through nanoscale solid-solution
interfaces are discovered in anodized aluminum oxide (AAQ) membranes containing highly ordered arrays
of cylindrical nanochannels as well as single conical nanopipettes. Characteristic memristor responses of
pinched current-potential loops are resolved in voltametric experiments and successfully reproduced
through finite element simulation. Further, negative differential resistance (NDR), decrease in conductance
with increasing potential, is resolved in these time-dependent instead of steady-state nanoscale
electrokinetic ion transport. The emerging ion transport properties arise from the broken symmetry across
the AAO membrane imposed by the barrier oxide layers on one end of the nanochannels. The physical
origin of those transport properties is attributed to the gradient(s) in space charge density in the barrier
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oxide layer. A new strategy is developed accordingly for controlling the preferential ion transport direction
and selectivity via counterion intercalation or extraction. Intense rectification and hysteresis prevail at very
high ionic concentrations up to 1-2 M, unrestricted to lower ionic strength regime which is a fundamental
limitation of surface charge governed effects widely exploited in single nanopore-nanochannel systems.
Mechanistic understanding is elucidated through parameter variations such as potential scan rate and ionic
strength which also demonstrates convenient controls of the related functions. Discovery of these history-
dependent transport properties from the multiplex nanochannel arrays in the easily accessible macroscopic
membranes constitutes significant advances in the fundamental insights toward aforementioned
applications.

Peer Reviewed Publications Acknowledging this Grant in 2021-2024.
Intellectually led by this grant:

1. Yang, R.; Balogun, Y.; Ake, S.; Baram, D.; Brown, W.; Wang, G., Negative Differential Resistance
in Conical Nanopore lontronic Memristors. J. Am. Chem. Soc. 2024, 146 (19), 13183-13190.

2. Brown, W.; Kvetny, M.; Yang, R.; Wang, G., Selective lon Enrichment and Charge Storage
through Transport Hysteresis in Conical Nanopipettes. J. Phys. Chem. C 2022, 126 (26),
10872-10879.

3. Brown, W.; Kvetny, M.; Yang, R.; Wang, G., Higher lon Selectivity with Lower Energy Usage
Promoted by Electro-osmotic Flow in the Transport through Conical Nanopores. J. Phys. Chem. C
2021, 125 (6), 3269-3276.

165
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Research Project Scope.

Achieving clean, energy-efficient, and sustainable rare earth element separations is critically needed in
order to ensure the domestic availability of these important elements. The goal of this project is to design
macrocyclic chelating agents that can effectively discriminate between rare earth elements of different
sizes. In particular, we seek to leverage chelators with novel size-selectivity patterns that are distinct from
conventional ligands that have previously been applied for this application.

Recent Progress. (@) ((j\
Developing chelating agents with g“ ”j ®
unique selectivity patterns. To e Lk g o
optimally use chelating agents U

(b)
for rare earth element

pyz-macrodipa

separations, they should possess i Py
unique size-based selectivity . g o ‘

. - ufl"* | xe,
properties. In specific, many 2 *g, 1Y rads "
common chelators for rare earth g 5. N
elements already exist, but their 0 : * 3
se_:le_ctlvny patterns eXth.It i, B Bl . s ' IA
distinct preferences for either 105 100 95 9 8 80 75 s v .
Iarge or Sma” Ions In our 6-Coordinate ionic radius (pm) [La(pyz_macrodma)] [Sc(pyz-macrodlpa)(OH2)]
research, we have identified a ) i _ -

. 2| . ML,
Figure 1. (a) Structure of py,-macrodipa. (b) Thermodynamic stability constants (log Kw)

class of chelators that have a of py,-macrodipa in comparison to several other chealtors. (c) Cartoon depiction of the

non-monotonic trend in binding conformational changes of complexes of this chelator. (d) Crystal structures of the La** and
affinity across the rare earth Sc® complexes of this chelator, showing these conformational changes.

series. One of these chelators py.-macrodipa was recently disclosed (Inorg. Chem. 2022, 61, 12847). This
chelator is unique in that it has a high overall binding affinity for the rare earth elements and also has a
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preference for the largest and smallest

W (A ions within this series (Figure 1).
S N 3 « Crystal structures of the La®* and Sc®*
Lo oIy worsnmgrs complexes show that it can mutually
- W o e e @ stabilize these ions by attaining a
[La(macropa-NH,)]" - significant conformational change

when binding to small and large ions.

