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Foreword 

This document is a collection of abstracts of the presentations made at the Principal 
Investigators’ Meeting of the Materials Chemistry program, sponsored by the Materials Sciences 
and Engineering (MSE) division in the Office of Basic Energy Sciences (BES) of the U.S. 
Department of Energy (DOE). The meeting took place July 18-20 and July 25-26, 2023 as a virtual 
event conducted entirely over the internet. The 2023 virtual meeting was arranged as a miniseries 
of short talks to serve as a bridge back to in-person PI meetings which will return in 2024 and 
occur every two years thereafter (in the even years).   

This meeting is one of a series of Principal Investigators’ Meetings organized by BES. The 
purpose of the meeting is to bring together all the Principal Investigators with currently active 
projects in the Materials Chemistry program for the multiple purposes of raising awareness among 
PIs of the overall program content and of each other’s research, encouraging exchange of ideas, 
promoting collaboration, and stimulating innovation.  The meeting also provides an opportunity 
for the Program Managers and MSE/BES management to get a comprehensive overview of the 
program on a periodic basis, which provides opportunities to identify program needs and potential 
new research directions. The meeting agenda is organized in twelve technical sessions around 
topical areas in materials research that encompass many of the projects in the current Materials 
Chemistry portfolio. These topics include: New Materials for Energy Storage; Ion and Mass 
Transport in Energy Materials; Electrochemical Mechanisms in Energy Materials; Chemistry of 
Polymer Upcycling; Transport Phenomena in Polymers; Emergence of Functionality in Polymers; 
Solid State Synthesis of Functional Materials; Hierarchical Solid State Materials; Emergence of 
Functionality in Solid State Materials; Emergence of 2D/3D Material Properties; Chemistry at the 
Interface of Materials; and Chemistry of Clusters, Complexes, & Low-Dimensional Materials 

The Materials Chemistry program supports hypothesis-driven research on materials with a 
focus on the role of chemical reactivity, chemical transformation, and chemical dynamics on the 
material composition, structure, function, and lifetime across the range of length scales from 
atomic to mesoscopic. Discovery of the mechanistic detail for chemical synthesis, transformations 
and dynamics of materials, fundamental understanding of structure-property relationships of 
functional materials, and utilization of chemistry to control interfacial properties and interactions 
between materials are common themes. 

We would like to thank all the meeting attendees for their active participation and for sharing 
their ideas and new research results. Sincere thanks also go to Teresa Crockett of BES/MSE and 
Tia Moua and her colleagues at the Oak Ridge Institute of Science and Education (ORISE) for 
their excellent work providing all the logistical support for the meeting. 

Chris Chervin 
Craig Henderson 
Program Managers, Materials Chemistry 
Materials Sciences and Engineering Division 
Office of Basic Energy Sciences 
U.S. Department of Energy 
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Synthesis and Interfacial Control of Electrode Architectures  

Sheng Dai, Albina Y. Borisevich, Craig A. Bridges, M. Parans Paranthaman, and Xiao-Guang 
Sun   

Oak Ridge National Laboratory  

Keywords: Architectures, Interfaces, Transport 

Research Scope 

The advancement of electrochemical energy storage relies on the creation of tailored 
nanotextures through precise control of the compositions and structures of electrode materials. 
This research focuses on investigating the complex interplay between solvent and solute 
structures and dynamics at the charged interface, as well as the transport of ions into and out of 
the electrodes. The solvation/desolvation processes taking place and the formation of interfaces 
through chemical reactions are all crucial factors to be explored. This study has addressed several 
synthesis methods for designing inorganic and polymer electrodes specifically tailored for energy 
storage applications. The primary objective is to demonstrate the effectiveness of our synthesis 
strategies in producing nanostructured polymers and oxides that exhibit not only high storage 
capacity but, more importantly, significantly enhanced electronic and ionic conductivities. By 
enhancing the transport properties within electrode 
architectures, such as improved electronic and ionic 
conductivities, we can enable high-rate capabilities for 
the corresponding energy storage systems. The key 
focus will be on developing materials with enhanced 
transport properties, which are vital for achieving high-
performance electrochemical energy storage.  

Recent Progress  

Wadsley-Roth phased niobates, characterized by open 
and interconnected crystallographic shear structures, 
show promise as anode materials for lithium-ion 
batteries. However, their inherent low electrical 
conductivity limits their rate-capability. We have 
recently successfully prepared a doped material called 
Mo1.5W1.5Nb14O44 (MWNO) through an ionothermal-
synthesis-assisted doping strategy (Fig. 1).1 The crystal 
structure of MWNO was thoroughly examined using 
neutron powder diffraction and aberration-corrected 

 

Fig. 1. Schematic structure motifs of 
Mo1.5W1.5Nb14O44 (MWNO) through an 
ionothermal-synthesis-assisted doping 
strategy.1 
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scanning transmission electron microscopy, which revealed the complete occupancy of Mo6+-
dopant at the t1 tetrahedral site.  This MWNO demonstrated exceptional fast-rechargeability, 
achieving a capacity of 92.1 mAh g-1 at 100°C and retaining 81.7% of its capacity over 2000 cycles 
at 10°C. The remarkable performance of MWNO was further investigated through ultraviolet-
visible diffuse reflectance spectroscopy, density functional theory (DFT) computations, and 
electrochemical impedance spectroscopy. These analyses revealed that the improved electrical 
conductivity of MWNO is attributed to bandgap narrowing.  

Future Plans 

The purpose of our future research plan is to further investigate the potential of composition 
doping as a strategy to enhance the electronic conductivity of Wadsley-Roth phased niobates 
through band narrowing. By modifying the composition of the niobates, we aim to understand 
the structural dependence of their rate-capability on electronic structures for lithium-ion 
insertion reactions.  Wadsley-Roth phased niobates with controlled compositions will be 
synthesized using established methods, incorporating dopant elements known to influence 
electronic properties. Various doping concentrations and combinations including high entropy 
phases will be explored to achieve optimal band narrowing effects. The synthesized materials will 
be characterized using a combination of techniques, including neutron and X-ray diffractions, 
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and energy-
dispersive X-ray spectroscopy (EDX). These analyses will provide insights into the crystal 
structure, elemental composition, and morphology of the doped niobates. Density functional 
theory (DFT) calculations will be employed to investigate the electronic band structure of the 
doped niobates. These calculations will provide valuable insights into the impact of composition 
doping on the band structure, bandgap narrowing, and charge carrier mobility. Theoretical 
predictions will be compared with experimental results to validate the band narrowing strategy. 
A mechanistic understanding of the role of composition doping in enhancing electronic 
conductivity will be established through a comprehensive analysis of the experimental and 
theoretical results. The relationships between the dopant concentration, band structure, 
electronic conductivity, and electrochemical performance will be elucidated, providing valuable 
insights into the underlying mechanisms driving the observed enhancements. 

References 

1. Tao, R. M.; Zhang, T. Y.; Tan, S. S.; Jafta, C. J.; Li, C.; Liang, J. Y.; Sun, X. G.; Wang, T.; Fan, J. T.; Lu, Z. Y.; 
Bridges, C. A.; Suo, X.; Do-Thanh, C. L.; Dai, S. Insight into the Fast-Rechargeability of a Novel 
Mo1.5W1.5Nb14O44 Anode Material for High-Performance Lithium-Ion Batteries. Adv. Energy Mater., 16, 
2200519 (2022). 
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Elucidating the Electrochemically Enhanced Surface Diffusion Mechanism in Materials for 
Clean Energy 

Pietro Papa Lopes, Materials Science Division, Argonne National Laboratory 

Keywords: electrochemistry, durability, dissolution, redeposition, surface diffusion 

Research Scope 

This project aims to understand the mechanism of surface diffusion in electrochemical media, 
which can become orders of magnitude faster than observed in gas-phase conditions. The key 
hypothesis of this project is that fast surface diffusion in electrochemical environments occurs as 
concerted dissolution and redeposition events occur at the nanoscale. Thus, by understanding 
and controlling the rates and locus of dissolution and redeposition as a function of electrode 
polarization, surface adsorption, and electrolyte complexation effects we can establish the 
relationships between dissolution/redeposition events at atomic levels to changes in surface 
defect distribution and overall morphological evolution. As the early stages of surface dissolution 
may involve less than 0.1% of the surface area, and different surface sites (e.g. terrace, step 
edges, kinks, etc), this project will rely on precision electrochemical approaches leveraging well-
defined materials and interfaces such as single crystal surfaces with different surface orientation 
and composition to properly establish the relationships between dissolution/re-deposition and 
surface diffusion. The insights on the driving force behind surface dissolution, site-selective 
electrodeposition, and overall surface diffusion have a direct impact on materials degradation 
effects that lead to a loss in reactivity on materials that are relevant for electrochemical 
conversion and storage reactions part of clean energy systems such as fuel cells, electrolyzers, 
and batteries. As such, precise control of the process behind surface diffusion will allow us to 
devise strategies for guiding surface atom mobility targeting specific surface site arrangements. 

Recent Progress  

The loss of functional properties that occur in materials used in electrochemical energy storage 
and conversion systems poses a challenge in the design of materials that must be simultaneously 
stable and functional. In this portion of this project, we present a framework by which changes 
to material properties such as its structure and composition have a direct impact on its ability to 
sustain the desired reactivity during operation and long periods of time1. This framework 
emphasizes the distinction between reaction durability and materials stability, two concepts that 
separate the loss in current density or capacity (e.g. reaction durability) from the changes in the 
material structure and/or composition (e.g. material stability). Thus, the focus on material 
stability allows us to classify the changes to the material properties arising from additive and 
subtractive processes (Figure 1), as they are related to redeposition events that may lead to 
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changes in surface sites or the formation of 
passive films (e.g. additive) and dissolution which 
lead to changes in local coordination 
environments and changes to the initial crystal 
structure (e.g. subtractive). Therefore, the focus 
on additive and subtractive events that inherently 
change the nature of the material active center 
can explain when degradation occurs2 or when 
material evolution ensues with superior 
properties than the initial material3. It also implies 
that controlling surface diffusion through 
dissolution and redeposition may open new 
pathways toward the design of functional and 
stable materials and ways to regenerate them.  

To uncover the relationships between dissolution and surface diffusion on Ir surfaces, we have 
begun our investigation by exploring the dissolution trends over Ir single-crystal surfaces as a 
function of pH and electrochemical conditions. The results obtained thus far indicate that 
dissolution events related to the transition between metal and metal oxides are far more 
intricate and distinct from deep oxidation conditions that are often explored in the context of the 
O2 evolution reaction4. Upon first immersion of a clean, pristine Ir(111) surface we can observe 
an immediate dissolution transient that equates to the removal of 0.65 mML of the surface atoms 
(Figure 2a), about 6 times greater than observed on Pt(111)5. Dissolution transients are also 
observed during electrode voltage sweeps but only when Hupd adsorption/OH desorption occurs 
below 0.2V vs. RHE, indicating that dissolution upon oxide reduction process might be more 
universal than the need for redox 
transitions involving higher 
oxidation states (e.g., +4)4. The 
formation of defect sites becomes 
much more prominent upon high 
voltage excursions (Figure 2b), 
which also follows the increase in 
dissolution rates. Lastly, 
differences in dissolution rates and 
changes to adsorption profiles for 
various surface orientations 
provide new insights about the 

Figure 1. Schematic representation of subtractive 
and additive mechanisms behind trends in 
material stability and possible changes to 
coordination environments, reconstruction, 
passivation, and material loss. 

Figure 2. a) Recorded Ir dissolution transient during immersion of 
clean Ir(111) surface in 0.1M HClO4 electrolyte at 0.1V vs. RHE. b) 
Evolution of surface adsorption features upon varying electrode 
voltage excursions up to 1.45V, and corresponding formation of 
defect sites indicated by the pronounced Hupd desorption/OH 
adsorption around 0.15V.  
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surface species and locus of dissolution as it relates to changes in surface morphology. 
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Precision Deconstruction of Polymers by Tailored Ionic Liquids 

Tomonori Saito, Jeffrey Foster, Ilja Popovs, Sheng Dai, Bobby Sumpter, Changwoo Do, Oak 
Ridge National Laboratory, Robert Davis, The University of Virginia   

Keywords: Polymer Upcycling, Polymer Deconstruction, Organocatalyst, Mixed Plastics, 
Condensation Polymers 

Research Scope 

Condensation polymers comprise ~30% of global plastics production. Although there has been 
some progress on chemically recycling condensation polymers, most condensation polymers are 
not recycled because of the difficulty in depolymerization to pure building blocks in an energy 
efficient manner. New processes and catalysts are needed to lower the energy requirements and 
temperature for deconstruction of condensation polymers. Ionic liquids hold great potential to 
address these challenges due to their unique physical and chemical properties, including good 
miscibility with polymers, high thermal stability, low vapor pressure, tailorable functionality and 
catalytic activity. Thus, the overarching goal of this project is to unravel the fundamental 
principles for precise deconstruction of condensation polymers using ionic liquids as both solvent 
and organocatalyst while establishing approaches for their reconstruction (Figure 1). To achieve 
the overarching goal, the following three specific aims will be pursued. Aim 1: Develop low energy 
depolymerization pathways for 
condensation polymers by 
tailoring functionality, 
structure, and composition of 
ionic liquids as solvents and 
catalysts. Aim 2: Develop 
design principles for ionic liquid 
organocatalysts that generate 
well-defined deconstructed 
intermediates. Aim 3: 
Understand and control the product selectivity in the deconstruction of mixed streams of 
condensation polymers using designed ionic liquids and unravel the pathways for reconstruction. 
Successful implementation of this project will deliver the fundamental knowledge to establish 
the design principles for energy efficient polymer deconstruction and lay a versatile platform for 
polymer reconstruction with tailored composition, topology and functionality. These upcycled 
polymers can be recycled to establish an energy efficient closed-loop recycling pathway for 
condensation polymers.  

 

Figure 1. Deconstruction and reconstruction of condensation polymers 
by tailored ionic liquids 
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Recent Progress  

A highly efficient and versatile protic ionic salt organocatalyst is unveiled for selective glycolysis 
of diverse condensation polymers (Aim 1) and their mixed waste streams into corresponding 
monomers (Aim 3).1 It allows for quantitative conversion of multiple condensation polymers to 
small molecules, including 
poly(ethylene terephthalate) (PET), 
poly(carbonate) (PC), poly(urethane) 
(PU), and poly(amide) (PA) within 2h, 
where no other reported catalysts can 
deconstruct such broad range of 
condensation polymers (Figure 2). All 
electron density functional theory 
(DFT) calculations combined with 
molecular dynamics (MD) simulations 
revealed a deep mechanistic 
understanding on the high catalytic 
activity of the organocatalyst in 
glycolysis. The catalyst exhibited lower 
barrier of intermolecular dissociation and minimized unnecessary interaction to the host 
polymers compared with those of the-state-of-the-art organocatalyst, allowing exceptionally 
efficient polymer deconstruction by high activation of carbonyl on the polymer and 
deprotonation of ethylene glycol. The establishment of DFT and MD simulation methods sets 
critical foundation for predictive understanding of new polymer deconstruction mechanisms. We 
further unraveled selective and sequential deconstruction of different condensation polymers at 
specific temperatures depending on the bond strength of condensation polymers (carbonate, 
ester, urethane and amid), while additives or other plastics such as polyolefin and cellulose were 
kept intact and readily separated (Figure 2). The ability of sequential deconstruction coupled with 
facile separation of the mixed inert components at specific temperatures provides a new 
recycling pathway for a variety of currently unrecyclable mixed plastics. We have also established 
the methods to determine deconstruction kinetics by various catalyst systems using small model 
compounds. The establishment of experimental methods to precisely determine the kinetics of 
the polymer deconstruction is an important foundation for understanding mechanistic pathways. 
The polymer/oligomer conformation and solvation are currently being investigated using small-
angle neutron scattering, coupled with computation. The protocol is established to correlate 
polymer solvation and conformation upon deconstruction or reconstruction of polymers, which 
is critical not only for this project but also various other polymer science projects. We also 
described a guide to understand the gap between industry and academia in plastic recycling, 

 

Figure 2. Efficient deconstruction of mixed plastics by tailored 
protic salts 
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aiming to help creating a path for new discovery in academic research to be integrated into 
industrial practices.2 
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Kinetically Controlled Synthesis of Metastable Nitride Materials 

Andriy Zakutayev, National Renewable Energy Laboratory  

Keywords: ion exchanged, thin film, ternary, perovskite, ferroelectric, phosphide 

Research Scope 

The objective of this program is to understand selective synthesis of new metastable nitride 
materials with desired structure and useful properties. This program aims to answer the following 
scientific question: “how to synthesize metastable materials by surpassing kinetic energy barriers 
under non-equilibrium conditions?”. The hypothesis is that metastable ternary nitrides can be 
obtained by a kinetically controlled synthesis approach through intermediate energy states that 
are structurally or compositionally related to the metastable product. The approach consists of 
two kinetically controlled synthesis methods: 1) cation-exchange reactions controlled by 
composition; and 2) crystallographic transformation from precursor to product controlled by 
structure. Examples of nitride materials classes studied in the past two years include multivalent 
ternary nitrides (e.g. cation-ordered Zn3WN4, layered MgMoN2), wurtzite nitride ferroelectrics 
(i.e. Al1-xScxN), perovskites-structured nitrides (LaWN3, CeMoN3), with an extension of pnictides 
to phosphide chemistry (e.g. CuP2, CaCuP), as discussed in more details below. The two expected 
outcomes of this program are a fundamental understanding of non-equilibrium kinetically 
controlled synthesis pathways for nitrides and other inorganic materials chemistries, and the 
discovery of new nitride materials that could impact energy applications.  

Recent Progress  

(1) Multivalent ternary nitrides: We focused the efforts 
on synthesis of multivalent ternary nitride materials 
(Fig.1), which combine two metal cations with a nitrogen anion in equal amounts and charge 
balanced stoichiometry, as defined in our invited 
perspective in Chemistry of Materials. This class of 
materials tends to have relatively simple crystal 
structures with hexagonal close packing of nitrogen atoms, metals in 4-fold or 6-fold 
coordination, and promising properties for a broad range of applications [1]. For example, we 
synthesized (a) cation-ordered Zn3WN4 in bulk powder form by cation exchange with halide 
precursors at conditions determined from in-situ synchrotron XRD measurements, (b) MgMoN2 
in metastable rocksalt polymorph vs. stable rocksaline (layers rocksalt and nickeline) structure 
controlled by annealing, with energy barrier quantified by nanocalorimetry measurements in thin 
film form, as well as (c) MgWN2 in rocksalt, rocksaline, h-BN type crystal structures by thin film 
and bulk solid state synthesis methods. These multivalent ternary nitride syntheses provide 
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insight into kinetically controlled reaction pathways and suggest stabilization mechanisms of 
other metastable materials predicted by theory [2]. 

(2) Nitride wurtzite ferroelectrics: One potential application of multivalent ternary nitrides is as 
ferroelectric layers for CMOS-compatible energy-efficient nonvolatile memories [3]. A recently 
discovered prototypical nitride wurtzite ferroelectric is a metastable heterostructural alloy Al1-

xScxN [4]. (a) We experimentally showed that ferroelectric behavior in wurtzite nitrides has local 
chemical origin from the displacement of Al atoms caused by Sc substitution, rather than 
extended structural origin of the unit cell distortion. (b) We also observed anomalously abrupt 
switching dynamics Al0.7Sc0.3N ferroelectrics using a unique custom-built ultrafast measured 
instrument, and explained it by a simultaneous nucleation and growth model described in  our 
Materials Horizons article. (c) Despite the highly metastable character, the Al0.7Sc0.3N 
ferroelectric alloys can be operated up to >400 °C, much higher than Si limited to <200 °C. These 
results provide guidance to reduce the coercive field in other wurtzite ferroelectrics [5], and show 
long-term reliable applications of metastable nitride materials. 

(3) Perovskite-structured nitrides: Our demonstration of synthesis of one of the first nitride with 
perovskite crystal structure LaWN3 has been published in Science. (a) A large piezoelectric 
response measured with scanning probe microscopy together with synchrotron diffraction 
confirm polar symmetry of the perovskite LaWN3. (b) Properties of LaWN3 films, such as optical 
band gap and electrical conductivity, are highly sensitive to cation stoichiometry, calling for more 
precise composition control. (c) We also synthesized two new Ce-based nitride perovskites 
CeMoN3 and CeWN3, showing how processing routes can overcome the competing fluorite 
phase, and measured their antiferromagnetic properties. This pioneering work already inspired 
synthesis of other predicted nitride perovskites [6][7], and property measurements for the 
integration with nitride semiconductors in microelectromechanical devices [8]. 

(4) Phosphide materials chemistry: The lessons learned from metastable nitride synthesis in this 
program have been applied to related pnictide materials chemistry of the phosphides. (a) Kinetic 
stabilization of phosphorus-rich CuP2 thin-film semiconductor has been demonstrated in a JACS 
article, with the metastable phase achieved by stoichiometric atomic dispersion of the Cu and P 
precursors, followed by rapid thermal annealing  which crystalizes short-range bonds but avoids 
long-range diffusion. (b) A related stoichiometric binary Cu3P material has been conclusively 
demonstrated to be a semimetal resolving a long-standing controversy if it was a metal or a 
semiconductor. (c) The ternary CaCuP predicted by theory [9] has been realized in the thin film 
form, showing degenerate p-type conductivity with high hole mobility, which ispromising for 
transparent conductor applications [10]. These results show how kinetically controlled synthesis 
approach developed in this program transcends materials chemistries from nitrides to 
phosphides, and potential applications from ferroelectric to optoelectronic. 
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Li-Ion Battery Critical Metal Recycling Using Sugars  

Ananda Amarasekara, Prairie View A&M University, TX  
 

Keywords:  Recycling; Critical metals; Glycolic acid; Lactic acid; Pyrolysis  
 
Research Scope 
 

The primary objective of the project is the development of a new energy efficient method for 
the recovery of Li, Ni, Mn and Co critical metals from spent Li-ion batteries (LiBs) using 
inexpensive sugars and oxygen or air. The proposed work is based on the hypothesis that: Ni, 
Mn and Co complexes in the spent Li-ion battery cathode material can act as a catalyst to 
oxidize sugars to hydroxy acids and these carboxylic acids can selectively chelate and extract Li, 
Ni, Mn and Co critical metals from cathode material under mild hydrothermal conditions. We 
are aiming to achieve the following specific objectives under this project (1). Uncover the 
catalytic potential of Ni, Mn and Co in Li-ion battery materials to oxidize carbohydrates to 
degradation products with multiple carboxylic acid and hydroxyl functions, using oxygen or air 
as the oxidant (2). Study the recovery of critical metals by two approaches: (i) isolation of pure 
Li, Ni, Mn and Co compounds from Li-ion battery black material (LiBBM) leachate (ii) re-
synthesis of LiB cathode material from leachate. 

Recent Progress  
 

In the first year of the project we have partially completed the following tasks: 
 

Task 1. Separation of LiBBM from batteries and composition analysis 
Six different types common Li-ion batteries were identified at the initial step. The batteries 
were discharged by immersing in 10% aq. sodium chloride at room temperature for 5 days. 
Then cathode and anode coatings were collected. For example, DELL 1525 laptop battery 
(87Wh, 11.1V) casing was opened to collect nine 18650 Li-ion cells and these cells were 
dismantled and black anode coatings on copper foil and black cathode coating on aluminum foil 
were collected, combined and air dried for 2 days to give 45.67 g of combined Li-ion battery 
black material as shown in figure 1. Categorized battery groups were disassembled separately 
and LiBBM from each group of batteries were separately collected. The powders collected were 
separately pulverized in a ball mill and sieved through a mesh of size 25, air dried and stored in 
air-tight glass bottles till they are extracted. 
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Figure 1. Collection of Li-ion battery black material (LiBBM) from a spent DELL 1525 laptop battery (87Wh, 11.1 V)  
 
We have found that representative LiBBM from a spent DELL 1525 laptop battery  contain 
lithium nickel manganese cobalt oxide (LiaNibMncCodOe) impregnated on graphite carbon, by 
SEM, EDX and X-ray crystallography analysis. Furthermore, the most likely active material has 
an empirical composition of Ni : Mn : Co  4.12 : 2.10 : 1.50 as indicated by the EDX data. 

Task 2a. Catalytic activity of LiaNibMncCodOe /C in oxidation of sugars 
The LiBBM collected was tested for oxidation of D-glucose and D-Fructose under an oxygen 
atmosphere (1.0-3.4 Atm.), at 100-150 °C, in water and aq. NaOH or LiOH mediums. The highest 
glucose conversion and a 94% yield of glycolic acid was obtained for an experiment carried out 
at 120 °C, 2 h, under 3.4 Atm. O2 in 0.50 M aq. NaOH.  Tartaric, malic, succinic and 2-
hydroxybutaric acids were identified as minor products in D-glucose oxidation reactions.  

Task 2b. Catalytic activity of LiaNibMncCodOe /C in oxidation of glycerol 
Next LiBBM was tested for the oxidation of glycerol under an oxygen atmosphere (1.0-3.4 Atm), 
at 100-250 °C, in water and aq. NaOH or LiOH mediums. The highest lactic and glycolic acid 
yields of 54 and 41%  respectively with 100% glycerol conversion was achieved in an 
experiment carried out under 3.4 Atm. O2 at 230 °C, 4 h.   

Task 3. Leaching of Li, Ni, Mn and Co from LiBBMs using lactic and glycolic acids 
In this task, different LiBBM powders were hydrothermally extracted with aq. lactic and glycolic 
acid solutions. Our preliminary experiments using pure 0.50 M aq. lactic and glycolic acid 
solutions resulted only 50-65% leachings of Li, Ni, Mn and Co from LiBBM. However, the use of 
lactic and glycolic acid mixtures of 0.50 M in each resulted high leaching efficiencies of 90-98% 
for Li, Ni, Mn and Co from LiBBM collected from a spent laptop battery. Currently we are 
working on optimization of leaching efficiencies using factorial experimental design method. 

Task 4. Re-synthesis of the original cathode material from leaching solution  
The re-synthesis approach was studied as a batch process for use with the same type of LiBs 
and with well-defined cathode materials. The leachate solution collected under Task 3 from 
0.50 M lactic and glycolic acid mixtures were analyzed for Li, Ni, Mn, and Co contents and only a 
selected set of solutions with favorable Li, Ni, Mn, and Co ratios were used in re-synthesis 
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experiments. These leachate solutions were evaporated to dryness at 90 °C and then sintered in 
air at 800 °C in alumina crucibles for 10-15 h to obtain the re-synthesized cathode material. 
Currently we are characterizing the regenerated LiNMC materials by using chemical, X-ray and 
surface area analysis methods. 
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Enabling energy‐dense grid scale batteries with earth abundant materials 

Chibueze Amanchukwu 
Neubauer Family Assistant Professor of Molecular Engineering 
Pritzker School of Molecular Engineering 
The University of Chicago  

 
Keywords: molten salts, dual-ion batteries, solvent-free electrolytes, lithium intercalation, anion 
intercalation 

Research Scope 

The need for energy dense and cheap long duration grid scale batteries requires new battery 
chemistries. Dual ion batteries are a class of batteries that eschew the use of transition metals 
and can use earth abundant carbons as both anode and cathode. This battery chemistry operates 
through cation intercalation at the anode and anion intercalation at the cathode [1,2]. 
Furthermore, the active species are hosted in the electrolyte (instead of the cathode in Li-ion) 
[3]. Current electrolytes use high salt concentration (to increase capacity) or ionic liquids (to 
increase the electrochemical working window). However, high salt concentration electrolytes still 
contain organic solvents which are vulnerable thermally and detract from the energy density [4]. 
Unfortunately, ionic liquid organic cations suffer from undesired co-intercalation [5,6]. Here, we 
focus on the discovery of novel low melting solvent-less alkali-based molten salt electrolytes for 
next generation batteries. First, we study their physicochemical properties especially the 
influence of anion identity on melting transition and ionic conductivity. Secondly, we explore 
their influence on fundamental electrochemical reactions such as electrodeposition, cation, and 
anion intercalation. Our focus on fundamental understanding of molten salt properties and 
subsequent electrochemical behavior is of great interest for the development of next generation 
battery chemistries and electrochemical processes such as electrocatalysis and beyond.  

Recent Progress  

We have made progress in the study of alkali-based molten salts and the understanding of their 
physicochemical properties. To make them ‘low melting,’ we have pursued two strategies. (1) 
the synthesis of novel salts with bulky anions and (2) the formation of eutectics to decrease the 
salt melting transition. These strategies have yielded high ionic conductivities (> 1mS/cm) (Figure 
1a), low melting transitions (~45C), and high oxidative stability (6V) (Figure 1b). As a first step, we 
have shown that these electrolytes can support battery chemistries such as lithium batteries with 
facile electrodeposition and electro-dissolution (manuscript submitted). More importantly, the 
electrode/electrolyte interface is enriched with inorganic decomposition products that limit 
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further electrochemical degradation [7]. Future work will focus on probing the influence of these 
electrolytes on reversible cation and anion (de)intercalation. Many mechanisms of intercalation 
indicate that solvent intercalation and decomposition occurs to form the anodic solid electrolyte 
interface (SEI) [7]. The lack of solvents change the intercalation and passivation processes for 
both cation and anions and is poorly understood. Insights garnered from our fundamental study 
of the intercalation behavior will then lead to novel electrolytes of interest in batteries and 
electrochemistry.  

 
Figure 1. (a) Ionic conductivity and (b) oxidative stability in a Li|Al cell using molten salt electrolyte from 3-6V, 
voltage ramp step of 0.2V at 80 oC. These data show high ionic conductivities and a wide electrochemical stability 
window.  

 
Figure 2. CV of Li|Graphite cell of molten salt electrolyte enabling reversible anion intercalation within a graphitic 
electrode. 
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Research Scope 

 Light emitting devices, photocatalysis, sensing, and bioimaging are examples of important 
technologies that upconvert (UC) long-wavelength photons or excitons to higher energies. But 
interactions between photons are weak, and traditional nonlinear optical approaches cannot be 
used with low intensity sources. To solve this challenge, there has been much recent research on 
using molecular excited states to mediate interactions between photons. Triplet-triplet 
annihilation (TTA) is particularly promising approach. Here, two spin 1 triplet excited states 
combine to form a high energy spin 0 singlet state that can re-emit light. TTA, however, does not 
always generate the desired high-energy singlet state. Sometimes, it generates other higher 
energy triplet states that waste energy, potentially limiting the overall efficiency to 40%, or less. 
In recent work, we have addressed this crucial and fundamental efficiency limit for TTA.  

 Recent Progress  

A major source of loss in TTA originates from triplet-triplet (TT) pairs with triplet rather 
than singlet spin multiplicity. Assuming that the other steps are 100% efficient, the spin statistics 
imply that the theoretical limit on the TTA efficiency is 20% per triplet or 40% per TT pair [1]. 
Interestingly, experimental studies have reported annihilators with efficiencies that appear to 
exceed this limit, such as 9,10-diphenylanthracene (DPA)18 and 5,6,11,12-tetraphenyltetracene 
(rubrene) [2]. A number of explanations have been proposed to solve this paradox. First, T2 might 
be higher in energy than twice T1 [1]. Then, a triplet TT pair would be unable to produce a 
unimolecular T2 state. For example, the efficiency of perylene derivatives have been shown to 
depend on the T2 energy [3,4]. Second, T2 might undergo ISC to S1 [1]. Indeed, experimental 
studies found evidence of T2 -> S1 ISC in rubrene [5].  

To determine whether T2 is higher in energy than twice T1, we calculated the excited 
states of DPA, rubrene, and their parent molecules using time-dependent density functional 
theory (TDDFT). We find that T2 is not higher than twice T1 in these molecules. Besides, T2 is so 
close in energy to S1 that T1 + T1 -> T2 should be allowed as long as T1 + T1 -> S1 

Next, to determine whether the T2 -> S1 ISC could be facile, we examined the SOC 
between the TDDFT states. We find that the T2 - S1 SOC is 7 and 60 times stronger in DPA and 
rubrene than anthracene and tetracene, respectively. In an effort to produce other systems with 
strong T2 - S1 SOC, we substituted electron withdrawing amide and electron-donating amine 
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groups at the 4’, 4”-positions of DPA (DPA-diamine).  Another popular way to increase the SOC 
in organic molecules is using heavy atoms. In this approach, the heavy atom should be near the 
core of the molecule to ensure excitation densities on the heavy atom. To demonstrate this 
effect, we compare the oxygen-containing 1,3-diphenylisobenzofuran (DPBF) to the sulfur-
containing 1,3-diphenylisobenzothiophene (DPBT). DPBT exhibits a 6-fold enhancement in the T2 
- S1 SOC and a 30-fold enhancement in the T2 -> S1 ISC rate with respect to DPBF. In particular, 
the T2 -> S1 ISC rate is predicted to enter the picosecond timescales. 

To study the impact of ISC rates on the efficiency of TTA, we fabricated films and 
measured optical upconversion using a sensitizer platinum tetraphenyltetrabenzyl-porphyrin 
(PtTPTBP). The results are shown in Fig. 1.   

As shown in Fig. 1, 
increasing the T2 - S1 ISC rate does 
not necessarily increase the 
efficiency. TTA competes with the 
non-radiative decay of T1. 
Modifications to increase the 
desirable T2 - S1 SOC also increase 
the undesirable T1 - S0 SOC. 
Whereas the T1 - S0 ISC rate is only 
3 times higher in DPA than 
anthracene, it is 300 times higher in 
Diamine than DPA. In addition, the 
T2 -> S1 ISC competes with the 
decay of T2. Though ab initio 
calculation of IC rates is challenging 
[6], experimental values in related 
systems range from picosecond [7] 
to nanosecond [8] timescales. On the other hand, the T2 -> S1 ISC on the order of tens to 
hundreds of picoseconds might be one of the fastest photophysical transitions in DPBT, and 
responsible for its very high efficiency. 
 Our results demonstrate the potential importance of T2 -> S1 ISC in TTA. The energies of 
S1, T1, and T2 do not explain the limit-breaking efficiency in DPA and rubrene. Instead, T2 -> S1 
ISC enhances TTA in these molecules. But the comparison between DPA and DPA-diamine 
demonstrates the importance of also considering the associated loss pathways, especially T1-
>S0. Through simultaneous design of T2->S1 and T1->S0, engineering intersystem crossing 
promises to increase the efficiency of TTA from its current limit of 40% per TT pair to 100%.  
  

 

Fig. 1. The efficiency of TTA versus predicted ISC rate. 
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Research Scope 

 Our program is focuses on synthetic and structural work of novel materials, stepping up 
the research efforts in the creation of new crystalline forms of matter for energy production and 
conversion. Specifically, we work on Zintl phases, which in recent years, have established 
themselves as promising candidates for thermoelectric applications. Owing to their narrow 
bandgaps, Zintl phases exhibit high electrical conductivity, while their complex crystal structures 
and/or presence of heavy elements yield low thermal conductivity. All of the above provide for a 
favorable combination of transport properties, beneficial for high thermoelectric performance. 
From a more fundamental point of view, the structure-property relationships derived from our 
work can be further used for developing a rationale for the synthesis of other new compounds, 
as well as for tuning of properties of existing ones. 

 Recent Progress  

 More recently, the peculiar band structures of Zintl phases, featuring narrow bandgaps 
or pseudogaps, have evoked renewed interest in this class of compounds as potential candidates 
for topological materials.[1] In an idealized charge-balanced Zintl phase, the valence and 
conduction bands are expected to be separated by a well-defined bandgap. In reality, the 
incomplete electron transfer between the cationic and anionic parts of a crystal structure may 
result in a gapless state where only a small number of bands cross or “touch” the Fermi level.[2] 
Such an electronic situation is characteristic of semimetals. In certain instances, non-trivial 
electronic band topology is realized, as in the case of Na3Bi – a structurally simple Zintl phase 
([Na+]3Bi3–), which was found to be one of the first three-dimensional topological Dirac 
semimetals.[3] Non-trivial electronic band topologies have been proposed in some equiatomic 
Zintl phases with the general composition AEAPn (AE = alkaline-earth metal, A = alkali metal, Pn 
= pnictogen, i.e., a group 15 element).[4,5] These materials are derivatives of the afore-mentioned 
Na3Bi, where one of the Na+ cations is removed and another one is replaced by a divalent alkaline-
earth metal. AEAPn crystallize in several different structure types and although many of the 
possible AEAPn compositions have been experimentally realized, more than half of the 
theoretically possible elemental combinations have not been reported. In this report, we present 
the crystal and electronic structure of the bismuthide BaLiBi, which to date, has not been properly 
characterized. 
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 BaLiBi crystallizes hexagonally (Figure 1). However, 
considering the low atomic scattering power of Li, unambiguous 
discrimination between the ZrBeSi type and the structurally 
related LiGaGe type is challenging. It is worth noting that recent 
investigations of the ZrBeSi-type SrAgBi provide hints for possible 
buckling of the [AgBi] layers, which would indicate breaking of the 
corresponding mirror symmetry.[6] Therefore, we conducted an 
accurate single-crystal X-ray diffraction analysis, which confirms 
the ZrBeSi structure type for this material with the space group 
P63/mmc, a = 4.9917(6) Å, c = 9.079(2) Å, V = 195.92(7) Å3. 
Attempts to refine the structure of BaLiBi in the non-centrosymmetric space group P63mc 
resulted in a model with the same atomic coordinates as in the centrosymmetric ZrBeSi type 
(within one e.s.d.). 

The ZrBeSi type can be regarded as a “colored” variant of another common structure, that 
of AlB2, with two distinct atomis replacing the singular B in the honeycomb network of the original 
AlB2 structure.[7] In BaLiBi, these atoms are Li and Bi, while the positions of Ba correspond to the 
Al positions in AlB2. The Bi atoms adopt trigonal-prismatic coordination by Ba and trigonal-planar 
coordination by Li, so that the Ba+Li coordination polyhedron around Bi can be described as a 
trigonal prism with capped rectangular faces. The crystal structure of BaLiBi can be alternatively 
viewed as a “stuffed” variant of the NiAs structure, where the Bi atoms form a hexagonal close 
packing, the Ba atoms occupy the octahedral voids in this packing, and the Li atoms are located 
between adjacent tetrahedral voids on their common triangular faces. 

Since the shortest Bi–Bi distance in the BaLiBi crystal structure measures 4.99 Å, no Bi–Bi 
bonding can be expected, and the formal charges can be assigned according to the notation 
[Ba2+][Li+][Bi3–], suggesting an electron-balanced composition. In line with this notation, first-
principle calculations with the LMTO code reveal a semiconducting ground state, with a bandgap 
of about 0.64 eV. It is worth noting that this sizeable bandgap is observed already without 
considering spin-orbit coupling (SOC) in our calculations. This is different from the cases of 
transition-metal-containing bismuthides AETMBi (AE = Sr, Ba; TM = Cu, Ag, Au), which exhibit a 
semimetallic ground state. The occurrence of a bandgap in BaLiBi can be explained by the higher 
polarity of the chemical bonding in this compound, evidenced by the states just below the Fermi 
level, which have a prevalent contribution from Bi(6p), pointing toward electron transfer onto 
the Bi atoms. However, purely ionic bonding is not the case, since contributions from Ba and Li 
states exist in the same energy region. In the narrow energy region –10.2 eV < E – EF < –9.5 eV, a 
sharp peak consisting mainly of the Bi(6s) states is located, corresponding to the electron lone 
pairs on the Bi atoms. Integration of the all-electron density from the LMTO calculations in the 

Fig. 1 Crystal structure of 
BaLiBi (a) and coordination 
environments of the Ba, Li, 
and Bi atoms (b–d). 
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atomic basins defined by the Quantum Theory of Atoms in Molecules (QTAIM) yielded the 
following Bader charges: Ba +1.01, Li +0.81, Bi –1.82. 
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Research Scope 

 The scope of this work 
centers on addressing the still-
lingering, overarching question of 
how the local structural order of 
open-shell small molecules and 
radical polymers impacts their 
mass and charge transport.1-3 The 
overarching hypothesis is that 
partially percolating radical 
networks govern transport in 
these materials.4-6 It is put forward that designing radical materials with tailored chemical designs 
that allow for spatially close radical-radical packing will produce systems with faster rates of 
charge and mass transport.7,8 This idea is directly interrogated through coupled computational 
and experimental aims with the primary objective of enabling the assembly of radical moieties 
to precisely control radical-radical couplings and macromolecular backbone interactions such 
that order can be introduced in a rational manner at different scales. To address this point, the 
project has the Specific Aims of: (1) Design and Syntheses of Open-Shell Chemistries; (2) Control 
of Open-Shell Assembly; (3) Determining the Mechanics of Coupled Transport at Multiple Scales; 
and (4) Experimental Evaluation of Transport Properties in Testbed Devices. In the first two years 
of the project, these aims have been addressed using a combination of physics-based 
computation and machine learning to characterize these materials and through the experimental 
design, synthesis, and evaluation of open-shell small molecule crystals; liquid crystalline open-
shell molecules; and nonconjugated radical polymers. By coupling these key parameters, clear 
structure-property relationships have been developed. Importantly, this has led to the 
development of new radical-containing chemistries that have close radical-radical interactions 
that have the highest electrical conductivity values for any nonconjugated radical-based system. 

Recent Progress 

 While progress has been made on multiple fronts, here we highlight three specific efforts 
that are representative of our approach and how coupling experiment and computation lead to 

 
Figure 1. (a) Room temperature electrical conductivity values of 
TEMPO-BPCN-1 and TEMPO-BPCN-2 single crystals. The chemical 
structures of the open-shell molecules are inset. (b) The count of 
distinctly visited hopping sites and the total hopping sites in 
TEMPO-BPCN-1 (blue) and TEMPO-BPCN-2 (orange) single crystals. 
The computation includes 200 Kinetic Monte Carlo (kMC) runs. 



30 
 

rapid and impactful results. In the first example, we quantified the electrical conductivity in two 
organic radical single crystals and showed that a subtle change in atomic connectivity drastically 
altered the macroscopic electronic properties of the materials. That is, one radical crystal has an 
electrical conductivity of ~3 S m-1, which is the highest value for nonconjugated radical 
conductors over a 1 μm-scale reported to date (Figure 1). However, the other radical crystal has 
a 1,000-fold lower conductivity despite their extremely similar molecular structures. The 
temperature-dependent conductivity follows the variable range hopping (VRH) mechanism for 
both radical crystals, and the difference in effective charge mobility is the reason for the 
conductivity difference. This mechanism is also backed by the fact that the magnetic field-
dependent electrical resistance in the radical crystals follows the magnetoresistance model 
under the VRH mechanism. This effort specifically highlights how radical-radical interactions, and 
the manner in which the radical groups in single crystals of open-shell small molecules pack is 
critical to charge transport. In the second effort, we provide an example of how computational 
design informs the synthesis of high-performance materials. Quantum chemical studies on a 
large group of radical polymers were performed, 
and these computations explicitly included the 
coupling between polymer constraints and radical-
mediated intramolecular charge transfer. A 
chemical space of 64 radical polymer chemistries 
were constructed based on varying backbone units, 
open-shell chemistries, and spacer units between 
the backbone and the radical groups. A 
comprehensive conformational sampling was used 
to calculate the expected values of intrachain 
transport using several complementary metrics. In 
brief, this work highlights that transport in radical 
polymers is primarily driven by the choice of radical 
chemistry, which in turn, influences the optimal 
choice of backbone and spacer chemistries. From 
these data, we synthesized a specific verdazyl-
based radical polymer that demonstrated high 
electrical conductivity and reasonable lithium-ion 
conductivity as well. In the third portion, we explain how the design of radical-bearing monomer 
units that are capable of undergoing topochemical polymerization lead to intriguing results. First, 
single crystals of these monomers display electrical conductivity values approaching 100 S m-1 
across macroscopic scales, and these (currently unpublished) values break our own record 
described above. Second, this is the first example of topochemical polymerization of the open-
shell monomers, and it yields highly ordered radical polymer as well. By sharing these stories, we 

 
Figure 2. Representative lowest energy 
conformers for radical polymers based on four 
distinct open-shell designs. The panels 
highlight how the radical chemistry can 
promote (or disincentivize) radical-radical 
coupling when the open-shell groups are 
attached to the macromolecular backbones. 
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aim to highlight how the team is addressing the original research hypotheses and answering our 
key scientific questions. 
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Charging and Polarization of Organic Semiconductors in Energy-Efficient Circuits and Energy 
Capture 

Arthur E. Bragg, Howard E. Katz, and Daniel H. Reich, Johns Hopkins University   

Keywords: polymer electronics, organic microcrystals, organic photophysics, charge storage, 
morphology 

Research Scope 

Synthesis, growth, and investigation of phase-separated donors and acceptors as 
charged sites in polarizable media.  Diblock polymer and molecular surfactants are designed with 
segments interacting with electroactive molecules and polymer matrix moieties to promote 
formation of nanoscale crystallites in polymer matrices.  Spectroscopic signatures for charged 
crystallites are being determined, and charge stored by the crystallites is being quantified.  
Testing the hypothesis that charge storage in aggregates is stabilized by the combined 
contributions of intermolecular interactions and local polarizable surroundings.  We 
hypothesize that charges injected into crystallites will be additionally stabilized by the 
surrounding polarizable segments separately from any contribution from mixing of frontier 
orbitals of multiple molecules.  If correct, this would further allow testing the hypothesis that 
counter-charging can be used to enhance emission from molecular aggregates and crystallites by 
compensating charges accrued during material processing.  New phenomena in <10-nm 
crystallites.  With increased control of crystallite size and structure, we can address previously 
untested hypotheses about the relationship between aggregate size and charge interactions and 
energetics.   