Figure 2. Structure of macropa-NH, and its La®* complex, as well as the approach . . .
used to attach it to solid resin, Adsorption of chelators on solid resin.

With fundamentally new metal
selectivity properties discerned, novel chelators can then be applied for practical rare earth element
separations. Toward this goal, we have synthesized an analogue of macropa, called macropa-NH;
(Bioconjugate Chem. 2022, 33, 1222), that contains a reactive amine group on its backbone that can be
used for attachment to solid-resins (Figure 2). The macropa-functionalized resin can extract rare earth
elements from solution and afford mild selectivity based on their ionic radii.

Chelators to modulate precipitation of rare earth carbonates. A novel chelator G-macropa was
synthesized and applied for achieving
rare earth element separations via

N\

precipitation (Angew. Chem., Int. Ed. 29 O
. . <N v In the presence of macropa In the presence of G-mar
2024, doi: 10.1002/anie.202410233). <JN<\¥ JN\D , 1
In this approach, G-macropa can be < o o Miueo I‘rl! Mixure o H
used to separated Nd** and Dy*" in ”:) <”” o into SN L Dy in O u w !
. . . o=, o s = 3 -
aqueous solution (Figure 3). This A gl .

chelator has a higher affinity for Nd**,
enabling Dy®* to be selectively
preC|p|tated with carbonate ion. Figure 3. Structure of G-macropa and photographs showing how its presence can

lead to selective precipitation of Dy®* from an aqueous solution containing both Nd**
Future Plans. and Dy**.

Future work on this project will interface our novel dual size selective chelators (like py.-macrodipa) with
our practical separation approaches involving adsorption to solid rein and precipitation with counterions.
These dual size selective chelators should in principle be able to separate mid-sized lanthanides from the
early and late lanthanides.
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Research Project Scope.

Highly selective and permeable membranes are critical for reducing the carbon footprint of gas separations.
We recently developed a new type of microporous ladder polymers, termed CANAL polymers, that exhibit
high performance in gas separations upon aging. We investigated how the structural features of CANAL
polymers affect their gas separation performance and aging behavior. Understanding of the factors that
control the gas transport properties and aging of microporous polymers will allow us to establish principles
for custom-designing microporous polymer membranes for various separation applications.

Recent Progress.

We performed 3 types of ladder polymer structural variation to elucidate the effects of structural features
of CANAL polymers on gas transport. (1) We compared isomeric ladder polymer structures, and found that
introducing spirocyclic backbone linkages to CANAL polymers reduced the microporosity and gas
permeability. (2) We investigated the effect of incorporating a controlled amount of variable single-bond
linkage, and found approximately the minimal length of complete rigid ladder backbone segment to
maintain the gas transport performance of complete CANAL ladder polymers. Interestingly, both types of
backbone structural variations did not change the unusual selective aging behavior of CANAL polymers.
(3) We compared copolymers containing more flexible linkages and polymer blends at the same
compositions, and found polymer blends can maintain the gas separation performance and aging behavior
of CANAL polymers, but the copolymers cannot once the flexible linkage exceeds a certain fraction.
Additionally, we discovered that trace amounts of absorbed organic vapor facilitate the aging of CANAL
polymers.

Future Plans.

We will finish the structural variation 2 and 3 with quantitatively defined chain rigidity and packing and
complete gas permeation evaluation including plasticization using mixed gases. We will investigate the
effect of environmental organic vapor on aging in detail to understand the aging mechanism.
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Research Project Scope.