 Recent Progress  

 Recent work has focused on modifying charge storage in 
dielectrics with added crystallites of small-molecule charge 
acceptors, using diblock copolymers to manipulate the aggregation 
of acceptors within dielectric layers,1 and determining permittivity 
and conductivity thresholds for maintaining charge separation in 
insulating dielectrics.  Literature precedents for polymer-
templated crystallites are mostly with inorganics. 
 The effects of inserting α-quaterthiophene (α4T) crystallites 
in polystyrene (PS) multilayer transistor gates and capacitor 
dielectrics were investigated. X-ray diffraction (XRD), scanning 
electron microscopy with energy dispersive x-ray spectroscopy 
(SEM/EDS), and confocal microscopy showed α4T crystallites in the 
PS. (These techniques developed under this project also contributed 
separately to our understanding of doped conducting polymers.) A 
modified saturation-regime current voltage relationship2 was used 
to estimate transistor threshold voltage (VTH) shifting and quantities 

Figure 1.  Height profile 
measurement of bilayer 
with 4T crystallites using 
KPFM with three observed 
crystallites (P1, P2, P3). 
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of charge stored by dielectric charging.  Crystallites increased the maximum charge-storage 
capacity. Kelvin probe force microscopy (KPFM, Figure 1) showed  localized charges near 
crystallites, nearly unprecedented.3 Trilayer experiments showed improved charge retention via 
α4T crystallites. Crystallites improved breakdown characteristics in PS capacitors, suggesting 
their potential for energy storage in addition to OFET logic.   

 In order to manipulate crystallite formation, we 
synthesized polystyrene-block-poly(anthrylamino-
methylstyrene) (PS-b-PAAS), where the PAAS block is 
50% of the repeat units. The co-aggregation of 2-
aminoanthracene (2AA) within thin films of PS and PS-b-
PAAS was observed by optical microscopy and x-ray 
diffraction, with clear morphological differences 
observed between polymers.  Excited-state lifetimes of 
2AA were measured by transient absorption, confirming 
differences in 2AA crystallite morphologies that impact 
aggregation-caused quenching.  Blends were used as 
gate dielectrics in pentacene transistors.  We compared 
a characteristic voltage (Vc, related to Vth) before and 
after charging of PS-b-PAAS blended with unsubstituted 
PS and both polymers individually blended with 2AA 
(Figure 2). For blended PS-b-PAAS and PS, as the 

concentration of PS-b-PAAS increased, a decreased Vc especially with negative charging of the 
pentacene indicated a larger concentration of charge carriers induced by the dielectric film. The 
charging experiments also revealed that the unique structure formed by the 2AA/PS-b-PAAS 
blend significantly affected the charge storage capability of the OFET.  

 We have also investigated the limits for 
stabilizing charge-separated species in dielectric 
media, focusing on molecular charge doping 
interactions that form integer charge-transfer 
(ICT) complexes4 of the p-dopant 2,3,5,6-

tetrafluoro-7,7,8,8-tetracyanoquinodimethane 
(F4TCNQ) complexed with the electron donor and 
hole transport material N,N’-Diphenyl-N-N’-di-p-
tolylbenzene-1,4-diamine (MPDA).  Equilibrium 
formation constants (KCT)5 were determined for 
donor-acceptor pairs in solvents covering a range 
of values of relative permittivity ( 𝜀𝜀𝑟𝑟).  A threshold 

for strongly favorable complex formation was observed to occur at  𝜀𝜀𝑟𝑟~8-9, with large (>104) KCT 
obtained at greater 𝜀𝜀𝑟𝑟 (Figure 3).  Anomalously favorable complexation in chloroform (𝜀𝜀𝑟𝑟=4.81) 
was found to be both exothermic and entropically disfavored, indicating that inner-shell solvent-
solute interactions likely stabilize the complex in this solvent.  Our results indicate that 
modifications to chemical or material environment that induce modest changes in local 𝜀𝜀𝑟𝑟 could 
be used to support stable charge separation for doping applications.       

Figure 2.  ∆Vc of 2-aminoanthracene 
blends after positive or negative 
charging.  Note that the initial Vc are 
negative so a positive (negative) ∆Vc 
actually means that the magnitude of Vc 
decreased (increased). 

 

Figure 3.  Permittivity threshold for strongly-
favored integer charge transfer, ICT, via KCT.  



35 
 

Future Plans 

In future work under this award, we will consider which advanced diffraction techniques would 
give us the most information about the distribution of crystallites in polystyrene matrices.  We 
will investigate whether chargeability of crystallites is influenced more by interactions with 
matrix polymer side chains or the general dielectric environment.  We will attempt to add greater 
precision to models for the localization of countercharges to the injected static charges.  We will 
evaluate the applicability of the critical dielectric constant observed in the solution studies to 
solid systems.   
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Impacts of Dynamic Bonding on the Properties of Porous Materials 

Assist. Prof. Carl K. Brozek, Department of Chemistry and Biochemistry, University of Oregon   

Keywords: dynamic bonding, metal-organic frameworks, soft modes, phase change 

Research Scope 

 This project identifies signatures of dynamic bonding in porous materials and studies its 
influence on electronic, photophysical, catalytic, and magnetic properties.1 With these insights, 
previously unexplained behavior in porous materials can be understood in terms of fundamental 
microscopic principles developed in our lab that will also provide design guidelines for leveraging 
dynamic bonding to access new energy materials. 

We study metal-ligand bonding in porous materials, 
which we have shown2 to be in dynamic equilibrium 
between bound and unbound states (Fig. 1). Dynamic 
bonding in conventional semiconductors with 
comparatively rigid bonding have been extensively studied 
in the form of vibronic and polaronic interactions,3 which 
have wide-ranging consequences for semiconductor 
fundamental physics and technology.4 Because the metal-
carboxylate and metal-azolate bonds typical of porous 
materials are far more labile5 than the bonds in 
conventional semiconductors, we anticipate their dynamic bonding to cause unprecedented 
changes to material behavior. 

Specifically, the major goals of this proposal are to: 1) Develop spectroscopic 
methodology as evidence of dynamic bonding in porous metal-organic materials. 2) Elucidate the 
impact of dynamic bonding on conductivity mechanisms of porous frameworks. 3) Leverage 
dynamic bonding for porous metal-organic phase-change materials (PCM). 

 Recent Progress  

 In the last year we have made substantial progress in developing spectroscopic methods 
to identify dynamic bonding in porous materials, prepare porous semiconductor materials to 
study the impact of dynamic bonding on conductivity mechanisms, and develop new classes of 
porous materials with phase change properties leveraging dynamic bonding.  

Toward spectroscopic signatures of dynamic bonding, we pioneered the use of variable-
temperature UV-vis electronic absorption to identify signatures of dynamic bonding. 

Fig. 1. Illustration of the bound and 
unbound metal-linker states.  
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Conventional semiconductor nanocrystals exhibit wide-
ranging optical behavior, whereas the size-dependent 
photophysical properties of metal-organic framework (MOF) 
nanocrystals remains an open research frontier. In the 
previous year, we uncovered size- and temperature-
dependent optical absorption spectra of common MOFs with 
particle sizes ranging from tens of nanometers to several 
microns. All materials exhibited optical gaps that decrease at 
elevated temperatures, which we attributed to the dynamic 
nature of MOF metal-linker bonds (Fig. 2). Accordingly, 

whereas the labile titanium-carboxylate bonds of MIL-125 gave rise to bandgaps that redshift by 
~600 meV over 300 K, the more rigid zinc-imidazolate bonds of ZIF-8 produce a redshift of only 
~10 meV. Furthermore, smaller particles induce far larger decreases to optical gaps. Taken 
together, these results suggested MOF bonding becomes more flexible with smaller nanocrystal 
sizes, offering a powerful tool for manipulating optical behavior through composition, 
temperature, and dimensionality. 

Additionally, we demonstrated that guest molecules impact the metal-linker bond 
dynamics in porous materials. Metal-ligand stability constants provide a metric for relating bond 
lability to the reactivity and physical behavior of molecules and materials. While stability 
constants have been studied for molecular and polymeric materials, the stability constants of 
MOFs remain scarcely reported. In the previous year, we reported stability constants of UiO-66 
(Zr6O4(OH4)(1,4-benzenedicarboxylate)12), the prototypical “stable” MOF, across a wide 
temperature range in both vacuum and in the presence of typical guest solvents. With these data, 
we extract key thermodynamic parameters governing the bond equilibrium and demonstrate 
that guest molecules strongly favor the reversible dissociation of MOF metal-linker bonds. 

Toward understanding the impact of dynamic bonding on charge transport, we prepared 
framework materials based on iron-sulfur cubane clusters and multitopic N-heterocyclic carbene 
(NHC) linkers. Designing electrically conductive coordination materials, e.g. MOFs, has relied on 
single-metal nodes because the metal-oxo clusters present in the vast majority of MOFs are not 
suitable for electrical conduction due to their localized electron orbitals. Therefore, the 
development of metal-cluster nodes with delocalized bonding would greatly expand the 
structural and electrochemical tunability of conductive materials. Whereas the cuboidal [Fe4S4] 
cluster is a ubiquitous cofactor for electron transport in biological systems, few electrically 
conductive artificial materials employ the [Fe4S4] cluster as a building unit due to the lack of 
suitable bridging linkers.6 In the previous year, we bridged the [Fe4S4] clusters with ditopic NHC 
linkers through charge-delocalized Fe-C bonds that enhance electronic communication between 

Fig. 2. Variable-temperature diffuse 
reflectance UV-vis-near IR spectra of 80-
nm Ti8O8(OH)4(terephthalate)6 
particles. 
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the clusters. [Fe4S4Cl2(ditopic NHC)] exhibits a high electrical conductivity of 1 mS cm−1 at 25 ºC, 
surpassing the conductivity of related but less covalent materials.  

References 

1. Grzywa, M. et al. Cooperative Large-Hysteresis Spin-Crossover Transition in the Iron(II) Triazolate [Fe(ta)2] 
Metal-Organic Framework. Inorg. Chem. 6, 10501-10511 (2020). 

2. Andreeva, A. B. et al. Soft Mode Metal-Linker Dynamics in Carboxylate MOFs Evidenced by Variable-
Temperature Infrared Spectroscopy. J. Am. Chem. Soc. 142, 19291–19299 (2020). 

3. Varshni, Y. P. Temperature dependence of the energy gap in semiconductors. Physica 34, 149–154 (1967). 
4. Bersuker, I. B. & Polinger, V. Z. Vibronic Interactions in Molecules and Crystals. (Springer, Berlin, 

Heidelberg, 1989). 
5. Bunting, J. W. & Thong, K. M. Stability constants for some 1:1 metal–carboxylate complexes. Can. J. Chem. 

48, 1654–1656 (1970). 
6. Horwitz, N. E. et al. Redox-Active 1D Coordination Polymers of Iron–Sulfur Clusters. J. Am. Chem. Soc. 141, 

3940–3951 (2019). 

Publications  

1. K. Fabrizio, C. K. Brozek, Size-Dependent Thermal Shifts to MOF Nanocrystal Optical Gaps Induced by 
Dynamic Bonding. Nano Lett. 23, 925–930 (2023). 

2. K. Fabrizio, A. B. Andreeva, K. Kadota, A. J. Morris, C. K. Brozek, Guest-dependent bond flexibility in UiO-66, 
a “stable” MOF. Chem. Commun. 59, 1309–1312 (2023). 

3. J. McKenzie, P. A. Kempler, C. K. Brozek, Solvent-controlled ion-coupled charge transport in microporous 
metal chalcogenides. Chem. Sci. 13, 12747–12759 (2022). 

4. B. Andreeva, K. N. Le, K. Kadota, S. Horike, C. H. Hendon, C. K.; Brozek, Cooperativity and Metal–Linker 
Dynamics in Spin Crossover Framework Fe(1,2,3-triazolate)2. Chem. Mater. 33, 8534–8545 (2021). 

5. J. McKenzie, K. N. Le, D. J. Bardgett, K. Collins, T. Ericson, M. E. Wojnar, J. Chouinard, S. Golledge, A. F. 
Cozzolino, D. C. Johnson, C. H. Hendon, C. K. Brozek, Conductivity in Open-Framework Chalcogenides Tuned 
via Band Engineering and Redox Chemistry. Chem. Mater. 34, 1905-1920. (2022)  

6. K. Fabrizio, K. N. Le, A. B. Andreeva, C. H. Hendon, C. K. Brozek, Determining Optical Band Gaps of MOFs. 
ACS Materials Lett. 4, 457–463 (2022). 

 

  



39 
 

Unravelling the Mechanisms of Phase Determination in Metastable Multinary Chalcogenides 

Richard L. Brutchey   

Department of Chemistry, University of Southern California, Los Angeles, CA 90089, USA 

Keywords: synthesis science; far from equilibrium; data driven; chalcogenides 

Research Scope 

 The “materials by design” approach has identified vast numbers of materials with a wide 
range of properties; however, a significant bottleneck now exists at the next step of the process, 
which is the Edisonian nature of materials synthesis. We are addressing this challenge within the 
framework of solution-phase materials chemistry, using chimie douce (or soft chemistry) 
methods. By combining chimie douce methods with multivariate analyses via data-driven 
learning techniques, we can accelerate predictive materials synthesis by charting 
multidimensional “phase maps” that incorporate the effects of statistically significant 
experimental variables with a focus on (i) improving the synthesis of thermodynamic phases in 
complex phase diagrams and (ii) gaining new insights into accessing metastable phases. 

Recent Progress 

 Binary copper selenides are an important family of materials with applications in 
plasmonics, photovoltaics, and thermoelectrics; these wide-ranging functional properties are a 
direct result of the rich and complex Cu–Se phase diagram that encompasses compositions from 
Cu2Se to CuSe2.1 In addition to their unique physicochemical properties, copper selenides 
function as essential binary intermediates in the synthesis of multinary structures that adopt 
topologically related anion sublattices.2 Umangite Cu3Se2, which has a nearly hexagonal Se2– 
sublattice, is a necessary intermediate in the synthesis of the metastable, wurtzite-like phases of 
CuInSe2, Cu2ZnSnSe4, and Cu2FeSnSe4 that do not exist on thermodynamic phase diagrams.3-5 

Chimie douce materials syntheses are developed via fragmented empirical knowledge of 
the underlying experimental variables.6,7 For this reason, achieving phase control in such 
syntheses is tedious and laborious. One solution is to utilize data-driven learning to rationally 
target materials within the high-dimensional variable space. Convolutional neural networks can 
map the multidimensional variable space, but they require large datasets that are not feasible 
when novel chemistry is being employed and/or done in a low-throughput manner.8 On the other 
hand, a trained classification algorithm can handle both smaller data sets and categorical 
variables, making it a tractable solution to this problem.9  
 Our solution-phase synthesis of copper selenides is based on the low-temperature 
reaction of Cu(oleate)2 with diorganyl diselenide precursors in oleylamine and 1-octadecene 
(ODE). Diselenides (R-Se-Se-R, where R = alkyl, allyl, benzyl, or phenyl) have emerged as versatile 
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precursors for the kinetically 
controlled synthesis of 
metal selenides.10 Our 
previously experience with 
this synthetic system 
resulted in the isolation of 
only two phase-pure copper 
selenides; that is, 
berzelianite Cu2−xSe and 
umangite Cu3Se2.3 We have 
now trained and tested a 
classification algorithm on 
sparse reaction data that 
was assembled using design 
of experiments, which 
provides an orthogonally 
balanced experimental sampling of the design space.11 This prevents the over- and under-
sampling of any one region in the n-dimensional domain. The experimental variables chosen for 
this training set were: (1) C–Se precursor bond strength, (2) volumetric ratio of oleylamine to 
ODE, (3) temperature, and (4) time. 

After assembling the surrogate model, calculation of variable importance scores and 
multivariate, high-dimensional phase maps enabled detailed conclusions to be drawn about the 
relationships between experimental variables and phase outcome (Fig. 1). The type of diselenide 
precursor was shown to be the most important factor for phase determination, followed by 
temperature, with certain phases lying in very narrow temperature ranges within the phase map. 
The importance of the volumetric ratio of oleylamine to ODE depends on the precursor type, 
suggesting that the resulting phase is dictated by different precursor conversion mechanisms 
with amines. The precursor with a higher C–Se bond strength (Ph2Se2) led to a richer phase map 
with more unique phase combinations, including two metastable wurtzite-like Cu2–xSe and 
weissite-like Cu2–xSe phases. The resulting multidimensional phase map allows an outcome to be 
predicted for a given set of experimental variables. We show that the phase map guided the 
accelerated isolation of klockmannite CuSe in just six additional experiments. The ability of these 
phase maps to capture both thermodynamic and kinetic complexity in a way that typical phase 
diagrams do not is incredibly valuable for experimentalists trying to isolate new materials, 
including terra incognita metastable phases not found on the thermodynamic Cu–Se phase 
diagram. 

  

 

Fig. 1. Simplified decision tree for the Cu–Se phase map predicted by the 
classification algorithm, with Bn2Se2 precursor pathways to phase-pure 
products indicated by purple arrows and Ph2Se2 precursor pathways to 
phase-pure products indicated by green arrows. 
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Cathode Electrodes for Alkali-ion Batteries 
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Program Scope 

The main objective of our study is to identify the intrinsic relationship between the role of alkali 
metal ions and electrochemically driven mechanical stability and kinetic properties of battery 
materials. The overall question is “What is the role of alkali metal ions on the electrochemical 
and mechanical behavior of cathode electrodes? Our guiding hypothesis is that intercalation of 
larger alkali metal ions (Na and K) inevitably alters the coupled transport-reaction processes 
during battery operation in organic electrolytes, leading to intensive chemo-mechanical 
instabilities in cathode electrodes, resulting in rapid capacity fade. To validate the hypothesis, we 
experimentally characterize the reaction-transport processes and driving governing forces on the 
instability of electrode materials in different alkali metal-ion environments by employing 
operando mechanical measurements coupled with electrochemical and chemical analysis.  Here, 
we report our recent progress with structural, interfacial, and rate-dependent instabilities in 
alkali-metal ion cathodes.  

Recent Progress  

Probing Crystalline to Amorphous Phase Transformation in Iron Phosphate Cathodes: The 
Intercalation of large alkali metal ions can lead to the partial or complete loss of crystalline 
structure in electrode materials1-2. The lack of understanding regarding the evolving amorphous 
nanostructure during battery operation hinders further advancements. In-operando XRD 
revealed that the electrode's nanostructure underwent amorphization during K-ion intercalation 
into the FePO4 structure. Additionally, high-resolution 
transmission electron microscopy (HR-TEM) analysis 
confirmed the amorphization in the electrode. The 
operando strain analysis identified reversible 
deformations linked to redox reactions in the amorphous 
phases. K-ion intercalation results in a non-linear strain 
generation based on the state of charge/discharge. Our 
study indicated that the strain rate, rather than the 
absolute value of strain, plays a critical role in the 

Figure 1:  Strain rates in cobalt oxide upon 
intercalation of Li, Na and K-ions.  
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amorphization of the crystalline electrode. The study was published in ACS Nano Letters and 
Electrochem. Sci. Advances.  

Impact of Alkali-ion Intercalation into Cobalt Oxide Cathode:  First, we investigated chemo-
mechanical instabilities in LiCoO2 cathodes by employing operando curvature interferometry and 
digital image correlation (DIC), supported by structural and morphological characterizations. 
Synchronization of operando stress and strain measurements indicated governing forces behind 
the structural and interfacial instabilities in LiCoO2 at different state-of-charge.  By building on it, 
we investigated the impact of alkali metal ion intercalation on the instabilities in cobalt oxide 
cathodes.  Significant contrast in the mechanical deformations was detected upon intercalation 
of Li, Na, and K-ions into cobalt oxide structure (Figure 1). We are currently preparing manuscripts 
for publication.  

The Role of Transition Metals on Chemo-Mechanical Instabilities in Prussian Blue Analogues 
(PBAs) For K-ion Batteries: PBA cathodes suffer from poor cycle life associated with chemo-
mechanical instabilities3. This study investigated the driving forces behind chemo-mechanical 
instabilities in Ni- and Mn-based PBAs cathodes for K-ion batteries by combining electrochemical 
analysis, digital image correlation, and spectroscopy techniques. Overall, both cathodes 
underwent similar reversible electrochemical strains in each charge-discharge cycle. XPS studies 
indicated richer organic layer compounds in the CEI layer formed on KMHCF cathodes compared 
to the KNHCF ones.  Faster capacity fade in Mn-based PBA, compared to Ni-based ones, was 
attributed to the formation of richer organic compounds in CEI layers, rather than mechanical 
deformations. This study is currently under review for publication. 

Probing the Formation of Cathode-Electrolyte Interphase on Lithium Iron Phosphate Cathodes: 
While the formation of the solid-electrolyte interphase (SEI) on anodes has received much 
attention, there is still a lack of understanding about the formation of the cathode-electrolyte 
interphase (CEI) on the cathodes4. We reported on dynamic deformations on LiFePO4 cathode 
cycled in either LiPF6, LiClO4, or LiTFSI- containing organic liquid electrolytes. Unexpected 
mechanical deformations were detected when cycled in LiPF6-based electrolytes. The formation 
of fluorinated compounds on the surface of the electrode was captured by Cryo XPS on the onset 
of an increase in impedance and positive strain generation during the first charge in LiPF6-
electrolytes. This study was posted on ChemRxiv and is currently under review for publication. 

Mechanistic Elucidation of Electronically Conductive PEDOT: PSS Binder for K-ion Batteries: A 
larger ion size reduces rate capabilities and exacerbates capacity fading from volumetric 
expansion in K-ion batteries5. Herein, we investigated the chemo-mechanical properties of the 
conductive PEDOT: PSS binder. Strain generation in the composite graphite electrode during the 
first potassiation was associated with intercalation-induced structural changes and the formation 
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of the solid-electrolyte interphase. DIC measurements showed that PEDOT: PSS/CB binder 
provides good mechanical integrity during potassium intercalation into graphite electrodes, even 
when the electrode expands 23%.  This study was published in Advanced Energy Materials. 

Rate-Dependent Mechanical Deformations in Iron Phosphate Cathodes: The performance of 
battery electrodes is significantly impacted by chemo-mechanical instabilities at faster 
charge/discharge rates6. In this study, we investigated the rate-dependent mechanical response 
of LiFePO4 and NaFePO4 cathodes. The combination of strain measurements with the analytical 
model provided information about diffusion-induced mechanical deformations in NaFePO4 
cathodes at faster rates. The study also compared the irreversible strains in LiFePO4 for Li-ion 
batteries with its analogous NaFePO4 cathodes for Na-ion batteries. LiFePO4 electrode 
experienced larger strains per capacity at faster rates, and it was associated with a delay in the 
phase transformations at faster rates.  This study was published in J. Power Sources and J. 
Materials Research. 
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Rachel Segalman and Michael Chabinyc - University of California, Santa Barbara   

Keywords: Organic Electronics, Ion Transport, Electron Transport, Conducting Polymers  

Research Scope 

The simultaneous transport of ions and electrons is essential for a broad range of 
applications in electrochemical energy conversion and storage, organic electronics, and 
bioelectronics.  Polymers with mixed conduction are of interest due to the possibility to control 
mechanical properties and microstructure in tandem with ionic and electronic transport. 
Controlling the morphologies that optimize the different types of transport is critical, i.e. ordered 
structures to maximize electronic transport versus amorphous structure to maximize ionic 
transport. This project addresses overarching questions including: 1) What molecular designs 
allow for increased salt solubility within a mixed conductor and how do dielectric environment 
and local structure affect mixed conduction? 2) How do the electrostatic interactions within a 
mixed conductor affect the mesostructure and how can these be leveraged for processing and 
self-assembly? 3) What role does the identity of the ion and counterion coupling play in the 
overall behavior of the system and how does the method and timescale of processing affect the 
non-equilibrium structure of this microenvironment? 

 Recent Progress  

Polyelectrolyte complexation 
offers unique opportunities 
to compatibilize polymers 
with very different backbone 
chemistries and to control the 
morphology of the resulting 
blend via electrostatic 
manipulation.1–5 We have 
examined how the 
electrostatic complexation 
strength between conjugated 
polyelectrolytes and 
polymeric ionic liquids can be 
used to control 
microstructure.2  We used a model system that varies the frequency of charged repeat units from 
50% to 100% on an anionic polythiophene-based CPE and a complimentary cationic PIL to control 

Figure 1. (a) Complexes of blends of a conjugated polyelectrolyte (CPE) 
with a polymerized ionic liquid (PIL) can be controlled by the charge 
fraction (number of charged pendants per repeat unit).  (b) Small angle X-
ray scattering shows that microphase separation of the two polymers 
increases as the charge fraction decreases. (c) These complexes have high 
electronic conductivity (1 S/cm) when electrically doped with the most 
homogeneous blends having the highest performance. 
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the complexation strength. Variation of electrostatic parameters, such as counterion 
concentration or charge fraction, tuned the morphology of these functional polymer complexes 
from homogeneously disordered blend to weakly structured microemulsions (Fig. 1b).  Here the 
local ordering arises from backbone-immiscibility-induced microphase segregation in agreement 
with predictions from theory. Our findings show that ionic interactions are an effective pathway 
to compatibilize polymers at macroscopic length scales while achieving controlled 
nanostructures in these ionic blends.  

The high polymer loading in complexes of conjugated and insulating polyelectrolytes offers 
unique opportunities for fabrication of conductive thick films and bulk structures.3 We examined 
the connection between the microstructure defined by electrostatic interactions and the 
resulting electronic properties in the solid state. In highly charged complexes, the intimate mixing 
between the CPE and the PIL is found to reduce the structural disorder along the CPE backbone, 
enhancing its intrachain conjugation and interchain stacking (Figure 1X). In weakly charged 
complexes (<90%), these chain planarization effects are absent and microphase separation 
occurs. At all charge fractions examined, the electrical conductivity of a doped complex is higher 
than that of the unblended constituent CPE. The highest electrical conductivity near 1 S cm-1 is 
found for a charge fraction of 100% (Fig. 1c) and is comparable to state-of-the-art conductive 
polymers. 

These new electrostatically mediated 
complexes are mixed conductors relevant 
for conducting battery binders.6 Polymer 
binders add structural integrity to lithium 
ion battery composite cathodes, but 
standard binders, such as polyvinylidene 
fluoride (PVDF), are insulating to ions and 
electrons, detrimentally adding resistance 
to the overall system. We found that a 
blend of a charged conjugated polymer 
with an oppositely charged polyelectrolyte 
provides a processable, stable binder with 
effective ionic and electronic conduction. 
Using LiFePO4 cathodes as a model system, 
we found significant improvement in rate 
capability and stability of model batteries, with the conducting binder enabling a 39% utilization 
at 6C compared to 1.6% when PVDF is the binder (Fig. 2). These results show that electrostatically 

Figure 2. (a) Polymer binders are a critical, but 
traditionally insulating component of battery cathodes. 
(b) Complexation enables a processable, mixed-
conducting polymer binder (orange) that dramatically 
improves cathode rate capability over traditional 
binders (PVDF, blue).  
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stabilized complexation is a promising strategy to integrate both electronic and ionic conductivity 
into a binder, while simultaneously maintaining stability and processability.  
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Research Scope 

The goal of this project is to employ Chevrel phase 
chalcogenides with the general formula MxMo6T8 as 
model catalysts to examine and hopefully establish a 
new, multi‐site mechanism for selective hydrogenation 
of CO2 and NOx to value added chemicals. This project 
has several synergistic objectives that start with 
synthesis of a library of well‐defined solid catalysts where the metal binding site (M = Fe, Li, Na, 
Mn, Ti, Co, Ni, Cu and Zn) and non‐metal binding site T=S, Se and Te, are systematically tuned 
without major changes in crystal structure. This will be followed by systematic structural, 
spectroscopic and electrochemical characterizations to establish the chemistry of active motifs 
as a function of M and T combinations. We will then employ the CO2 and nitrate reductions as 
model electrochemical hydrogenation reactions to correlate active motifs with activity and 
product selectivity. Representative catalysts will be further studied using ex situ and operando 
57Fe Mossbauer spectroscopy to identify dynamics of Fe sites and density functional theory 
calculations to quantify how the synergy of multi‐site binding reduces the free energy landscape 
and modulates the transit catalysis species.  

Recent Progress  

 This is the first project year and we primary focused on: 1) synthesis of catalysts with 
complex but essential compositions; 2) electrochemical evaluations of simple catalysts that were 
previously synthesized; 3) develop and optimize in situ and ex situ spectroscopic characterization 
tools to rationalize dynamics of active sites.  

Catalyst synthesis: we successfully synthesized a series of new catalyst with the general 
composition FexM2-xMo6T8, with M= first row transition metals, and T= a combination of S, Se and 
Te. Some potentially significant examples include FeCoMo6S8, Fe2Mo6Te8, Fe2Mo6Se8, 
Fe2Mo6S6Te2, and Fe2Mo6S6Se2. Phase-purity of these catalysts have been verified with X-ray 
diffractometry, scanning and transmission electron microscopy, Raman and energy-dispersive X-
ray spectroscopy. Selected high performance compositions are being evaluated using X-ray 
photoelectron spectroscopy and synchrotron X-ray absorption spectroscopy.  
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Co2Mo6S8 for nitrate-to-ammonia conversion: we 
discovered that Co2Mo6S8 exhibits intrinsic 
activities for ambient electrochemical conversion 
of nitrate to ammonia. Despite of having a low 
surface area due to large particle size, this catalyst 
delivered a high Faradaic efficiency of 97% in a 
wide voltage range in neutral electrolytes, 
outperforming many prevailing nanocluster and 
single atom catalysts. We rationalize the high activities as the unique composition and atomic 
coordination of active motifs in Co2Mo6S8, which provide synergistic multi-sites for activating and 
selectively associating key reaction intermediates. Specifically, the Co/Mo sites assist NO3

- 
adsorption and activation whereas the S sites stabilize hydrogen intermediates Had*. In addition, 
the ligand effect of Co enhances binding strength of S with Had* and effectively inhibits the 
otherwise competing hydrogen evolution reaction. The unique spatial geometry of the Co, Mo 
and S sites promotes fast association of reaction intermediates for selective ammonia 
production, reaching to an enzyme-like high turnover frequency of 91 s-1.  

Role of chalcogenide sites on catalyst durability: understanding and controlling degradation of 
solid electrocatalysts have been challenging due to difficulties in defining the true active sites on 
complicated surfaces. Catalysts being studied here are advantageous in this regard due to the 
flexibility in controlling and defining the active site. As such, also using the nitrate-to-ammonia 
conversion as a model, we evaluated a series of Ni2Mo6T8 catalysts where the chalcogenide site 
was systematically changed (T=S, Se and Te). Our results uncover critical roles of anions on the 
long-term durability and activity. The best performing catalyst was determined as the Ni2Mo6Te8, 
with Faradaic efficiencies up to 99.9% and ammonia yielding rate more than 5 times higher 
compared with the Ni2Mo6S8 catalysts. More importantly, this catalyst exhibited significantly 
improved durability with ~10% degradation after 50 hours of operation in strong alkaline 
electrolytes, much better than ~ 65% degradation for the Ni2Mo6S8 catalysts.  

57Fe Mössbauer spectroscopy characterizations on dynamics of active sites: we employ model 
Fe2Mo6S8 and Fe2Mo6S8/Fe3C catalysts and study dynamics of Fe sites as a function of 
electrochemical potentials and electrolysis duration for nitrate reduction. We previously 
reported activities of these catalysts for nitrogen reduction, and discovered here that these 
catalysts also exhibited outstanding activities for nitrate reduction, with good stability and >90% 
Faradic efficiencies for a wide range of voltages. We verified their catalytic activities with our 
comprehensive testing protocols and are currently performing ex situ and in situ Mössbauer 
spectroscopy analysis. The results we have thus far suggest outstanding stability, as no new Fe 
phases were observed even after 40 hours of electrolysis.   
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Research Scope 
The overall scope of this project is to perform extensive atomistic molecular dynamics (MD) 
simulations [1-5] to understand the effect of multivalent counterions in the conformation and 
thermodynamics of anionic and cationic polyelectrolyte (PE) brushes and in electroosmotic 
transport and electrokinetic energy generation in nanochannels grafted with such PE brushes. 
This project scope is divided into five major objectives. The first and second objectives are to 
understand the effect of multivalent counterions in the conformation of anionic and cationic PE 
brushes and brush supported water molecules and counterions with the PE brushes being grafted 
to a single surface (1st objective) or to the inner walls of a nanochannel (2nd objective). The third 
objective is to study the electroosmotic (EOS) transport in anionic and cationic PE brush grafted 
nanochannels where the brushes are screened by multivalent counterions. The fourth objective 
is to study the pressure-driven transport and the resulting electrokinetic energy generation in 
nanochannels grafted with anionic and cationic PE brushes (with different types of screening 
counterions and corresponding added salts). The fifth and the final objective is to conduct a 
continuum analysis to model the equilibrium behavior of such brushes and the associated EOS 
and pressure-driven transport and the resulting electrokinetic energy generation in 
nanochannels grafted with such multivalent-counterion-screened cationic and anionic brushes. 

Recent Progress  
We had previously studied the configuration of anionic poly (acrylic acid) (PAA) brushes screened 
by multivalent counterions (namely, Li+, Na+, Cs+, Mg2+, Ca2+, Ba2+, Y3+, and La3+ ions) [6]. Recently, 
we employed all-atom MD simulations to study the behavior of such anionic brushes [PAA, and 
poly-styrene sulfonate or PSS] in presence of an applied electric field [7]. It was revealed that 
depending on the charge density of the brushes, the electric field reduced the brush height by 
enforcing a bending effect (PAA brushes) or a tilting effect (PSS brushes) [Fig. 1(a)]. In another 
study [8], we probed the EOS transport in nanochannels grafted with PAA brushes that are 
screened by different multivalent counterions (namely, Na+, Cs+, Ca2+, Ba2+, and Y3+). In a previous 
study probing EOS transport in nanochannels grafted with Na+-ion-screened PAA brushes [9], we 
had identified the most remarkable overscreening (OS) effect (i.e., the presence of a greater 
number of counterions within the brush layer than needed to screen the brush charges), coion 
driven EOS transport for low to moderate electric fields, and reversal in the EOS flow directions 
with an increase in the strength of the electric field. In this study [8], we revealed the presence 
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of OS for weak to moderate electric field strengths for the cases of all the different counterions 
except for the case of Cs+ ion [Fig. 1(b)]; however, at larger electric fields, OS effect ceases to 
exist for the cases of all the different types of counterions (except for the cases of the PAA 
brushes screened with the Ca2+ and Y3+ ions, as these ions remain strongly condensed on the PAA 
brushes) [Fig. 1(b)]. As a result, for all the cases (except for the cases of brushes screened with 
the Cs+, Ca2+ and Y3+ ions), there occurs coion-driven EOS transport for low to moderate electric 
fields and the reversal in the direction of the EOS transport with an increase in the electric field 
strength [Figs. 1(c,d)]. In a recent submission [10], we have probed in details the equilibrium 
configuration of the Cl- ion screened cationic PE brushes (namely, PMETAC brushes) and the 
properties of brush-supported water molecules and counterions. We reveal, most strikingly, 
anionic and hydrophobic nature of these cationic brushes in terms of the manner in which the 
water molecules respond [see the water dipole orientation around the PMETAC brush; Fig. 1(e)]; 
furthermore, these water molecules form separate domains around the charged {N(CH3)3}+ group 
and the C=O group of the PMETAC chain. We have also started to probe the effect of the presence 
of multivalent screening anions and the nanoconfinement on the behavior of PMETAC brush and 
brush-supported counterions and water molecules. Finally, we have employed clustering-based 
machine learning approach [11] to quantify the water-water hydrogen bonds (HBs) inside the 
densely grafted PAA [12] [Figs. 1(f-h)] and PMETAC brush layers [13]. The results confirm that the 

Figure 1: (a) Response of the PAA and PSS brushes to applied axial electric field (E) [7]. (b) Presence (∆q<0) 
and absence (∆q>0) of OS inside brush layer (for different E) for nanochannels grafted with PAA brushes and 
screened with multivalent counterions [8] (here ∆q is the difference between the negative and positive 
charges inside the PAA brush layer). (c,d) EOS flow profile for (c) E=0.1 V/nm and (d) E=1 V/nm [8] for the 
case considered in (b). (e) Probability distribution of the orientation angle of the water dipole around N+ ion, 
C=O group, and Cl- ion of the Cl--ion-screened PMETAC brushes. The inset shows the expected water dipole 
orientation in the vicinity of a cation, an anion, and a hydrophobe [10]. (f-h) Distribution of (v,μ,r) for water, 
characterizing the water-water HBs [(g)] in (f) bulk and (h) inside the brush layer [12]. 
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large confinement effect afforded by the densely grafted brush layer enforces a change in the 
governing conditions that dictate the formation of water-water HBs inside the brush layers.  
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Research Scope 

Clathrates are crystal structures that consist of nanometer-size polyhedral cages 
encapsulating guest atoms or molecules that are not directionally bonded to the framework. 
These materials have a high potential for energy storage and energy conversion technologies, 
including batteries and thermoelectrics. The overarching goal of this project is to discover and 
synthesize new unconventional inorganic clathrates, exploring the chemical space of transition-
metal-stabilized III-V and II-VI compounds to form the clathrate framework, encapsulating alkali 
and alkaline-earth elements as guest ions. This scope is pursued through the development of a 
synergistic theoretical and experimental approach that combine electronic structure calculations 
at the level of density functional theory (DFT), artificial intelligence (AI), and directed synthesis. 
The objectives of the first two years of the project consist of (i) the development of an 
infrastructure to perform high-throughput screening of ternary or quaternary compounds based 
on DFT; (ii) the development of fast AI-based algorithms to predict the stability of thousands of 
potential inorganic clathrates; (iii) synthesis of new clathrates guided by theoretical predictions.  

 Recent Progress  

Zintl electron counting provides a simple yet powerful rule to synthesize electron 
balanced materials. Following this principle and the former discovery of two alkali metal 
clathrates to date, Cs8Zn18Sb28 and K58Zn122Sb207,1,2 we explored the rich Ba-Zn-Pn (Pn = As, Sb) 
compositional space, proximal to the expected composition of the type-I clathrate 
Ba8Zn20.67Pn25.33. In-situ powder X-ray diffraction studies revealed two “hidden” compounds 
which can only be synthesized in a relatively narrow temperature range. Instead of the type I 
clathrate, compositionally close but structurally different new pseudoclathrates formed, 
Ba2Zn5As6 and Ba2Zn5Sb6 (Figure 1). 
These materials crystallize in a unique 
structure, in the orthorhombic space 
group Pmna with Wyckoff sequence 
i2h6gfe. DFT calculations and 
characterization, enabled by single-
phase synthesis, revealed that these 
crystals have high Seebeck coefficients Figure 1. Structure of the newly discovered pseudo-

clathrates Ba2Zn5Pn6. 
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and low thermal conductivity, originated by the rattling dynamics of the Ba cations in oversized 
cages. These properties concur to make Ba2Zn5As6 and Ba2Zn5Sb6 promising thermoelectric 
materials, and calculations suggest that further optimization of the TE performance may be 
achieved by aliovalent doping.3 

While the discovery of the Ba2Zn5As6 pseudo-clathrates may be considered serendipitous, 
in this project we aim at providing systematic theoretical guidance to synthesis, identifying 
energetically favorable ternary and quaternary clathrates from a chemical palette that comprises 
elements from groups I and II as guests and IIb, III, V and VI for the framework, possibly stabilized 
by noble metals (Cu, Ag, Au). To this purpose, we have developed an automatic tool that exploits 
the Materials Project API4,5 to identify the vertexes of the convex hull and compute the formation 
energy of a given ternary or quaternary compositions by DFT. We used this tool to predict the 
stability (decomposition energy) and electronic properties of the electron-balanced A8T27Pn19 
clathrate family (A=Na, K, Rb, Cs; T=Al, Ga, In; Pn=P, As, Sb, Bi, which consists of 48 unique 
clathrate compounds, three of which have been synthesized.6 Following the prediction that 
compounds containing Bi with either Ga or In are particularly  stable, we attempted to synthesize 
them. However, no synthesis route yielded ternary compounds, suggesting that a higher-level 
computational approach may be necessary. In fact, spin-polarized calculations including 
relativistic spin-orbit coupling and non collinear magnetization7 revealed that these effects 
stabilize elemental Bi and Bismuth-containing binary compounds at the expense of the stability 
of ternary clathrates. The synthetic exploration of the compositional diagram of Ga-Sb and Ga-
As compounds is currently in progress. 

Considering noble metal stabilization, the families of clathrates blow up to several 
thousand possible compositions. High-throughput 
DFT calculations of so many compounds are not 
viable, especially when one needs to figure out 
superstructural order. Different ordered bonding 
patterns are possible by assigning atomic species to 
the crystalline sites of the type-I clathrate lattice. To 
this purpose we have developed a site permutation 
Monte Carlo (SPMC) algorithm that leverages 
energies predicted very rapidly by the crystal graph 
convolutional neural network MEGNet (MatErials 
Graph Network).8,9 This approach, verified on 
known compounds, allows us to rapidly identify 
groups of potentially stable compounds, whose 
decomposition energy and structural stability can 
be refined by DFT, and they may be eventually 

Figure 2. Stability map for the alkaline-earth 
(Ae), metal (M), tetrel (T), pnictide (Pn) family 
of clathrates. Stable compounds are indicated 
in teal color. 

x 
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synthesized (Fig. 2). In this context, we are employing transfer learning to improve the 
equilibrium density and decomposition energy predictions of MEGNet for clathrates.   
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Research Scope 
 The research scope centers on developing innovative synthetic and structural concepts 
and paradigms to create advanced crystalline-porous-materials platforms. Strong efforts are 
devoted to synthesizing new materials with functional architectural design and chemical 
features. Such materials possess multi-modular framework and exceptional tolerance towards 
isoreticular modular replacement, making precise control of materials properties possible.1,2 The 
synthesized materials have well-defined pore size and geometry that can be tuned in a large 
range in both small (picometer-level) and large (angstrom-level) increments to target different 
applications. In addition to serving as adsorbents for gas storage (e.g., C2H2),3 they can improve 
energy efficiency in large industrial processes such as hydrocarbon purification and separation 
(e.g., C2H2/CO2, C6H6/C6H12).4 Other applications include carbon capture. The project employs 
innovative synthetic materials-design methods. It combines chemical and solvothermal 
synthesis, crystal growth and crystal structure analysis, with various property (e.g., thermal and 
chemical stability) studies. Sorption properties of various gases by these new materials are 
systematically evaluated to establish composition-structure-property correlations that are used 
to refine synthetic strategy to optimize porous materials for energy-related applications.   
 