Critical 4f rare earths and minor 5f actinides are all +3 f-elements with similar chemistries, but often very
different applications. Separating these elements from one another in high purity and in high yield is
essential to the success of the DOE Clean Energy Initiative, but separation is extremely difficult given
their nearly indistinguishable chemical characteristics. Despite extensive community efforts in the last
seven decades, the solution to the +3 f-element separation problem remains elusive, largely because of the
large number of factors that contribute to successful separations, e.g. extractant, solvent, aqueous and
organic matrix identity, binding kinetics, hold-back agent, temperature, counter-ions, process conditions,
etc. The lack of predictive models for 4f/4f and 4f/5f separations has made innovation slow, incremental,
and labor intensive, resulting in only fragmentary exploration of the vast chemical space. Our central
scientific goal is to accelerate f-element separation science design using an integrated data-driven
autonomous discovery loop that explores the vast space of separation chemistries with minimal human
bias, in a way that provides fundamental molecular-level understanding of the separation process.

Recent Progress.

We developed a software package called Architector’® that can rapidly generate chemically-sensible 3D
molecular structures, enabling high-throughput simulations of f-element complexes. Coupled with
automated workflows for liquid-liquid extraction screening, this allows us to run tens of thousands of
density functional theory simulations at high-performance computing centers such as NERSC, thoroughly
investigating chemical effects like metal coordination, ligand denticity, pH, etc. Recent advancements in
Architector have further enhanced its capabilities for f-element separation science, particularly in
secondary solvation sampling, multi-metal construction, and ligand binding site prediction. This allows
for an unbiased exploration of distinct configurational and compositional variations for each metal. This
capability has recently demonstrated with three diverse extractants—a crown ether, a phenanthroline
monocarboxamide, and a malonamide—that sampling the metal-ligand configuration space is critical for
correctly predicting solvation structures and explaining experimentally observed selectivity. We
established the LANL Super Separator, a robotic system designed for the separation of radioactive
actinides. This system automates the development of new separation protocols, optimizes operational
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sustainability but also enables the exploration of a vast experimental space necessary for finding optimal
separation conditions.
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To meet the impending surge in lithium demand, direct lithium extraction (DLE) technologies that are
economical and sustainable are urgently needed to enable increased production from conventional
sources, access “technologically-locked” lithium assets in unconventional sources, e.g., geothermal brines
and produced water, and realize recycling and reuse of existing lithium stock. We propose a novel DLE
technology, termed switchable solvent selective extraction (S°E), which utilizes temperature-responsive
switchable solvents, for the selective extraction of Li* over much higher concentrations of background
cations, in particular Na* and K*. The overarching aim of this project is to advance fundamental
understanding of the principal phenomena governing competitive ion partitioning in biphasic systems of
switchable solvents and lithium brines.

Recent Progress.

We show that switchable solvent selective extraction, S°E, demonstrates > 1 order of magnitude
preference for Li* over other alkali metal cations, Na* and K*, in hypersaline lithium brines with only a
moderate temperature stimulus (<80 °C). Furthermore, the selectivity is preserved even when Li*
concentrations are several orders of magnitude lower than Na* and K*.

To elucidate the fundamental interactions between water, solvent, and ions/ion-pairs, we employed
combined differential wide-angle x-ray scattering and pair distribution analysis, integrated with small
angle x-ray scattering characterizations, molecular dynamics structural modeling, and bulk phase liquid-
liquid equilibrium measurements, to carry out a careful analysis of the lower critical solution temperature
behavior of mixtures of water and switchable amine solvents. We demonstrate that the double differential
pair distribution functions from experimental measurements are consistently reproducible and, critically,
exhibit strong agreement with the signals from computational molecular dynamics simulations. This
outcome is significant (and technically difficult to achieve) as it allows us to interrogate the underlying
mechanisms from both experimental and simulation approaches. The study results strongly indicate that
the interactions through hydrogen bonding between water and the switchable hydrophilicity amine yield
molecular cluster structures that are ordered over =12 A. We quantitatively showed that the decrease in
hydrogen bonding between amine and water as temperature increases is significantly greater than the
change in water-water H-bonds. The presence of molecular cluster structures is further corroborated by
small angle x-ray scattering characterizations. The inverse micelles of water in the low-polarity organic
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phase are determined to be =12 A across, housing 60-90 water molecules each. Interestingly, changes in
temperature do not affect the size of these molecular cluster structures but have a reciprocal effect on the
number density of the structures. These findings offer, to-date, the most direct evidence for strong
directional interactions in lower critical solution temperature systems that lower the entropy of mixing at
higher temperatures through molecular-scale ordering.