Recent Progress  
 Multiple significant progresses have been made. Ten manuscripts have been published. 
The following is a brief summary of key achievements during this period. 
 
• Progressive Core Expansion in Pore-Space-Partitioned Metal-Organic Frameworks to 
Enhance Gas Uptake Capacity and Separation Efficiency5 
 A multi-stage core-expansion method is proposed and demonstrated for the optimization 
of both acetylene uptake and selectivity. The effectiveness of this strategy is shown through a 
family of eight cationic pore-partitioned materials containing three different pore-partitioning 
ligands and various counter-anions. The optimized structure, Co3-cpt-tph-Cl (Hcpt = 4-(p-
carboxyphenyl)-1,2,4-triazole, H-tph = (2,5,8-tri-(4-pyridyl)-1,3,4,6,7,9-hexaazaphenalene) with 
the large surface area and high C2H2 uptake capacity (200 cm3/g at 298 K), also exhibits (desirably) 
the low CO2 uptake and hence the high C2H2/CO2 selectivity. The successful boost in both C2H2 
capacity and selectivity allows Co3-cpt-tph-Cl to rank among the best crystalline porous materials, 
ionic MOFs in particular, for C2H2 uptake and C2H2/CO2 experimental breakthrough separation. 
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• Integrative Extreme Pore Tightening and Ultrafine Pore Tuning for Dramatic Amplification 
of Gas Selectivity in Pore-Space-Partitioned Metal-Organic Frameworks 
 Ultrafine tuning of MOF structures at sub-angstrom to picometer levels can dramatically 
improve separation selectivity for gas pairs with subtle differences. However, for MOFs with 
large-enough pore size, the effect from ultrafine tuning on sorption properties can be muted. In 
this work, we propose and demonstrate an integrative strategy that couples together extreme 
pore compression with ultrafine pore tuning. Specifically, we use one module (L1) to shrink pore 
size to extreme minimum on the pacs platform while retaining porosity. This is followed by using 
another module (L2) for ultrafine pore turning. This integrative L1-L2 strategy leads to 
dramatically enhanced C2H2/CO2 selectivity from 2.6 to 48.4 and excellent experimental 
breakthrough performance.  
 

 
 
Figure 1. Illustration of extreme pore compression with L1 ligand and ultrafine pore tuning with L2 ligand and their 
impact or lack of impact on C2H2/CO2 selectivity. 
 
• Ultrastable Porous Materials for Applications in Harsh Chemical Conditions 
 We have succeeded in synthesizing Cr(III)-based porous materials that are exceptionally 
stable in boiling water or under either extreme acidic or extreme basic conditions with a large pH 
range from pH < 0 to pH >14. These materials help open up applications under harsh chemical 
conditions.  
 
• Solvent-free Synthesis of Multi-Module Pore-Space-Partitioned Metal-Organic 
Frameworks for Gas Separation6 
 The green syntheses using solvent-free methods are generally limited to simple chemical 
systems usually with just one inorganic module and one organic module. In this work, we have 
succeeded in developing a solvent-free method to synthesize complex metal-organic framework 
materials with multiple modules. Such multi-module materials are more amenable to 
compositional and geometrical tuning and thus offer more opportunities for property 
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optimization. The synthesis only requires simple mixing of reactants and short reaction time. 
Highly porous and stable materials can be made without corrosive additives and without any 
energy-costing post-synthetic activation.  
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Research Scope 

 Intermetallic phases represent a rich palette of potential materials for energy applications 
as they combine unparalleled diversity in both structural features and materials properties.  The 
identification or creation of compounds optimized for specific properties—including 
superconductivity or other quantum phenomena, thermoelectric effects, magnetic order, and 
catalysis—is limited, however, by the inability to control their structures at the atomic level and 
develop structure-properties relationships.  Here, we are addressing this need for design 
principles in intermetallics through a focus on complex structures derived from the assembly of 
units of simpler structures, as illustrated by the MAX (M= transition metal, A=group 13 or 14 
element, X = C or N) phases (Figure 1).1  Our objectives are to (1) devise and validate a predictive 
theory of modular intermetallic chemistry, in which the results of electronic structure calculations 
on simpler compounds are used to anticipate their compatibility for intergrowth and the 
preferred orientations of their domain interfaces; (2) 
synthetically realize unprecedented families of modular 
intermetallic compounds, guided by and providing 
feedback to the theoretical framework; and (3) 
evaluate structure-properties relationships and the 
potential new functionality arising from the modularity 
of the new compounds obtained.  Through these 
endeavors, this project is creating materials that may 
exhibit intriguing or technologically useful behavior, as 
well as establishing broader guidelines for how the 
wide-ranging structural motifs offered by intermetallic 
phases can be combined in new ways. 

 Recent Progress  

 In our resent work, we have examined the driving forces underlying a range of complex 
intermetallic structures derived from modular components.  The structural arrangements 
elucidated include the intergrowth of Zintl and Laves phase units in K3Au5Tl;2 the assembly of 
metallic glass building units in the Mo4Hf9B type;3 tiling patterns of the σ-phase structure and 

Figure 1.  The MAX phases viewed as 
modular materials. 
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dodecagonal quasicrystal approximants,4,5 Pd5InAs,6 and Y2Mg2Ni;7 and the lamellar alteration of 
Laves-and CaCu5-type slabs in RE-Ni intermetallics (RE = lanthanide or group 3 transition metal).8 
We uncovered a variety of mechanisms at work in these cases, such as the inclusion of buffer 
regions to resolve the packing issues of certain structural units (Mo4Hf9B type)9 and electron 
transfer across domain interfaces to solve non-ideal electron counts in the parent structures 
(Pd5InAs).10 A mechanism that is particularly adaptable to synthetic design is the matching of 
complementary features in the DFT-Chemical Pressure (CP) schemes of the parent structures at 
their interfaces (the σ-phase and dodecagonal quasicrystal approximants,11 Y2Mg2Ni12) .  This 
effect can be visualized with the newly  developed CPinterface function,11 as shown for the parent 
structures of the σ-phase type in Figure 2.   

 Our experimental investigations have 
led to the discovery of a variety of modular 
structures of key relevance to our emerging 
theory of modular intermetallic chemistry.  
We are currently working on the final 
characterization and/or manuscript 
preparation for six new modular structures 
distributed over three very different ternary 
systems.  Importantly, one is constructed 
from a pairing of parent structures that was 
predicted to be favorable from our 
theoretical work.  We plan to present the 
details of these compounds in a series of publications over the next year.    

 DFT-CP schemes of potential parent structures and other metrics regarding bonding are 
the key indicators this project uses in designing the synthesis of new modular structures.  The 
facilitate this process, we have created and released on the web the Intermetallic Reactivity 
Database (IRD)12 as a repository of such data obtained in the course of this project, as well as 
other ongoing endeavors (user submissions are also invited).  The IRD’s web interface allows 
users to visualize and interact with CP schemes and other data overlaid on 3D structural models, 
as well as download entries for more detailed analysis.  Our article marking its release describes 
four different applications of the resource, ranging from explaining or anticipating intergrowth 
structures, to following packing trends with elemental substitution, to assisting the development 
of theoretical methodology.  The IRD is continuing to expand in terms of entries, data types, 
interface functionality, as well as incorporating key advances in the DFT-CP method enabled by 
this project.13       

  

Figure 2.  The CPinterface function illustrating 
complementary between the CP features of the parent 
structures of the σ-phase structure type.  Reprinted 
with permission from Ref.11. Copyright 2022 American 
Chemical Society.    



64 
 

References 

1. 1. Radovic, M.; Barsoum, M. W. MAX phases: bridging the gap between metals and ceramics. Am. Ceram. 
Soc. Bull. 2013, 92 (3), 20-27. 

2. 2. Li, B.; Kim, S.-J.; Miller, G. J.; Corbett, J. D. Gold Tetrahedra as Building Blocks in K3Au5Tr (Tr = In, Tl) and 
Rb2Au3Tl and in Other Compounds: A Broad Group of Electron-Poor Intermetallic Phases. Inorg. Chem. 2009, 
48, 6573-6583. 

3. 3. Hårsta, A.; Rundqvist, S. The crystal chemistry of kappa-phases. J. Solid State Chem. 1987, 70, 210-218. 
4. 4. Iga, H.; Mihalkovič, M.; Ishimasa, T. Approximant of dodecagonal quasicrystal formed in Mn–Si–V alloy. 

Philos. Mag. 2011, 91, 2624-2633. 
5. 5. Shoemaker, C. B.; Shoemaker, D. P. The crystal structure of the ν phase, Mn81.5Si18.5. Acta Crystallogr. B 

1971, 27, 227-235. 
6. 6. Zakharova, E. Y.; Andreeva, N. A.; Kazakov, S. M.; Kuznetsov, A. N. Ternary arsenides based on platinum–

indium and palladium–indium fragments of the Cu3Au-type: Crystal structures and chemical bonding. J. 
Alloys Compd. 2015, 621, 307-313. 

7. 7. Hoffmann, R.-D.; Fugmann, A.; Rodewald, U. C.; Pöttgen, R. New Intermetallic Compounds Ln2Ni2Mg 
(Ln = Y, La–Nd, Sm, Gd–Tm) with Mo2FeB2 Structure. Z. Anorg. Allg. Chem. 2000, 626, 1733-1738. 

8. 8. Parthé, E.; Lemaire, R. Structure block stacking in intermetallic compounds. I. The rhombohedral-
hexagonal Mn+1X5n-1 and the monoclinic-hexagonal-trigonal-orthorhombic Mn+1X5n+2 structure series. Acta 
Crystallogr. B 1975, 31, 1879-1889. 

9. 9. Lu, E.; Gressel, D. G.; Fredrickson, D. C. Buffering Octahedra in Mo4Zr9P:  Intergrowth as a Solution to the 
Frustrated Packing of Tricapped Trigonal Prisms and Icosahedra. Inorg. Chem. 2022, 61, 8298-8308. 

10. 10. Kraus, J. D.; Van Buskirk, J. S.; D. C. Fredrickson, D. C.  The Zintl Concept Applied to Intergrowth 
Structures:  Electron-Hole Matching, Stacking Preferences, and Chemical Pressures in Pd5InAs, Z. Anorg. 
Allg. Chem., under revision. 

11. 11. Fredrickson, R. T.; Fredrickson, D. C. Chemical Pressure-Derived Assembly Principles for Dodecagonal 
Quasicrystal Approximants and Other Complex Frank–Kasper Phases. Inorg. Chem. 2022, 61, 17682-17691. 

12. 12. Van Buskirk, J. S.; Kraus, J. D.; Fredrickson, D. C. The Intermetallic Reactivity Database: Compiling 
Chemical Pressure and Electronic Metrics toward Materials Design and Discovery. Chem. Mater. 2023, 35, 
3582-3591. 

13. 13. Sanders, K. M.; Van Buskirk, J. S.; Hilleke, K. P.; Fredrickson, D. C. Self-Consistent Chemical Pressure 
Analysis: Resolving Atomic Packing Effects through the Iterative Partitioning of Space and Energy. J. Chem. 
Theory Comput. 2023, ASAP, DOI:  10.1021/acs.jctc.1023c00368. 

Publications  

1. Lu, E.; Van Buskirk, J. S.; Cheng, J.; Fredrickson, D. C. Tutorial on Chemical Pressure Analysis: How Atomic 
Packing Drives Laves/Zintl Intergrowth in K3Au5Tl. Crystals 2021, 11, 906. 

2. Lu, E.; Gressel, D. G.; Fredrickson, D. C. Buffering Octahedra in Mo4Zr9P:  Intergrowth as a Solution to the 
Frustrated Packing of Tricapped Trigonal Prisms and Icosahedra. Inorg. Chem. 2022, 61, 8298-8308. 

3. Fredrickson, R. T.; Fredrickson, D. C. Chemical Pressure-Derived Assembly Principles for Dodecagonal 
Quasicrystal Approximants and Other Complex Frank–Kasper Phases. Inorg. Chem. 2022, 61, 17682-17691. 

4. Van Buskirk, J. S.; Kraus, J. D.; Fredrickson, D. C. The Intermetallic Reactivity Database: Compiling Chemical 
Pressure and Electronic Metrics toward Materials Design and Discovery. Chem. Mater. 2023, 35, 3582-3591. 

5. Sanders, K. M.; Van Buskirk, J. S.; Hilleke, K. P.; Fredrickson, D. C. Self-Consistent Chemical Pressure Analysis: 
Resolving Atomic Packing Effects through the Iterative Partitioning of Space and Energy. J. Chem. Theory 
Comput. 2023, ASAP, DOI:  10.1021/acs.jctc.1023c00368. 

6. Kraus, J. D.; Van Buskirk, J. S.; D. C. Fredrickson, D. C.  The Zintl Concept Applied to Intergrowth Structures:  
Electron-Hole Matching, Stacking Preferences, and Chemical Pressures in Pd5InAs, Z. Anorg. Allg. Chem., 
under revision. 



65 
 

Permanent Magnets Featuring Heavy Main Group Elements for Magnetic Anisotropy 

Danna Freedman | Massachusetts Institute of Technology   

Keywords: High-pressure; magnet; bismuth; spin-orbit coupling 

Research Scope 

Permanent magnets are the functional component 
of electric motors and generators found in 
numerous renewable energy applications. To 
improve energy conversion in such applications, 
we require fundamentally new magnets that 
generate higher magnetic flux per volume while 
retaining the properties conferred by rare-earth 
elements incorporated into current technologies. 
We hypothesize that by engendering a covalent 
interaction between two elements, we can access 
a new regime of magnetic materials where the two 
components of a magnetic moment—spin and 
orbital angular momentum—come from two 
separate atoms to form a complete magnetic 
moment. 

Our previous research utilized high-pressure 
conditions to discover two new candidate 
materials ideal for assessing this hypothesis. The 
first material, FeBi2, enables the study of an 
unprecedented solid-state metal-metal bonding interaction. The second, MnBi2 represents the 
second member of the promising Mn–Bi family known for its magnetic properties. Importantly, 
MnBi2 is isostructural to FeBi2. Together these chemically simple but magnetically rich materials 
provide an elegant platform for elucidating fundamental design principles of magnetic anisotropy 
while inspiring the synthesis of new magnetic materials. In fact, we have leveraged our 
understanding of magnetism in these compounds, aided by techniques such as X-ray Magnetic 
Circular Dichroism (XMCD), to target novel phases of interest in chemical systems composed of 
3d and 5d transition metals. 

  

Figure 3. Our approach to new magnetic materials 
entails combining the orbital angular momentum (L) 
of heavy elements with the spin angular momentum 
(S) of 3d transition metals. We made progress 
rationalizing our magnetic response measurements 
of high-pressure phases via density functional theory 
(top right), studying the kinetics of these high-
pressure transformations via shockwave experiments 
(bottom left) and expanded our focus to 3d–5d 
transition metal systems using an array of synthetic 
conditions (bottom right). 
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Recent Progress  

To fully harness the potential of solid state chemistry we need to create a window into both the 
structure and the properties of our high-pressure materials. To this end, we have predicted, 
synthesized, and magnetically probed magnet candidates through three objectives: (1) We 
performed ab initio electronic structure calculations on MnBi2 and closely related magnetic 
compounds to elucidate the relationship between their structures and magnetic responses, (2) 
we targeted the recovery of these materials using dynamic compression, expanding our methods 
to include in-situ, time-resolved X-ray diffraction and mechanical shock using a gas-fired gun, (3) 
we synthesized new ambient-pressure phases in a 3d–5d chemical system using a wide range of 
preparatory conditions to access new candidate permanent magnets.  

Future Plans 

We initiated a new collaboration with the Institute for Soldier 
Nanotechnologies, providing access to their gas-fired gun 
(Figure 2). Laser shock stresses last several nanoseconds while 
projectile-impact shock stresses last at least three orders of 
magnitude longer. We hypothesize that the longer stress state 
involved in the mechanical shock loading will better enable 
phase transitions or reactivity compared to laser shock stresses. 
Within these experiments, we shoot approximately 12 gram 
steel bullets at approximately 300 m/s, successfully hitting our 
targets. Enabling the recovery of the sample after shock is a 
critical next step, as the sample is typically destroyed after being 
hit by the bullet. We expect utilizing copper sheets will protect 
the sample from destruction while allowing the transmission of the pressure and temperature 
waves. Shockwaves pull systems out of equilibrium which we expect to allow us to access new 
materials which are not the thermodynamic product. Alongside shocking MnBi, we have begun 
to target shocking oxide materials with interesting magnetic properties such as BiFeO3, a 
multiferroic material; BaFeO3, a ferromagnet; and Ce2BiO2, an antiferromagnet 

Permanent magnets combining 5d and 3d metal MnBi [8] and Rh2CoSb [9] exhibit unusually hard 
magnetic responses in part due to the interaction between 3d metal unpaired spins, strongly 
spin-orbit coupled heavy atoms, and structural anisotropy. Taking inspiration from these 
chemical principles, we are pursuing new intermetallic phases with intimate contact between 
early 5d transition metals and 3d transition metals to elicit strong magnetocrystalline anisotropy. 
Such phases composed of relatively abundant elements are promising for bulk permanent 

 

Figure 2. The gas-fired gun at the 
Institute for Soldier 
Nanotechnologies at MIT.  
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magnets, as opposed to those for magnetic memories where higher cost elements like Rh and Pt 
can be tolerated due to the microscopic device size. 

One thrust of our efforts is directed at the W–Mn system, which is not reported to host any 
compounds, in contrast to nearby binary chemical systems combining 5d and 3d elements. We 
hypothesized this may correspond to challenges in reacting these two elements with wildly 
different physical properties (e.g. the boiling point of Mn is well below the melting point of W)  
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Research Scope 

MXenes are a rapidly expanding family of two-dimensional transition metal carbides, nitrides, 
and carbonitrides. In the past decade, MXenes (Mn+1XnTx) family has grown to encompass various 
transition metals (M), carbon, nitrogen and oxygen (X), surface functional groups (T), number of 
layers (n), and a variety of structures, including solid solutions and atomic ordering [1]. This 
research project focuses on controlling electronic and magnetic properties of MXenes via 
composition. Here, we aim to modify and control the M, X, and terminations of MXenes produced 
using molten salt synthesis. Specifically, we focus on synthesis of carbide/nitride/carbonitride 
MAX phases and their corresponding MXenes that may offer magnetic properties. We also study 
how different surface terminations can impact the electronic and magnetic properties of  
MXenes, and how nitrogen at the X-site alters the electronic and magnetic properties of MXenes.  

 Recent Progress  

Impact of M-site 
composition on 
electronic behavior: We 
have revealed the 
correlations between 
macroscopic electronic 
conductivity, M-site 
composition, and 
extrinsic factors such as 
flake size and d-spacing 
within the TiyNb2-yCTx 
system (Fig. 1a ) [2]. 
Through a detailed analysis of resistivity and mobility data, we discovered correlations between 
material parameters and macroscopic conductivity. Our key finding reveals that compositional 
tuning significantly impacts conductivity and mobility, potentially outweighing external factors 
like flake size and d-spacing. The consequence of intrinsic changes in electronic structure due to 
alloying of Ti and Nb was confirmed by hard XPS (HAXPES) (Fig. 1c). This work thus provides 
guidance on how both intrinsic compositional and extrinsic factors can be engineered to boost 
MXene conductivity and provides insights into the relative impacts of material features on 
electronic behavior that until now have been difficult to disentangle. 

Figure 1. a) Temperature dependence of resistivity of TiyNb2-yCTx with y values 
ranging from 0.56 to 1.47. b) Correlation plots for Ti content and flake size 
dependence of the RT resistivity. m is the slope constant that describes the 
dependence, b is the y-intercept value, R is the correlation, and p is the p-value. 
c) HAXPES valence band spectra. 



69 
 

 Carbonitride MXenes: After focusing on the role of 
M-site element on electrical properties, we 
systematically investigated carbonitride MXenes, 
determining the synthesis conditions and structural 
parameters of 16 X-site solid-solution MAX phases 
[3,4]. We synthesized carbonitride MXenes in molten 
chloride salts. Ti2Al(C1-yNy), Ti3Al(C1-yNy)2 and Ti4Al(C1-

yNy)3 MAX phases exhibit a universal dependence of 
the a-lattice parameter on nitrogen content (Fig. 1e). 
Upon the removal of the Al layer, the MAX phases 
directly transformed into MXenes with uniform 
halogen terminations: Ti2(C1-yNy)Tx, Ti3(C1-yNy)2Tx and 
Ti4(C1-yNy)3Tx, including 11 compositions that have not 
been previously reported (Fig. 2a-d). Our findings 
reveal that solid-solution MXenes with higher 
nitrogen contents have shorter synthesis times, but 
lower stability, providing valuable insights for future 
exploration of solid-solution MXenes. Most notably, 
we observed a strong monotonic correlation between 
the nitrogen content and optical, mechanical, thermal 
and electrical properties, stability, as well as EMI 
shielding performance. In the Ti3(C1-yNy)2Tx system, 
AFM revealed that the Sneedon modulus consistently 
increases with nitrogen content, to more than 8 times 
from Ti3C2Tx to Ti3(C0.5N0.5)2Tx (Figure 3a). Analysis of 
UV-vis spectra demonstrated a decrease in both, 
absorbance wavelength and intensity in the NIR and 
UV regions, suggesting a correlation between the 
oxidation state of Ti and inter-band transitions of 
Ti3(C1-yNy)2Tx (Fig. 3b) [5]. Further, thermal stability, 
influenced by bond enthalpy, also demonstrated 
dependency on nitrogen concentration (Fig. 3c). Fig. 
3d portrays the impact of nitrogen concentration on 
electrical conductivity, EMI shielding absorbance 
efficiency, and the absorption peak position from UV-
vis spectra. Considering that the EMI shielding 
effectiveness is associated with the electrical 
conductivity of MXenes, it is critical to isolate the 
impact of nitrogen concentration to understand these 
properties better [6]. Through our ongoing research, 
we aim to unravel these intricate dependencies and 
their implications for MXene applications. 

Figure 3. Dependence of physical 
properties on nitrogen content in Ti3(C1-

yNy)2Tx MXene. The plot of (a) Sneedon 
modulus, (b) UV-vis spectra, and (c) 
thermal gravity analysis of Ti3(C1-yNy)2Tx. 
(d) The plot of electrical conductivity, 
plasmonic peak, and Electromagnetic 
interface (EMI) shielding absorbance as 
the function of nitrogen content.  

Figure 2. (a) Illustration of three families of 
carbonitride MXene. (b-d) X-ray diffraction 
patterns of the (002) and (004) reflections 
of Ti2(C1-yNy)Tx, Ti3(C1-yNy)2Tx, and Ti4(C1-

yNy)3Tx MXenes produced. (e) The a lattice 
parameters plotted as a function of the N 
content. 
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Research Scope 

 As proposed, we study the links between macromolecular chemistry and architecture, 
nanostructure assembly, small molecule distributions in nanoscale domains, chain motion, and 
ultimate transport properties in nanostructured electrolytes. Work highlighted here primarily 
focuses on Aim 3: Probing the effect of interfacial profiles, interfacial polymer chain 
conformations, dielectric constant, and glass transition temperatures (Tgs) on relative ion 
mobility and overall molecular transport in ion‐conducting BPs. In particular, we have recently 
compared density profiles, local ion association, and local and overall ion mobility in coarse-
grained models of salt-doped versus single-ion block polymers, which will be highlighted. 
Experimental results and ongoing work to better map simulations to experiments also will be 
discussed.  

 Recent Progress  

 Single-ion polymer architectures (polymers with one of the ion types covalently bonded 
to the chains, leaving only one ion type free) are of interest to increase the lithium-ion 
transference number in polymer electrolytes.1-5 We used coarse-grained models to compare 
single-ion and salt-doped block polymer electrolytes in a controlled fashion, with no chemical 
differences between the two architectures other than the tethering of anions. Specifically, 
building on model development from prior years,6-9 we simulated lamellae-forming diblock 
copolymeric systems with anions free or bound to one of the copolymer types at random points, 
and we investigated how this tethering impacts ion structural and dynamical properties at 
different ion concentrations and polymer dielectric constants. We found that tethering anions to 
the polymer backbone can improve cation conductivity in comparison to analogous salt-doped 
systems, especially at moderate ion concentrations. These differences in ion dynamics can be 
related to the structural dispersion of ions and other structural properties, which provides some 
insight into general features of ions dynamics in mesostructured polymer electrolytes. 
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 Across the several concentrations and 
dielectric constants (εr) studied, the 
distribution of the polymer beads within the 
lamellar structure was similar between 
systems with or without anion tethering; 
however, tethering more significantly 
impacted the distribution of ions within the 
lamellar domains as shown in Figure 1. 
Tethering anions (creating single-ion systems) 
leads to a more uniform distribution of ions 
within the conducting domain (on a relative 
basis) and leads to a slightly higher amount of 
ions near the interface between the 
conducting and non-conducting phases.  

 Tethering also had a significant impact 
on cation dynamics. Figure 2 shows the cation 
mobility for various systems studied; at high 
ion concentration or high εr, mobility increases 
with ion concentration and is relatively similar 
between the single-ion and salt-doped 
systems. However, at both low ion 
concentration and low enough εr, cation and 
anion motion becomes more correlated, 
reducing cation mobility. In this regime, single-
ion systems have increased cation mobility 
versus the analogous salt-doped systems, 
presumably due to their more even 
distribution of ions.  

In ongoing work, we have included 
additional features in the coarse-grained 
models, such as polarizability, stiffness, 
adjusted Tg, and a comb-like architecture to 
match certain experimental systems of 
interest. Efforts in these areas allow us to 
more closely reproduce local dynamical 
features throughout the domain for better comparison with experimental results.  

Figure 1. Reproduced from [10]. Snapshots and 
density profiles: (a) and (c) at [+]/[A] = 0.01 and (b) 
and (d) at [+]/[A] = 0.04, all at εr = 7.5. Top 
snapshots are for salt-doped and bottom are for 
single-ion systems, with monomers A, monomers B, 
cations, and anions colored transparent red, 
transparent blue, green, and purple, respectively. 
Density profiles for ions and monomers as labeled 
are plotted as a function of fractional distance 
across the half-lamellar domain; for both monomer 
type densities, the salt-doped and single-ion curves 
are overlapping.  

Figure 2. Reproduced from [10]. (left) Schematic of 
example salt-doped and single-ion polymer chains. 
(right) Cation mobility as a function of ion 
concentration for single-ion and salt-doped systems 
at various dielectric constants. 
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Research Scope 

Our research interrogates and designs new methods for aerobic oxygenation of polyolefins (POs) 
to achieve two related goals: (1) convert mixed plastics waste into low molecular weight (MW) 
feedstock chemicals with high yield and selectivity and (2) prepare new polymeric materials with 
favorable properties. The upcycling and conversion of waste plastics within a circular carbon 
economy is a grand challenge. Major advantages of autoxidation methods include: (a) it is 
thermodynamically favorable, resulting in significant energy savings and reduced CO2 footprint 
relative to pyrolysis; (b) autoxidation-based PO depolymerization is compatible with mixed 
plastics, minimizing or avoiding the need for pre-sorting; (c) it tolerates impurities, contaminants, 
and water; (d) homogeneous autoxidation catalysts offer transport kinetic advantages over 
heterogeneous catalysts for polymer deconstruction; and (e) catalysts and initiators that support 
autoxidation are composed of robust, earth-abundant, recyclable materials.1-4  

Recent Progress  

Research Aim 1: An overarching theme of this research thrust is to leverage the fundamental 
study of the autoxidation of PO chemical analogs including cyclohexane, cumene, n-decane, 
among others, to glean molecular insights that could inform the development of autoxidation 
methods for the upcycling of complex mixtures of polyolefins. Towards this end, a Taylor flow 
microreactor has been constructed to accurately measure the intrinsic kinetics of the 
autoxidation of polyolefin chemical analogs (UW-Madison). Initially, the kinetics profiles of the 
autoxidation of cyclohexane were collected at several temperatures. The obtained kinetics 
profiles are used for the development and refinement of initial microkinetic models 
(Northwestern University). To ensure that the modeling framework is functional and a working 
model can be used to calibrate the development of the more user-friendly software platform, 
Pickaxe, the automated mechanism generation software (NETGEN) has been deployed to 
replicate the results of the oxidation of n-decane and octane.5 The reaction families have been 
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successfully tested, and unit testing aimed at ensuring that the rate-based algorithm used to 
generate the results obtained underway.  

Research Aim 2: An overarching theme of this research thrust is the direct oxyfuctionalization of 
POs (i.e., isotactic polypropylene (iPP) and high-density polyethylene (HDPE)) to afford polymeric 
materials with favorable physical and mechanical properties (U. of Houston) as well as further 
conversion to value-added thermoset polymer (e.g., polyurethanes) (Columbia University). The 
oxidation of the iPP and HDPE was conducted with a co-rotating twin screw extruder under a 
constant flow of diluted oxygen in nitrogen. Following melt processing, FTIR revealed carbonyl 
groups and hydroxyl groups in both the oxidized iPP and HDPE and the presence of unsaturated 
moieties (C=C double bonds) in the oxidized iPP. NMR was used to further confirm the structures 
of the oxidized polymers. To prepare oxidized iPP and HDPE with higher degree of functionality, 
organic radical initiators were employed to accelerate the oxidation process and the impact of 
processing parameters on the functionalization process was explored.  Furthermore, the partial 
oxidation of POs through oven oxidation is being explored, while characterizing the 
functionalization and studying its relationship with respect to processing parameters (Columbia 
University). Likewise, to the oxidative iPP melting processing (University of Houston), FTIR 
revealed iPP can be functionalized with carbonyl and hydroxyl groups along their main chain 
through oven oxidation. The degree of oxidation of the polymers can be controlled through 
variation in the oxidation environment such as temperature and reaction time. 

Research Aim 3: The production of phenol from the oxidative deconstruction of polystyrene (PS) 
was explored (UW-Madison). Initial findings suggest deconstruction of PS proceeds via chain 
scission to form oligomers that are prone to oxyfunctionalization, and subsequent acid-treatment 
of oligomers can form phenol via Hock rearrangement. A thorough theoretical and experimental 
mechanistic investigation is underway. Furthermore, to afford mild reaction conditions, the 
photocatalyzed aerobic oxidation of polyethylene was investigated using quinones, acting as 
efficient photosensitizers and HAT mediators, and multiple wavelengths of light from LED arrays. 
The next objective is to enhance oxygen diffusion and mass transport to facilitate the efficient 
trapping of alkyl radicals formed from the C-H activation process to minimize cross-linking and 
improve oxyfunctionalization. 

Conclusions: We present several strategies for the direct oxyfunctionalization and 
deconstruction of POs to value-added oxygenates. For example, we demonstrate phenol can be 
directly produced from PS. Furthermore, using strategic PO chemical analogs for the 
development of microkinetic models provide important mechanistic and molecular insights into 
C-H activation and oxyfunctionalization of aliphatic and aromatic hydrocarbons that will further 
inform the development of robust autoxidation methods for the deconstruction of POs.  
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Research Scope 

 Chalcogel is a unique class of porous amorphous metal-sulfides that consist of aggregated 
colloidal particles whose structural backbone, in most cases, is formed by polysulfides, and the 
surface of the nanoparticles are covered with a high density of (poly)sulfide species.[1–3] We 
hypothesize that high (poly)sulfide desity can lead to high energy density for conversion based 
Na(Li)-ion batteries, and the chalcogel’s porosities, semiconductivity, amorphicity, and 
compositional diversity can offer additional advantages including faster ion kinetics, higher 
electrical conductivity, lower activation energy barriers during the structural rearrangements, 

and resistance to 
large volume 
change during the 

charge-discharge 
process. We also 
hypothesize that 
an integration of 
colloidal sized 
particle with 

carbonaceous 
species (e.g., 
graphene oxides 
(GO) and carbon 
nanotube (CNT)) 

with the chalcogenide will results in the formation of nanocomposite gels, which will attribute to 
superior electrical conductivity, specific capacity and decrease polysulfide dissolution. This 

Figure 1: SEM image of the MoSx-GO chalcocarbogel (A), inset showing the RT 
synthesized monolith wetgel; HRTEM showing the amorphous features of the gel 
particles (B); charge/discharge properties vs cyclic stability for Li ion batteries (C).  
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synergy of the chalcogels and carbonaceous species in the hybrid chalcocarbogels will allow us 
to develop high-energy desity, cycle stable, safer, cost-effective anode materials for sodium- and 
lithium-sulfide batteries (NaSBs and LiSBs).  
 Here, we introduce a new class of hybrid aerogel that integrates inorganic metal sulfide and 
carbonaceous species, for instance, molybdenum sulfides (MoS42-) and graphene oxide (GO). We 
named them chalcocarbogels because these consist of chalcogenides and carbonaceous species. 
The monolith wetgel of the chalcocarbogel was synthesized at room temperature (RT) from a 
mixture of a solution of (MoS42-) and highly dispersed nanoparticles of graphene oxide (GO). The 
MoSx-GO chalcocarbogel is amorphous and its local structure consists of Mo3S13 species as 
determined by synchrotron X-ray diffraction. The electrochemical charge-discharge of the MoSx-
GO xerogel reveals the initial discharge capacity of 1215 mAh g-1 for Li-ion half-cell and 807 mAh 
g-1 for Na-ion half-cell. Importantly, the lithium-ion half-cell retains the capacity 700 mAh g-1 and 
sodium-ion half-cell exhibits a reversible capacity of 473 mAh g-1 after 50 cycles. Finally, the 
solution processable and scalable RT synthesis of the MoSx-GO chalcocarbogel, high 
electrochemical, high-energy density and superior rate performance reveal this new class of 
materials as promising electrode materials for Na- and Li-ion batteries for grid-scale energy 
storage. 
 
Recent Progress  

For high-capacity energy storage, lithium–sulfur (Li–S) batteries are considered the most 
promising candidate because of their high theoretical specific capacity, 1672 mAh/g.[4,5] But, the 
progress of this field is bottlenecked with several issues including cyclic stability. Previously, we 
introduced metal sulfide chalcogel (MoSx) as sulfur equivalent electrodes that exhibits superior 
cyclic stability over sulfur electrodes.[6] Despite the great promise of chalcogel electrode 
materials, this technology is challenged by poor electron and ion kinetics, polysulfide shuttling, 
dendrite formation, large volume changes, loss of active materials and safety issues. Our recently, 
developed Chalcocargels of MoSx-GO offers a new paradigm of sulfur based electrodes that 
exhibit remarkably high specific capacity and cyclic stability and thus show great potential to 
dominate the next generation electrodes for both Na and Li ion batteries.  
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Research Scope 

This project aims to understand the structure, bulk phase behavior, and physical properties of a 
new family of polymers — polysulfamides and polysulfamates — with potential as chemically 
recyclable and high-performance materials. This is being accomplished using synergistic 
experimental and computational approaches involving polymer synthesis, structural and thermal 
characterization, molecular modeling, simulations, and machine learning. This project leverages 
our expertise and recent advances in SuFEx click polymerization, (Michaudel)[1, 2] development 
and use of coarse-grained polymer models for macromolecules with H-bonding interactions, 
(Jayaraman)[3, 4] machine learning for structural characterization, (Jayaraman)[5, 6] and solution 
and solid-state characterization of polymeric materials, including H-bonding systems (Hayward) 
to obtain a fundamental understanding on this new class of polymers.  
The specific aims are: Specific Aim 1: To understand hydrogen-bonding driven structural ordering 
of polysulfamides as a function of the molecular structure of the repeat unit.  
Specific Aim 2: To develop machine learning models to automate the classification and 
interpretation of structural characterization results.  
Specific Aim 3: To extend the fundamental studies of molecular interactions and chain structure, 
physical properties, and bulk phase behavior to polysulfamates.  
 
Recent Progress  

During this 1st year of this project, synthesis (Michaudel), characterization (Hayward), and 
computational (Jayaraman) tasks under the three aims have been initiated.  

In the Michaudel lab, Jiun Wei Wu (5th year PhD student) and Avinash Choudhury (1st year PhD 
student) have been working on the development of robust syntheses of polysulfamides based on 
Sulfur(VI) Fluoride Exchange (SuFEx) click chemistry[7, 8]  and conducting characterization via 
NMR and IR spectroscopy, size-exclusion chromatography (SEC), and powder X-ray diffraction. 
Thus far, over 30 structurally different polysulfamides have been synthesized and fully 
characterized. Simultaneously, in the Jayaraman lab, Zijie Wu (5th year PhD student) and Jay Shah 
(1st year PhD student) have been working on development and use of a coarse-grained (CG) 
model of polysulfamide to link polysulfamide design to the assembled chains’ orientational and 
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positional order in CG molecular dynamics (MD) 
simulations. CG MD simulation results have been 
validated through comparison with  experiments; 
this comparison is the focus of our 1st joint 
publication[9] that has been accepted in 
Macromolecules in June 2023 (see Figure).   

In Jayaraman lab, Shizhao Lu (4th year PhD 
student) has developed a machine learning (ML) 
approach called ‘PairVAE’[10] tailored towards 
generation of bottleneck characterization data of 
materials from complementary high throughput 

characterization data through paired learning of two variational autoencoders (VAE). Lu used 
open access data sets from small angle X-ray scattering (SAXS) and scanning electron microscopy 
(SEM) measurements of block copolymers from a recent publication[11]. Using that data Lu 
trained the PairVAE to successfully predict SEM images for a given SAXS profile or a SAXS profile 
for a given SEM image.  

The above PairVAE method from the Jayaraman lab is now being extended to characterization 
data from the Michaudel and Hayward labs to enable quantitative prediction of crystallinity from 
analogous structural characterization data. First, the Hayward lab is collecting paired structural 
characterization data on polymer films that, like polysulfamide, exhibit semi-crystalline 
morphologies, but for which parameters including the crystal structure and enthalpy of melting 
are well-characterized. Specifically, to serve as training data for PairVAE, Matthew Ticknor (4th 
year PhD student) has been generating data sets that combine multiple different characterization 
modalities applied to the same set of materials with systematically varying structure (e.g., degree 
of crystallinity) achieved through variations in thermal history and stereochemical composition. 
Since polysulfamides have not yet been structurally characterized in detail, we have begun with 
poly(L-lactic acid) (PLLA) as a simpler and more well-studied model system to validate our 
methodology. Simultaneously over 40 different N,N’-disubstituted sulfamides are being 
synthesized by members of the Michaudel lab and will be sent to the Hayward lab for 
characterization to create a polysulfamide focused structural characterization dataset for training 
the PairVAE. We believe PairVAE will also be valuable to the broader materials chemistry 
community who can use cross-reconstruction of complementary characterization data to foster 
more ways of generating data for design-structure-property relationships that accelerate 
materials design and innovation.  

Figure: "Investigating hydrogen bond-induced 
self-assembly of polysulfamides using 
molecuzzzlar simulations and experiments", 
Wu, Zijie; Wu, Jiun Wei; Michaudel, Quentin; 
Jayaraman, Arthi (Macromolecules) accepted.zz 
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Research Scope 

There is a pressing need to invent an alternative rechargeable battery chemistry that does not 
involve depleting elements and potentially provides a higher energy density. In Li-ion batteries 
(LIBs) and other cation battery chemistry such as Na-ion, Mg-ion, and Zn-ion, the working ions 
are the cations. Anion hosting can serve to enable reactions in batteries as well but is yet to 
receive much attention.1 The anion-storage batteries will potentially shift the paradigm of the LIB 
industry. Such batteries can be more sustainable solutions for high-energy batteries because they 
do not need Co or Ni in the electrodes. Recent results from the PIs show that anion-storage 
batteries can deliver competitive energy density with cost-effective carbon or metals as the 
electrodes.2,3,4 The goal of the project is to reveal the mechanisms and gain an understanding of 
the limiting factors in new anion battery reactions and to generate fundamental knowledge 
about under what conditions and with what battery constituents anion-hosting batteries can 
deliver high energy density with a stable cycling life. The PIs with their synergistic set of expertise 
will gain the predicative knowledge of anion-hosting reactions by novel materials science, 
electrochemical experiments, advanced characterization, and first principles simulations. In 
particular, the project will investigate quintessential electrode systems for hosting anions via 
intercalation, plating, and conversion reactions. A primary outcome is that we will identify critical 
descriptors to predict electrochemical behaviors and the performance of anion storage electrode 
systems. This predictive capability will greatly promote research interest among the community 
to explore anion storage. The project investigates Li-salt-composite (LSC) cathodes that 
comprises a lithium salt as the source of anions and Li-ions and an oxidizable structure to host 
anions.1 The LSC cathodes are different from the cathodes in dual-ion batteries (DIBs) in that the 
latter gleans anions from the electrolyte during charging.5  

The project will answer the following fundamental questions. How do the charges of anions 
transport through the lattice of metal salts?  What factors affect the kinetics and utilization of the 
anion-hosting reactions? What chemical environment of electrodes and electrolytes stabilizes 
their interphase? What are the limiting factors that regulate the anodic reactions of metals and 
non-metals in the defined chemical environments?  The project will integrate experimental 
design, first principles modeling, and machine learning. The new knowledge about anion storage 
will generate broad and profound impacts across the science and engineering disciplines of 
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chemistry, physics, and materials science. The new LSC batteries may re-invent LIBs in providing 
more sustainable energy-storage solutions.  

Recent Progress  

The project has made some significant progress in the proposed research area. Multiple 
manuscripts are under preparation. (1) We found that it is viable to use a mixture of a metal and 
lithium salt(s) as the starting electrodes for a rocking-chair 
battery. Such an electrode can be paired with conventional 
anode materials, including graphite and silicon; therefore, the 
fundamental knowledge we gain here can directly translate to 
practical impacts. We have explored the mixture of metal 
powder with different lithium salts, including LiF, LiOH, Li2CO3, 
Li2SO4, and Li3PO4. We found that the choice of salts can have a 
large impact on the resulting capacity, where one of our 
electrode formulas offers a stable cycle life and a reversible 
specific capacity of nearly 300 mAh/g with an average operation 
potential of 2.8 V vs. Li. The reversible energy density of this cathode is over 800 Wh/kg, 
comparable to the state-of-the-art LiNixMnyCozO2 (NMC) and LiNixCoyAlzO2 (NCA) cathode 
systems.6 The results support the hypothesis that solid anion diffusion can charge-compensate 
for the reversible corrosion reactions of metals in battery settings. We are testing the hypothesis 
that the enhanced anion transport properties enable better utilization of the electrodes, where 
the promoted kinetic properties allow the thermodynamic possibility to be realized. We also 
discovered that non-metals, including halogens, can be oxidized to host anions. Non-metals have 
been widely investigated for their cathodic redox properties in hosting alkali metal ions. In this 
project, we pushed the envelope of non-metal redox chemistry to the anodic side. We found that 
suitable electrolytes are critical to enabling the new anion-hosting electrochemical reactions. For 
the metal-based electrode, it is known that iron exhibits a certain extent of catalytic properties. 
Our initial reactions found that inhibiting iron’s catalytic behavior is necessary by growing 
cathode electrolyte interphase (CEI) layers, where electrolyte additives are indispensable.  