To shed light on the principal ion properties governing competitive partitioning behavior in biphasic
mixtures of thermally switchable solvents and hypersaline brines, we systematically investigated 11 ion
properties across four alkali metal cations, namely Li*, Na*, K*, and Rb*, and four halide anions of F,
Cl~, Br7, and I for a total of nine alkali-halide electrolytes (LiCl, NaF, NaCl, NaBr, Nal, KCI, KBr, KiI,
and RbCI). Advancing our fundamental understanding of the intrinsic ion properties that govern salt
partitioning in the biphasic systems is critical for the informed development of selective ion separation in
S°E.
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Appendix A: Meeting Presentation Slides

2024 Separation Science Pl Meeting:

Introduction, Overview, and Meeting Charge

BES Chemical Sciences, Geosciences, and Biosciences (CSGB) Division

Amanda Haes, Program Manager

September 10-12, 2024
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U.S. DEPARTMENT OF Office of energy.gov/science

ENERGY | science science.osti.ges/csghb/

Welcome and Code of Conduct

Most of the attendees are on-site for the first time since 2019!

There are a few people who are attending virtually, so please use the
microphone to ask questions.

Code of Conduct

The Office of Science (SC) expects the scientific community participating in
SC-sponsored events to conduct themselves in a manner that is respectful,
ethical, professional, inclusive, and non-disruptive. By attending such events,
participants agree to conduct themselves according to these expectations. If
a participant does not adhere to such expectations, SC reserves the right to

take appropriate action.
https://science.osti.gov/SW-DEI/SC-Statement-of-Commitment/Potential-Consequences
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Thank You

.........................................................
. LN

Vana Glezakou Carrie Farberow

Detailee from ORNL  Detailee from NREL Ryan Lively Santa Jansone-Popova Michael Tsapat5|s..:

B
.............................................................................

..........................
. .
. .

All of You

Science

The Purpose of the Meeting is to Accelerate Research Progress through
Collegial Interactions

» Develop a common understanding of present activities

» Maximize potential for collaboration

+ |dentify the scientific needs of the research community

+ Discuss future research directions

@ Pl Talks (23 total including several Early Career Pls)

‘;; Poster Presentations and Lightning Round Introductions (44)

\ Breakout Session 2 — Separation Science and Data Science — What Should the
Venn Diagram Look Like?

W Build Community, Catch-up with Acquaintances, and Meet New People

U.S. DEPARTMENT OF Office of

L ENERGY Science
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Separation Science Program Overview

The Separation Science Program supports fundamental, hypothesis-driven molecular-level
experimental and computation research that addresses questions to discover, understand
predict, and control de-mixing transitions, with the goal of enabling chemical separation
paradigms that may become the basis for solutions to current and long-term energy challenges.

Sm Y e ife s

Distillation Drying Evaporation Extraction Adsorption Absorption Membranes Crystallization

*Image. NASEM Report on Separation Science

HIGH ENERGY LOW ENERGY
Understanding Advancing the Gaining more Understanding & controlling
molecular discovery & precise control of atomic & molecular
interactions & predictive design of energy & matter interactions between target
energy exchanges chemical separation transformations species & separations media
that determine the paradigms...for of complex as well as the relevant
efficiency of solutions to the domestic molecular structures,
chemical world’s energy resources dynamics, kinetics, &
separations challenges transport properties that

govern separations

U.S. DEPARTMENT OF Office of

(%) ENERGY | sciercs 5 science.osti.gov/bes/csgb/Research-Areas/separation-science

Separation Science is an Evolving Field, Well-Posed
to Address Many of Today’s Energy Challenges

Fundamental Scientific Scope of Program:

* Discovering, understanding, and predicting (User-lnspired DOE Themes: \
paradigms for removal of dilute constituents from * Critical materials and minerals

a mixture; * Carbon dioxide removal

* Elucidating factors that cause a separation system * Sustainable chemistry

to approach mass transfer limitations; separation processes

* Advancing non-thermal and other sustainable : Separation and utilization of
separation mechanisms that have the potential to rare isotopes or heavy elements

. - . from nuclear waste
drive efficient and selective energy-relevant
separations;

* Elucidating how separation parameters and processes such as high selectivity, capacity, and
throughput are impacted by complex and/or interconnected system properties;

* Understanding and controlling temporal changes in separation systems such as activation,
degradation, self-repair, or solvation.