Combining density functional theory, ab initio molecular dynamics, and machine learning 
potentials to simulate ion diffusivity, we found that glassy materials such as LiTaCl6 have high 
mobilities for cations (Li+) and anions (Cl–). The simulated Li-ion conductivity of 20 mS·cm−1 at 
room temperature and the simulated diffusion barrier of 0.16 eV for Li-ion agree well with the 
experiment. More important, the barrier of Cl– diffusion (at 0.15 eV) is comparable to that of Li+, 
indicating a new mechanism of superionic transport whereby superionic anion transport 
accelerates superionic cation transport. Hence, these materials offer important clues regarding 
the ion mobilities which can facilitate anion transport and storage. 

Typical charge-discharge 
potential profiles of a 
metal-based LSC cathode.  
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Research Scope 

Hybrid metal halide perovskites are inexpensive semiconductor materials promising for high 
performance solar cells and light emitting diodes (LEDs) because they are easy to make and 
tolerant of defects. Fundamental understanding of the factors controlling the carrier transfer 
mechanisms in heterostructures of halide perovskites is crucial for guiding the synthetic 
strategies to improve properties and device applications. To address these challenges, our 
collaborative team synergistically combines expertise in synthesis of new materials and 
nanoscale heterostructures (Jin) with the development of new ultrafast spectroscopies (Wright) 
to probe complex heterostructures at the single quantum state level.  

Recent Progress  

We developed new methods for synthesizing nanostructures of both three-dimensional (3D) 
perovskites and two-dimensional (2D) Ruddlesden–Popper (RP) layered perovskites, and using 
them to create novel and arbitrary heterostructures, such as 2D/3D perovskite and  vertical and 
lateral 2D heterostructures, with high quality interface and tunable band alignments. Various 
structural characterization and time-resolved spectroscopic methods have been employed to 
collaboratively study the carrier transfer mechanisms between these well-defined 
heterostructures of 2D and 3D perovskites. Some recent highlights include: 

Deterministic Fabrication and Study of Vertical Heterostructures of RP Halide Perovskites  
We have developed methods for creating large-area vertical or lateral heterostructures of RP 
perovskites with the goal of precisely controlling the compositions and the stacking sequence of 
each layer. We first developed a solution growth method for synthesizing large nanosheets of a 
variety of phase-pure 2D RP lead halide perovskites (40+) with different LA and A cations, 
lateral dimensions of up to a few hundred micrometers, and thicknesses down to a monolayer. 

mailto:jin@chem.wisc.edu
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Using a soft contact transfer method, these nanosheets can be sequentially transferred and 
stacked to fabricate vertical heterostructures in a deterministic fashion (see examples in Fig. 1). 
The self-assembled bilayer of LA cations can act as a natural diffusion barrier to slow down 
halide migration across the adjacent perovskite layers while maintaining stable and atomically 
sharp junctions. These advances enabled the deterministic fabrication of arbitrary vertical 
heterostructures and multi-heterostructures of different RP perovskites with unprecedented 
structural degrees of freedom that define the electronic structures of the heterojunctions (Fig. 
1). These RP perovskite heterostructures will enable the exploration of carrier transfer 
dynamics and novel exciton physics. For example, 
we have further made heterostructures with 
presumed Type II band alignment and preliminarily 
observed the evidence for interlayer excitons. To 
expand the design of robust type II heterostructures, 
we further developed the synthesis of nanosheets 
for (PEA)2Csn-1PbnBr3n+1 (n = 1-6) phases and 
studied their basic optical properties and band 
positions using UPS techniques. We have also made 
well-defined 2D/3D perovskite heterostructures by 
stacking nanosheets of various 2D RP perovskites on single crystals of 3D perovskites and are 
studying the ionic diffusion and carrier transfer in these heterojunctions.  

Lateral Heterostructures and Mixed Halide RP Halide Perovskites 
We have synthesized lateral heterostructures of RP halide perovskites via halide anion 
exchange. Sharp halide lateral heterostructures can be formed from n = 1 and 2 RP lead iodide 
microplates via anion exchange with hydrogen bromide (HBr) vapor due to the low halide 
miscibility. Many studies of mixed-halide RPPs assume that halide mixing yields homogeneous 
alloys like those in 3D lead halide perovskites, with halide segregation only occurring under 
perturbations from light or heat. We found heterogeneous halide microscale domains in the 
mixed I/Br phases in solution grown microplates of three representative n = 1 and n = 2 RPP 
phases using X-ray diffraction and secondary ion mass spectrometry (SIMS) imaging – even in 
absence of photoinduced phase separation. However, photoluminescence (PL) imaging alone 
can falsely imply homogeneous alloy 
formation in heterogeneous RPPs. We 
then demonstrate the use of spectral 
imaging as an alternative high-throughput 
tool for accurate halide phase 
characterization in mixed-halide RPPs.  

 
Fig. 1. Various novel vertical heterostructures,  multiple 
hetero-structures and lateral heterostructures of 2D RP 
perovskites that we have fabricated and studied. 

10 µm

 
Fig. 2. Heterogeneity within mixed halide 2D RP 
perovskites revealed by spectral imaging and 
SIMs. 
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Development of New Multidimensional Spectroscopic Methods for Studying Floquet States.  
Charge transfer across the junction can involve coherent and incoherent dynamics and it is here 
that our Floquet state methodologies can spatially resolve the dynamics. Floquet states are 
quantum mechanical superposition states that directly access couplings between states. They 
form the basis for directly measuring the structure of the Brillouin zone of a material. Mapping 
based on Floquet states can then form the basis for observing the changes in the Brillouin zone 
over an entire heterostructure. Currently, angularly resolved photoelectron spectroscopy 
(ARPES) is the only method for measuring the Brillouin zone so the promise of an alternative 
Floquet state method could be a transformative methodology for materials science. We have 
finished construction of a widefield hyperspectral microscope that images both fully coherent 
output generated from a single or multiple driving fields, as well as population-based output 
(transient absorption) and are now doing NIR pump-SHG probe experiments on TMDC 
monolayers and heterostructures that will resolve the charge transfer dynamics at the interface 
between two TMDC monolayers. Our experiments have included the creation of Floquet states 
with two coupled coherences at the same k-vector in the Brillouin zone of a WS2 monolayer 
using two tunable 50 fs pulses to create 2D fully coherent spectra with double resonances that 
excite the 3.33 eV band in the Brillouin zone as well as experiments where the couplings 
between states can result in structural changes that are optically controllable. 

References (see the next section) 

Two Year List of Publications Supported by BES: 

1. Ratté, J.; Macintosh, M. F.; DiLoreto, L.; Liu, J.; Mihalyi-Koch, W.; Hautzinger, M. P.; Guzei, I. A.; Dong, Z.; 
Jin, S.; Song, Y.: Spacer-Dependent and Pressure-Tuned Structures and Optoelectronic Properties of 2D 
Hybrid Halide Perovskites. The Journal of Physical Chemistry Letters 2023, 14, 403-412. DOI: 
10.1021/acs.jpclett.2c03555. 

2. Roy, C. R., Zhou, Y., Kohler, D. D., Zhu, Z.; Wright, J. C.; Jin, S.; Intrinsic Halide Immiscibility in 2D Mixed-
Halide Ruddlesden–Popper Perovskites. ACS Energy Letters 2022, 7, 3423-3431. DOI: 
10.1021/acsenergylett.2c01631. 

3. Ci, P.; Zhao, Y.; Sun, M.; Rho, Y.; Chen, Y.; Grigoropoulos, C. P.; Jin, S.; Li, X.; Wu, J.: Breaking Rotational 
Symmetry in Supertwisted WS2 Spirals via Moiré Magnification of Intrinsic Heterostrain. Nano Letters 
2022, 22, 9027-9035. DOI: 10.1021/acs.nanolett.2c03347. 

4. Zhao, Y.; Jin, S.: Stacking and Twisting of Layered Materials Enabled by Screw Dislocations and Non-
Euclidean Surfaces. Acc. Mater. Res. 2022, 3, 369-378. DOI: 10.1021/accountsmr.1c00245 

5. Fu, Y.; Jin, S.; Zhu, X. Y.: Stereochemical expression of ns2 electron pairs in metal halide perovskites. 
Nature Reviews Chemistry 2021, 5, 838-852. DOI: 10.1038/s41570-021-00335-9. 

6. Roy, C. R.; Pan, D.; Wang, Y.; Hautzinger, M. P.; Zhao, Y.; Wright, J. C.; Zhu, Z.; Jin, S.: Anion Exchange of 
Ruddlesden–Popper Lead Halide Perovskites Produces Stable Lateral Heterostructures. J. Am. Chem. Soc. 
2021, 143, 5212-5221. DOI: 10.1021/jacs.1c01573. 

7. Kuo, M.-Y.; Spitha, N.; Hautzinger, M. P.; Hsieh, P.-L.; Li, J.; Pan, D.; Zhao, Y.; Chen, L.-J.; Huang, M. H.; Jin, 
S.; Hsu, Y.-J.; Wright, J. C.: Distinct Carrier Transport Properties Across Horizontally vs Vertically Oriented 
Heterostructures of 2D/3D Perovskites. J. Am. Chem. Soc. 2021, 143, 4969-4978. DOI: 
10.1021/jacs.0c10000. 

https://doi.org/10.1021/acs.jpclett.2c03555


89 
 

8. Pan, D.; Fu, Y.; Spitha, N.; Zhao, Y.; Roy, C. R.; Morrow, D. J.; Kohler, D. D.; Wright, J. C.; Jin, S.: 
Deterministic fabrication of arbitrary vertical heterostructures of two-dimensional Ruddlesden–Popper 
halide perovskites. Nat. Nanotech. 2021, 16, 159-165. DOI: 10.1038/s41565-020-00802-2. 

  



90 
 

Direct Reduction of Metal Oxides to Metals for Electrowinning and Energy Storage 

Paul A. Kempler,1,2 Carl K. Brozek,1 Nancy M. Washton,3 J. David Bazak3   

1. Department of Chemistry and Biochemistry, University of Oregon 
2. Oregon Center for Electrochemistry, University of Oregon 
3. Pacific Northwest National Laboratory 

Keywords: Electrochemistry, energy storage, nanoparticles, NMR, electrodeposition 

Research Scope 

 Solid/solid metal-oxide/metal conversion reactions are required for iron (Fe) and zinc (Zn) 
electrodes proposed for low-cost batteries and are a promising, electrified route for 
manufacturing metals directly from inexpensive ores. Identifying and understanding new design 
principles for energy- and atom-efficient conversion reactions between Fe, Zn, and their 
respective oxides in alkaline electrolytes would unlock long-duration energy storage 
opportunities1 while also opening a low-carbon pathway for their fabrication.2 

The three aims of the project are to 
understand the limits to nanoscale transport in 
solid/solid metal-oxide/metal electrowinning, 
measure the solvation environment of cations in 
alkaline, mesoporous metal oxides, and identify the 
structure and composition of metal/metal-oxide 
interfaces.  

 Recent Progress  

 Nanoscale transport: Reduction reactions 
occuring from suspensions of metal oxide 
nanoparticles are mechanistically complex and 
poorly understood. Kempler is leading 
electrochemical studies in environments with 
controlled hydrodynamic transport to capture 
intermediates involved in the direct reduction of 
hematite to iron metal. 

Raj Shekhar at Oregon has prepared insulated carbon-fiber microelectrodes to study 
nanoparticles attached or colliding with an inert microelectrode in concentrated alkaline 
environments. Small current spikes have been used to measure the reduction kinetics assigned 
to the local environment of individual nanoparticles. Additionally, rotating ring-disk electrode 

Figure 1: Current voltage data from a carbon 
fiber microelectrode (electron micrograph inset) 
in 30 wt% NaOH with 0.2 mM equivalents Fe2O3 
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studies have been used to characterize the onset of reductive dissolution from thin films of 
hematite. 

Solvation Environment: A detailed understanding of the composition and solution 
structure of the evolving concentrated electrolytes in M/MO electrochemical conversion is 
necessary for a mechanistic description of the reaction. Bazak and Washton are conducting an 
NMR-focused study of both model concentrated electrolytes at high pH and ex situ samples of 
electrochemically generated M/MO slurries as a function of conversion level, with an emphasis 
on contrasting the dynamics and transport of solvated probe ions. 

Mixed-cation hydroxide brines containing lithium have been 
shown to produce synergistic effects which promote M/MO 
conversion by modifying the solvation environment (Figure 2). 
Using a dynamics-centric approach, multinuclear NMR and 
viscometry studies at PNNL have been conducted to explore 
the kinetics and mass transport ramifications of this 
electrolyte design strategy. These initial studies on bulk 
electrolytes will also benchmark future efforts to 
quantitatively examine restricted diffusion in nanoporous 
metal oxide structures formed electrochemically. 

 Cation effects at complex interfaces: Kempler is leading 
a study on the mechanism of alkaline metal plating by modifying the local structure of water. The 
influence of cations on metal plating reactions and the competing hydrogen evolution reaction 
is complex.5 Working with industry partner EnZinc, who is developing a microsponge Zn anode 
to serve in both mobile and stationary energy storage devices, the Oregon team has identified 
non-linear effects of hard cations such as Li+ in representative electrolytes used in alkaline 
batteries and employed on-line gas chromatography measurements to characterize the effects 
on porous Zn anodes. 
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Figure 2: 17O NMR for mixed 
cation-hydroxide brines at 6 M 
ionic strength. 
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Research Scope 

Chemical and structural disorder present in noncrystalline states can often provide new 
functionalities to materials properties.[1,2] In noncrystalline materials design, however, the lack 
of structural descriptors makes it difficult to employ traditional materials chemistry. The 
objective of this project is to establish materials design principles and propose synthesis 
guidelines for noncrystalline solids to advance energy storage technology. Specifically, we will 
rationalize the development of noncrystalline lithium (Li) superionic conductors with high ionic 
conductivity and excellent electrochemical stability for all-solid-state battery applications. We 
hypothesize that chemical disorder can be introduced to systematically disrupt long range 
structures of crystalline Li conductors, while local symmetry (i.e., Li coordination, anion 
distribution, and short-range order) of the crystalline state can remain to dictate electrochemical 
properties of the resulting noncrystalline products.  

Our model system to test this hypothesis is lithium thiophosphate (Li3PS4, LPS) that has 
multiple crystalline polymorphs with different ionic conductivities and can also be prepared 
noncrystalline.[3-5] High-energy ball-milling will be used to induce structural and chemical disorder 
in crystalline LPS and to transform crystalline LPS to noncrystalline LPS. This mechanochemical 
activation process will be elaborated to control the degree of disorder and stoichiometry of the 
material. Disorder created will be investigated by diverse structural and chemical analyses. We 
will also explore how local configurations and compositions of noncrystalline frameworks govern 
macroscopic Li conduction and electrochemical stability with reference to crystalline LPS phases 
to study the ancestry of electrochemical properties.  

 Recent Progress  

 In the first year of this project, we prepared two of the three crystalline LPS polymorphs 
and introduced disorder to them by high-energy ball-milling. We used solid-state methods to 
obtain β- and γ-polymorphs of LPS and found that β-LPS forms at lower temperature (300°C) 
than γ-LPS at 500°C after 5-hour firing, as similarly reported in literature.[3-5] δ-LPS that requires 
high pressure beyond what conventional furnaces can reach[6] cannot be obtained. β- and γ-LPS 
were then ball-milled to induce disorder. Fig. 1(a-c) shows XRD patterns of as-synthesized β-LPS 
and subsequently ball-milled β-LPS for different time periods.  We monitored the intensity 
variation of the (221) peak at 30° and the (123) peak at 48° 2θ. The peak intensities decrease 



94 
 

almost immediately after short-time ball-milling for 
20 min. As the ball-milling time increases to 120 min, 
the crystalline peaks almost disappear, but not 
completely even with subsequent quenching. The 
crystallites may originate from fast recrystallization 
upon ball-milling and/or incomplete crystalline-to-
noncrystalline phase transitions. Similarly, another 
noncrystalline LPS was prepared using γ-LPS.  

By comparing the XRD patterns of ball-milled 
LPS originating from β- and γ-LPS in Fig. 2a, we found 
very little difference. They are mostly amorphous 
whereas small peaks in which the overall pattern 
look alike to β- or γ-LPS appear. We will defer the 
rigorous phase identification of XRD results until we 
have access to the synchrotron resources. However, 
the Nyquist plot in Fig. 2b demonstrates two very 
distinct transport properties between the two 
materials. Li conductivity of LPS in the amorphous 
state scales with that of the crystalline parents. 
Noncrystalline LPS derived from β-LPS shows smaller 
overall resistance than noncrystalline LPS from γ-
LPS.  

These results confirm our hypothesis about 
local structural characteristics that can dictate Li 
transport properties for noncrystalline LPS. As a 
result of high-energy ball-milling, high shear stress 
imposed on LPS can disrupt the long-range 
arrangement of the PS4 framework. As the relative 
arrangement of neighboring PS4 may remain similar 
in the short range, the low barrier Li conduction 
for β-LPS parent can be inherited in its noncrystalline 
child to the large extent.  

  

Fig. 1. (a-c) XRD patterns obtained and 
derived from β-LPS and (d) intensity variation 
for the (221) and (123) peaks. (e) The 
schematic illustration of PS4 tetrahedra in β-
LPS. 

 

Fig. 2 (a) XRD patterns of noncrystalline LPS 
by direct ball-milling and from β- and γ-LPS 
and (b) the Nyquist plot for β- and γ-derived 
noncrystalline LPS. 
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Research Scope 

The Objectives of this project are to: 

(1) Prepare hierarchically structured materials from existing cyclosilane building blocks (e.g. 
1,3Si6, 1,4Si6) using covalent strategies. 
(2) Rationally design novel cyclosilane building blocks to achieve targeted properties, while 
also expanding the scope of architectures achievable under Objective One. 
(3) Leverage mechanism-driven insights to achieve control of poly(cyclosilane) 
microstructure,  crystallinity, and mechanical properties.  

Recent Progress  

 The goal of this project is to synthesize hierarchically structured silicon materials with 
precision from the atomic level to the bulk. The central hypothesis is that cyclosilane building 
blocks (synthesized atom-by-atom) can be linked together in specific, well-defined 
polymerization reactions to yield bulk materials with structural definition at multiple length 
scales. As described under Research Scope, achieving these goals is structured around three 
major Objectives that include elaboration of known building blocks, constructing an expanded 
set of building blocks, and understanding structure-property relationships in materials 
synthesized under this project. 

Objective One. Polymers based on main group elements find application as solution-processable 
precursors to ceramics (polymer-derived ceramics, PDCs).1,2 To understand microstructure-
dependent polycyclosilane pyrolysis, three distinct polymers differing in connectivity (1,3 or 1,4) 
and architecture (linear or cyclic) were synthesized.3 The thermal decomposition was studied by 
thermogravimetric analysis (TGA). Thermal decomposition began ca. 250 ˚C, while the weight 
became constant above 550 ˚C. A black solid residue remained in the sample pan after the TGA 
measurement, consistent with ceramization. While all samples provided char yields between 50-
60%, higher than linear polymers e.g., poly(SiMe2),  the highest char yield was found for the cyclic 
polymer, consistent with lower degrees of volatilization due to the need for multiple Si–Si bond 
homolysis events to occur to produce volatile byproducts. 

In addition to the synthesis of ceramics, we developed approaches to the synthesis of ordered 
hierarchical structures through functionalization of Si–H bonds of cyclosilane molecules and 
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polymers. While the addition of a Si–H bond to an unsaturated bond (hydrosilylation) is a widely 
used reaction in the synthesis of industrially relevant silicones, platinum-based catalysts are 
known to react with Si–Si bonds. After a survey of catalysts, RuHCl(CO)(PPh3)3 was identified as 
a highly chemo-, regio-, and stereoselective catalyst for the addition of cyclosilanes to alkynes, 
yielding new conjugated materials.4 We further showed Kumada polycondensation of a 
thienylcyclosilane, affording a unique stereoregular conjugated polymer.  

Adding to this suite of chemoselective Si–H functionalizations, borane-catalyzed 
dehydrocoupling of thiophenols with cyclosilanes proceeded with high chemoselectivity for Si–H 
bonds in the presence of Si–Si bonds.5 Isomeric cyclosilanes afforded isomeric cyclosilane 
thioethers that differed in chair or twist-boat conformation as demonstrated by both X-ray 
crystal structures and density functional theory (DFT) calculations. We expect these works to 
together establish a set of design principles for cyclosilane hierarchical materials synthesis. 

Objective Two. While it has long been appreciated that the optical properties of polysilanes are 
conformation dependent,6 efforts to control polysilane global conformation have exclusively 
focused on organic side chains. We reported the first example of using cyclosilane connectivity 
and conformation to control delocalization.7 We found that 1,3-linked cyclosilanes can adopt a 
favorable anti conformation unavailable to 1,4-linked cyclosilanes. In addition, we carried out 
extensive TD-DFT calculations to understand the structural basis of polycyclosilane absorption. 
Critical long-term impacts of this study include the possibility of preparing materials in which 
every single Si atom contributes to conjugation and the possibility of computationally predicting 
new targets with enhanced optical absorption.  