U.S. DEPARTMENT OF Office of

£ 7 'ENERGY | science 6 science.osti.gov/bes/csgh/Research-Areas/separation-science
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Separation Science Program — Current Portfolio and Scope

Lab Projects

* FWPs at National Labs Other 3%

* Integrated efforts
spanning several
emerging topics with
emphasis in unique
tools

Separation

Parameters and :
Processes Non-Thermal/Sustainable

UmverSIty PrOJECtS Elucidation Separation Mechanisms

. o 32%
» ~65 active Pl 22%

* Includes some large —_—
special FOA projects

Office of

) ENERGY Science Snapshotasof

Separation Science Program Evolution and Opportunities

General FOA — Fundamental Research Questions — ~Individual Pls

Early Career, EPSCoR, FAIR, RENEW, etc.

Data, Data Science, Al/ML
Special FOA, Team Science Critical Minerals and
Efforts, Short-Term Topical Materials
Investments Driven by

Perspectives
Clean Energy

Where do these go next?

Office of

7%, U.S. DEPARTMENT OF
(A7) ENERGY Science
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NASEM Report — A Research Agenda for Transforming
Separation Science

* Assesses the state of separation science with a focus on
advances since the prior report in 1987
* Identifies critical roles separation science plays in society
* Emphasizes that separations are integral to many industrial
processes yet often not always considered
* Develops an agenda for foundational research directions
(i.e., an agenda) for the field
* Categorizes the agenda into two major themes
— Designing separation systems that have high selectivity,
capacity, and throughput
— Understanding temporal changes that occur in separations
* Identifies two cross-cutting topics
— Establishing standards to enhanced reproducibility

— Adapting data-science methods to accelerate the
development of separation systems

A RESEARCH AGENDA FOR TRANSFORMING

SEPARATION
SCIENCE

el ot Breakout Sessions National Academies of Sciences, Engineering, and

¢/ ENERGY | science : Medicine. 2019. doi.org/10.17226/25421

BES Roundtable — Foundational Science for Carbon Dioxide
Removal (CDR) Technologies

* Advancements that could reduce atmospheric CO, thereby

transforming the technological landscape of CDR include:

o direct COz capture and concentration from ambient air and other dilute

sources

- durable carbon storage through mineralization and synthetic conversion
. o COz sequestration in underground geologic formations
.| * Innovations rely on a molecular-level understanding of CO,
interactions with interfaces in complex environments and coupling
of methods including novel operando experimental techniques,
| predictive theory and modeling, and data science

* Foundational knowledge generated could enable advances in
multifunctional materials, mitigation strategies for degradation
processes, and overall control of CO, interactions with molecules,
minerals, and materials

Report of the Basic Energy Sciences Rounditable
on March 24, 2022

https://science.osti.gov/-/media/bes/pdf/reports/2024/CDR-

U.S. DEPARTMENT OF Office of

4 7 'ENERGY | science
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Office of Science and Technology Policy (OSTP) Interagency
Working Group and Report on Sustainable Chemistry

* Develop a consensus definition of sustainable chemistry

* Perform a landscape analysis of all current
Federal sustainable chemistry activities

* Develop a strategic plan to characterize and
assess sustainable chemistry

¢ Coordinate Federal efforts in the areas of
regulation, R&D, and challenges

* Integrate sustainable chemistry into Federal
R&D through awarded Federal grants, prizes,

SUSTAINABLE CHEMISTRY REPORT
FRAMING THE FEDERAL LANDSCAPE

A Report by the
JOINT SUBCOMMITTEE ON ENY
PUBLIC HEALTH

SUSTAINABLE CHEMISTRY STRATEGY TEAM

NATIONAL SCIENCE AND TECHNOLOGY COUNCIL

INMENT, INNOVATION, AN

D

and loans

* Increase workforce training and
development in sustainable chemistry

First Report Published in August 2023

https://www.whitehouse.gov/ostp/news-updates/2023/08/02/nstc-
sustainable-chemistry-report/

U.S. DEPARTMENT OF

Office of
Science

(2) ENERGY

BES Research Priorities Related to Separation Science

Science in support of clean energy and sustainable manufacturing

o Supported by strategic planning and cross-DOE initiatives, including Energy Earthshots
o Strategic planning reports in recent years include hydrogen, carbon dioxide removal,
solar fuels, microelectronics, manufacturing, nuclear energy

Science addressing national priorities

o Quantum Information Science, including National QIS Research Centers

o Microelectronics

o Data, artificial intelligence, and machine learning

o Accelerate transition of science advances to technologies
Forefront science in core research foundations
(assessed annually)

o Continuation of Solicitation for the Office of Science Financial
Assistance Programs

o BESAC charge to provide advice on prioritization strategies
Support to broaden participation in research

o Early Career, EPSCoR, RENEW, and FAIR

U.S. DEPARTMENT OF

Office of
Science

(%) ENERGY

science.osti.gov/BES
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ENERGY

() earthshots

DEPARTMENT OF ENERGY

Carbon Negative Shot Hydrogen Shot Industrial Heat Shot

Enhanced Geothermal Shot Long Duration Storage Shot

Floating Offshore Wind Shot Clean Fuels & Products Shot Affordable Home Energy Shot

13

How can the Separation Science community address fundamental
scientific challenges that underpin DOE Energy Earthshots?

Hydrogen Shot™ | Accelerate innovation and increase demand for clean hydrogen by
reducing the cost by 80%—to $S1 per 1 kilogram of clean hydrogen—within the decade.

Clean Fuels & Products Shot™ | Decarbonize the fuel and chemical industry through alternative
% sources of carbon by advancing cost-effective technologies that achieve 85% lower net
greenhouse gas emissions by 2035.

Carbon Negative Shot™ | Enable removal of CO, from the atmosphere and durable storage at
CO, meaningful scales for less than $100/net metric ton of CO»- equivalent within a decade.

}

m Industrial Heat Shot™ | Develop cost-competitive industrial heat decarbonization technologies
! gj with at least 85% lower greenhouse gas emissions by 2035 to put the American industrial sector
on course to reduce its carbon- equivalent emissions by 575 million metric tons by 2050.

Breakout Session A

U.S. DEPARTMENT OF Office of

% / ENERGY Science
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Closing Session Preview - How Can You Help Me Help You?

* Send me your highlights

Properly acknowledge your awards

Submit your reports in a timely manner

. Submit your new and renewal proposals in a timely manner
(whitepapers are encouraged)

« Consider time constraints and practice/policy

. Ask questions
Think creatively

. Communicate clearly
Articulate how your research directly addresses molecular based and
fundamental knowledge gaps in separation science

* Volunteer to review when you can
* Let me know of potential new Pls

Office of

é ;H ‘. U.S. DEPARTMENT OF
‘ 7 /ENERGY ‘ Science

Acknowledging BES Support in a Publication

* Acknowledging sole DOE BES program support:
Grant: “This research was supported by the U.S. Department of Energy, Office of Science,
Office of Basic Energy Sciences, under Award XXX.”
FWP: “This research was supported by the U.S. Department of Energy, Office of Science,
Office of Basic Energy Sciences, Chemical Sciences, Geosciences, and Biosciences Division.”

https://science.osti.gov/Funding-Opportunities/Acknowledgements

* When the work was only partially supported by a Separation Science grant, it is important to
clearly state which aspect of the research was funded under the grant and which other part of
the work was supported by each of the acknowledged sponsors. The preferred method for
acknowledgments in this case is “distinction by scope/specific aspects of the research:”

“This research was supported by the U.S. Department of Energy, Office of Science, Office of
Basic Energy Sciences, under Award XXX (neutron scattering studies), by the National Science
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Appendix B: Conclusions from the Breakout Sessions

The discussions held by the Pls during the breakout sessions led to independent observations and
conclusions that they will publish on their own in the open literature shortly. A reference to that
publication will appear here when it is available.
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