Objective Three. A significant challenge in the bottom-up synthesis of hierarchical materials is 
structure determination: can the hypothesized long-range order and structural regularity be 
conclusively determined? To address this challenge in silane materials, we reported a model 
system for determining relative configuration by NMR spectroscopy via isomer-specific long 
range 1H-1H coupling.8 

Several studies investigating the synthesis of new cyclosilane building blocks were pursued.  
Towards the synthesis of a tricyclic silane building block for complex polysilanes, we sought to 
prepare a 1,2-dichlorocyclohexasilane functionalized with sterically bulky tert-butyl groups. 
However, during a Na-promoted reductive cyclization, instead of the desired six-membered ring, 
we obtained a five-membered ring resulting from silylene (or silylenoid) elimination.9 In 
collaboration with the Lin group (Cornell),10 we reported a general approach for the synthesis of 
disilanes as well as linear and cyclic oligosilanes via the reductive activation of readily available 
chlorosilanes. In comparison to the traditional Wurtz coupling, our method features milder 
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conditions and improved chemoselectivity, broadening the functional groups that are compatible 
in oligosilane preparation. 
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Crystal Growth and Quantum Phases of Frustrated Rare Earth Oxides DE-SC0020071 
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Research Scope 

Magnetically frustrated materials are a rich hunting ground for quantum materials. In particular 
they can display persistent disorder down to the lowest temperatures.[1] This leads to massively 
degenerate ground states and non-classical behavior such as quantum spin ices and quantum 
spin liquids (QSL).  Most work on frustrated systems focuses on planar 2-D lattices such as 
Kagome nets. In order to identify next generation of quantum materials we are extending our 
study to 3-D systems with frustrated lattices particularly pyrochlores. These can potentially 
display quantum phases such as QSLs, as well as other effects such as quantum order-by-
disorder.[2] These cubic lattices containing rare earth ions in highly symmetric magnetically 
frustrated sites. They are structurally flexible and can be substituted by many types of metal ions 
displaying a wide range of frustrated magnetic behavior. Such situations are ripe for emergent 
nonclassical behaviors such as quantum spin liquids and Kitaev exchange.[3,4] The Kolis lab 
employs a hydrothermal technology to grow materials at the relatively low temperatures of 600-
700˚C in high pressure aqueous fluids.[5] The relatively low growth temperatures are particularly 
useful in solving two significant problems that persists in traditional high temperature synthesis 
and crystal growth of pyrochlores. These problems are oxide defects from nonstoichiometry in 
the lattice, and disorder between the A and B metal sites of the pyrochlore.[6] At present we are 
specifically targeting a series of cubic pyrochlores A2B2O7 across the range of rare earths (A = Ce 
– Yb and B are the magnetically silent tetravalent ions Ge and Sn). Our hydrothermal approach 
can minimize these problems leading to much better sample quality and improved chances of 
observing new physical phenomena. The magnetic properties are structures appear to be 
extremely complex, so the use of single crystals in neutron scattering and diffraction is a 
particular focus of this work. A broader goal of this program is to enhance the collaborative 
potential between synthetic chemistry and an experimental physics to address a big idea 
challenge (rational design of quantum materials) within the DoE. [7]  

Recent Progress: 

Large single crystals of both Er2Sn2O7 and Yb2Sn2O7 were grown using the hydrothermal method, 
and careful X-ray diffraction and heat capacity measurement indicated that they are well ordered 
with minimal lattice defects.[8,9]  We also grew single crystals of the tetragonal phase of 
Er2Ge2O7 and obtained some very interesting magnetic and neutron scattering data.[10] We also 
grew single crystals of cubic Yb2Ge2O7 in sufficient quantity and quality to obtain detailed INS 
data.[11] We were able to use these to determine exchange interactions and also to place this 
material in the universal phase diagram of the pyrochlores. The Yb2Ge2O7 shows long range 
antiferromagnetic order but no well-defined spin wave excitations from this state, which is highly 
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unconventional, but is similar to Yb2Ti2O7 even though Yb2Ti2O7 is a ferromagnet.  Neutron 
scattering data shows the lack of conventional spin waves in the ordered state.  We grew single 
crystal Er2Sn2O7 and obtained field-dependent low temperature specific heat data in three high-
symmetry directions and also obtained single crystal neutron scattering data.[12] This helped 
develop the theory to support our findings of “re-entrant” phase diagrams that indicates that the 
ordered phase, an antiferromagnet, becomes more thermodynamically stable as the field 
increases. (Fig. 1) 

We are now making a special effort to focus on Ce3+ pyrochlores including large single crystals of, 
which has been postulated theoretically to form a 

range of quantum spin liquids. The cerates have 
small effective magnetic moments and reduced neutron scattering signals, so larger quantities 
are needed for INS measurements, requiring significant experimental effort. We grew large single 
crystals of Ce2Sn2O7 performed an array of detailed XRD and neutron scattering experiments to 
demonstrate that they have minimal defects and site disorder. A detailed neutron scattering 
study at ORNL to demonstrated evidence for a remarkable dipolar spin with an all-in all-out 
ground state showing “order by disorder” induced by quantum effects.[13] This behavior is 
significantly different from that reported for powders prepared by high temperature solid state 
synthesis. It definitively shows that the interpretation of phase behavior is highly sensitive to 
sample preparation.   

 

 

We grew large single crystals which are scheduled for single crystal 
neutron diffraction at both HFIR (WAND2) and SNS (CNCS) at ORNL this 
spring to provide more detailed information about this puzzle. (Fig. 2) 

In addition we are just beginning to systematically investigate the synthesis and growth of double 
perovskites, again using Ge and Sn as magnetically silent building blocks where the rare earth 
ions can be varied across the whole row. One unexpected initial result using germanate is the 
isolation of a novel 1-D phase with the adelite structure MRE(GeO4)(OH) (M2+ = Co, Ni, Zn). The 
initial properties of this very rich system are also very interesting. [14] 
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Figure 2. High quality single crystals of Ce2Sn2O7 (2-4mm) 

Figure 1. Observing the reentrant phase of Er2Sn2O7 by 
employing oriented single crystal to identify the phases 
relative to the three cubic orientations [100], [110] and 
[111]. 
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Janus 2D Material Platform Enabled by Atomic-Layer Substitution 

Jing Kong, Massachusetts Institute of Technology   

Program Scope 

 This project aims at using the atomic layer substitution (ALS) strategy developed in our 
previous DOE BES supported research to continue the development of a variety of revolutionary 
2D Janus materials and structures that have never been obtained before. In addition, for the 
Janus materials/structures that have already been demonstrated by our group, there is a great 
need to characterize their properties and develop their applications. Our proposed research can 
be divided into three areas: (1) For the already developed Mo- and W- based, S- or Se- Janus 
structures, we plan to carry out in depth characterizations and further investigations on the 
conversion process, so that the reaction can be extended to Te- Janus and 1T’ Janus materials; 
(2) We plan to use our ALS method to develop a set of novel Janus structures based on new TMD 
host materials and study their interesting properties; (3) based on our current understanding on 
the ALS process, we propose to extend such a process to wider range of 2D materials, beyond 
TMD. 

Recent Progress  

 Under the support of this project, during the past year, we have made the following 
progress:  

1. During the previous research period, we worked with Prof. Ju Li’s group on the 
theoretical prediction that monolayer Janus TMDs in the 1T’ phase possess colossal nonlinear 
photoconductivity owing to their topological band mixing, strong inversion symmetry breaking, 
and small electronic bandgap, our work was published in npj Computational Materials in 2021. It 
was predicted that 1T’ Janus TMDs have inverted bandgaps on the order of 10 meV and are 
exceptionally responsive to light in the terahertz (THz) range. The shift current conductivity can 
be as large as 2300 nm μA V−2, equivalent to a photo-responsivity of 2800 mA/W. The circular 
current (CC) conductivity of 1T’ Janus TMDs is as large as∼ 104 nm μA V−2. As a follow up on this 
work, we continued to collaborate with Prof. Ju Li (MIT)’s group and started to work with Prof. 
Aaron Lindenberg (Stanford)’s group on the characterization of non-linear optical properties of 
the Janus 1T’ MoSSe via high harmonic generation (HHG), THz emission and second harmonic 
generation measurements.  It was found that indeed 1T’ MoSSe shows orders of magnitude 
enhancement in THz nonlinearities (e.g., it has > 50 times higher than 2H MoS2 for 18th order 
harmonic generation; and it shows > 20 times higher than 2H MoS2 for terahertz emission). These 
results confirmed our 2021 theoretical prediction and indicated the potential for the 1T’ Janus 
TMD in nonlinear optical applications such as scalable attosecond sources. These results have 
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been written up and a manuscript submitted to Nature Communications has recently been 
accepted.  

2. We have continued our collaborations with Prof. Shengxi Huang’s group on the 
characterizations of MoSSe/MoS2 heterobilayers, during the past year we have also worked with 
Prof. Riichiro Saito in Tohuku University in Japan on the theoretical understandings on the 
nonlinear optical responses of these heterobilayers optimized by stacking order and strain. From 
the theoretical calculation, we found that the non-linear susceptibility, 𝜒𝜒2, of the AA stacking 
MoSSe/MoS2 is three times as large as AB stacking (AA: 550pm/V; AB: 170pm/V) due to the 

 

 

 

 

 

 

 

 

 

 

Figure 1. (a) Mid-Infrared (MIR) HHG spectrum of 1T’ MoSSe shown in the blue curve is over an order of 
magnitude stronger than the HHG from macroscopic monolayer 2H MoS2 shown as the red dashed line. HHG 
extends up to ~ 5 eV and is limited mainly by the cutoff of detection optics (e.g., aluminum mirrors and grating). 
The inset shows 1T’ MoSSe HHG intensity as a function of MIR incident polarization angles. The cancellation of a 
few orders at some polarization angles indicates the signal is generated from a single flake. (b) Left plot shows a 
schematic of THz emission setup. 1T’ MoSSe shows a dramatically enhanced THz emission signal compared with 
three other types of monolayer TMDs. (c) Left plot shows a schematic of second harmonic generation with 
normally incident 800-nm excitation. The right plot shows SHG intensity statistics of five different flakes in each 
sample and shows SHG is enhanced in 1T’ MoSSe and 2H MoSSe compared with 1T’ MoS2 and 2H MoS2. (d) The 
left plot shows the schematic of the angle-resolved SHG setup that measures out-of-plane dipole. The beam 
position at the objective back aperture is scanned perpendicular to the incident beam direction with a motorized 
stage, which tunes the incident angle accordingly. The right plot shows the angle-dependent SHG intensity ratio 
between p and s polarization (Ip and Is) in 1T’ MoSSe, 2H MoSSe, and 2H MoS2. In the 1T’ MoSSe and 2H MoSSe, 
the Ip/Is ratio increases at non-normal incidence angles, indicative of out-of-plane dipoles. In 2H MoS2, almost no 
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broken inversion symmetry in AA. Further, a relatively large, two-dimensional strain (0.04) that 
breaks C3v point group symmetry of the MoSSe/MoS2, enhances the 𝜒𝜒2  values for both AA 
(900pm/V) and AB (300pm/V) stacking by 1.6 times as large as that without strain. Our results 
show that the lack of inversion symmetry of the Janus MoSSe/MoS2 leads to the nonzero of the 

nonlinear susceptibility components, 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2) = −𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥

(2) = −𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦
(2) = −𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦

(2) ≠ 0.  The nonlinear 
susceptibilities 𝜒𝜒2 of MoSSe/MoS2 can be controlled by stacking and strain engineering due to 
breaking the mirror and in-plane symmetries, respectively. MoSSe/MoS2 heterobilayer exhibits 
good mechanical properties with the ideal strain up to ~ 20%, making MoSSe/MoS2 as a flexible 
material for the optoelectronic and nonlinear optical applications, such as the bulk photovoltaic 
or four-wave mixing. This manuscript has been submitted to ACS Nano, and it currently under 
review.  

3. During the past year we have also worked on SnSe multilayer flakes, a material we 
planned to carry out our Janus conversion and explore novel structures beyond TMD in the 
future. SnSe itself is a very interesting material, it shows in-plane ferroelectric domains and the 
multilayer stacks demonstrate much higher second harmonic generation (SHG) signal than typical 
monolayer TMDs such as MoS2 and WS2, which we understood from our cross-sectional STEM 
analysis that this is due to the stacking of the layers (in the ferroelectric stacking instead of the 
more energetically favorable anti-ferroelectric stacking). Through the collaboration with Dr. Bill 
Wilson’s group in Harvard Center for nanoscale systems (CNS), anisotropic exciton polariton 
propagation through these ferroelectric domains were also revealed using scanning near field 
microscopy. When an electric field is applied, the polarization of the domains can be switched, 
thus the propagation of the exciton polariton can be tuned actively by the external electric field. 
These works have been published in Advanced Materials, Advanced Electric Materials, and 
Nature Nanotechnology this year.   

4. During the course of this project, Dr. Nannan Mao and Dr. Tianyi Zhang (who have been 
supported by this project) have also carried out collaborations within our own group or outside 
our group, with one publication in Nano Letters and another one in Nature Nanotechnology. Even 
though these progresses are not in the direction of Janus materials, they are important 
progresses in the field acknowledging the support of this project.   

Future Plans  

 In the coming year, and also the following few years, we are planning to carry out the 
following investigations: 

1. The incorporation of Se atoms into MoS2 structure causes a strain in the lattice. 
Researchers have proposed to utilize the strain to form interesting Origami and Kirigami 
structures. However, the strain in the Janus structure has not been well studied yet due to the 
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limitation of obtaining the samples. We are planning to work with Prof. Yimo Han’s group at Rice 
University to use STEM to characterize the strain in MoSSe and also at the interface between 
lateral heterostructures of MoS2 and MoSSe.   

2. The intrinsic properties of the Janus TMDs have not been thoroughly explored. We 
are currently collaborating with Dr. Andrey Krayev in Horiba Scientific to characterize these 
Janus TMD with tip enhanced Raman spectroscopy. We have observed some interesting results 
that need further investigation. We anticipate there will be a lot of new findings in the coming 
year through this collaboration.  

3. Previously interesting single photon emission (SPE) behaviors were found in WSe2 
monolayers [1, 2]. Researchers have also identified that by straining the TMD lattice, SPE can be 
controllably introduced [3]. Since intrinsic strains were introduced into the WSSe lattice, we are 
interested in investigating SPEs in these WSSe structures. During the past year we sent samples 
to Prof. Dirk Englund’s group for such characterization. We are planning to carry out some low 
temperature measurements to see if there are SPE from these Janus monolayers. 

4. In our collaboration with Prof. Ju Li’s group, we have identified the fascinating 
properties of 1T’ MoSTe. Up to now, we had limited success for the conversion of MoS2 to 
MoSTe, possibly due to the weaker bonding between Mo and Te compared to Mo with S. 
During the past year we have used MoTe2 samples to convert to MoSTe and have received 
some preliminary results. In the coming year we are planning to continue in this and explore 
the interesting properties of 1T’ MoSTe.  

5. We have developed Au-assisted transfer technique to obtain a variety of other 
monolayer TMDs, together with our CVD synthesis, we now have PtS2 or PtSe2, NbSe2, TaS2. In 
addition, we have SnSe multilayer flakes. In the coming year we are planning to study the Janus 
conversion of these 2D materials. 
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Research Scope 

The objective of the project is the development of new phosphine structures for CO2 capture, 
release, and conversion [1]. This involves the synthesis of air-stable phosphine compounds 
featuring highly electron rich ligands and assess their interaction with CO2. This series of studies 
was initiated by Density Functional Theory (DFT) screening over an array of electron-rich 
phosphines, resulting in the discovery of several phosphines with high affinities for CO2. 
Subsequently, various mesoporous adsorbents will be functionalized with the synthesized 
phosphines. Accordingly, mesoporous solid adsorbents will be synthesized which possess 
uniform pore size distribution, high surface area, and large pore volume to accommodate the 
phosphine groups and enable rapid CO2 diffusion within the pore structure. The lower energy 
requirement of the phosphine will lead to facile CO2 desorption and adsorbent regeneration 
unlike amine which has strong binding energy [2, 3]. The adsorbents will be thoroughly 
characterized using SEM, XRD, FTIR, BET, TGA and surface analysis. Finally, electrochemical 
potential will be applied to facilitate the desorption of the captured CO2 from the adsorbent and 
its conversion to valuable chemicals.  

Recent Progress  

1. An initial DFT screening of several novel phosphines revealed that molecules bearing either 
1,1,3,3-tetramethylguanidinium (TMG) or BH3– ligands were capable of strongly binding CO2. 
[pub. 1] Further modification of the TMG ligand with hydrogen-bonding motifs further improved 
CO2 binding strength, indicating that gas phase CO2 can be stabilized via hydrogen-bonding and 
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charge transfer environments. We have now carried a follow-
up study to assess CO2 binding affinities to other phosphine-
borane complexes. Our results indicate that the combination 
of both the TMG and BH3– moieties on a phosphine can 
dramatically improve CO2 binding strength, making a most 
promising candidate for phosphine-catalyzed CO2 reduction 
towards energy-dense fuels. Our best new CO2 capture candidate is: Li(TMG)2P(BH3) which is 
predicted to have a free energy for CO2 binding of ∆G=-31.5 kcal/mol at 298K in MeCN. (See Fig. 
1) 

2. Based on these DFT calculations, we are performing attempts towards synthesis of a 
phosphoborane anionic complex, in which P atom is bound to two methyl groups and a BH3– 
group. Accordingly, various batches of experiments were performed to obtain pure dimethyl 
phosphine borane (DMPB). 

3. Various phosphine oxide containing monomers have been synthesized for incorporation in 
polymeric membranes for CO2 separation from various gas mixtures. The work involved: 

• Synthesized bis(4-methoxylphenyl) phenyl phosphine oxide (BMPPO) 
• Synthesized bis(4-hydroxylphenyl) phenyl phosphine oxide (BHPPO) monomer 
• Synthesized bis(4-methoxyphenyl) ethyl phosphine oxide (BMEPO) 
• Synthesized bis(4-hydroxylphenyl) ethyl phosphine oxide (BHEPO) monomer 

4. The polysulfones containing the phosphine oxide was 
incorporated in polyimide polymeric matrix by solution 
casting. The mixed matrix membranes were assessed for 
CO2 separation from CO2/N2 and CO2/O2 gas mixtures. 
The permeability of CO2 decreased with increasing time 
and the selectivity of CO2/O2 was less than one. 
Phosphine oxide is expected to interact with CO2 
strongly. Therefore, according to membrane theory, the 
solubility of CO2 in phosphine oxide polymer should be 
high, leading to increased permeability of CO2. However, 
the results up to date are the opposite. See Fig. 2. Our next step is to fabricate membrane by 
incorporating high molecular weight polysulfones containing the phosphine oxide groups and 
investigate CO2 separation. 

Figure 2: Transport pattern of O2, N2 and 
CO2 through 10 wt. % Phosphine Oxide 
in Polyimide membrane.  

Figure 4 Best CO2 binding complex. 
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5. Synthesis of porous metal-organic 
framework (MIL-101(Cr) and 
mesoporous silica (SBA-15) composites 
for CO2 capture upon amine as well as 
phosphine impregnation.  The 
composites resulted in efficient CO2 

capture from concentrated as well as 
dilute (400 ppm) gas streams. The 
composite showed enhanced mesopore 
volume of 1.62 cm3/g compared to 
nascent MOF (0.65 cm3/g). This 
increased the CO2 adsorption to 2.1 mmol/g in case of MIL-101(Cr)/SBA-15 compared to nascent 
SBA-15 (0.8 mmol/g) and MIL-101(Cr) (1.3 mmol/g) at 303 K and 1 bar. See Fig. 3. The composite 
was impregnated with polyethyleneimine (PEI) which further increased the adsorption capacity 
to 3.2 mmol/g for pure CO2 and 1.6 mmol/g for 400 ppm CO2.This hierarchical composite will be 
further functionalized using the phosphine based compounds and used for CO2 adsorption. 

6. Electrochemical CO2 reduction has been performed in a H type two-compartment cell 
containing Ag/AgCl reference electrode, Ag sheet as working electrode, platinum mesh as the 
counter electrode and 0.1M KHCO3 as the electrolyte.  Nafion-212 membrane was used between 
the junction of the anode and cathode. Reduction of CO2 using 0.1M KHCO3 solution within 
potential range varying from 1V to -1V RHE accompanied with successful chronoamperometry 
and CV curves were obtained. Phosphine based composites will be used as a working electrode 
in the future studies. 
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Figure 3: Pure CO2 adsorption capacity estimated using 
(a) TGA; (b) BET of SBA-15, MIL-101(Cr), MIL-
101(Cr)/SBA-15, MIL-101(Cr)/SBA-15/PEI-25 
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Research Scope 

 Two-dimensional (2D) organic-inorganic halide perovskites have emerged as an exciting 
new class of optoelectronic materials, supporting strongly bound excitons with large oscillator 
strength.1-8 The large spin–orbit coupling endowed by the heavy elements such as Pb also leads 
to great potentials for future spintronic and spin-optoelectronic applications.9-13 These unique 
properties have inspired substantial research efforts in exploring exciton and spin properties in 
these materials in recent years. Their unique properties along with highly programmable 
structures make them great candidates for constructing heterostructures to control the dynamics 
and transport of both the charge and spin degrees of freedom. However, the current synthesis 
and characterization methods both lack the necessary precision for controlling the interfaces and 
interactions, hindering the realization of a “materials-by-design” approach for heterostructures 
based on 2D halide perovskites.  

To bridge this research gap, we plan to develop well-controlled and atomically precise 
halide perovskite epitaxial heterostructures as a material platform for long-range exciton and 
spin transport. We will design lateral and vertical heterostructures to form interfacial excitons 
with long lifetimes and many-body interactions favorable for long-range transport. Furthermore, 
lattice symmetry and interfacial strain will be tuned synthetically to suppress spin relaxation and 
to enhance spin transport. The active feedback between materials synthesis and ultrafast 
microscopy measurements will elucidate structure-property relationship to provide guidelines 
for designing perovskite heterostructures for optoelectronic and spintronic applications.  

 Recent Progress  

 Over the past two years, we have carried out fundamental research on the synthesis and 
optical characterization of novel 2D halide perovskite heterostructures. Two representative 
works are discussed briefly below. 

Two-dimensional perovskite crystals have attracted 
intensive interest for their diverse optoelectronic characteristics 
owing to their superior semiconducting properties. However, 
most studies to date have been limited to single crystals, which 
are difficult to implement into integrated device arrays due to 
their incompatibility with selective growth or typical lithography 

Fig. 1. PL image of the 
heterostructure 2D 
perovskite crystals array. 
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processes. In our recent work, we demonstrated a facile one-step solution process for 
synthesizing 2D perovskite crystal arrays through the meniscus-guided coating on patterned 
substrates (Fig. 1). We further utilize this novel method for the synthesis of lateral 
heterostructure crystal arrays. Six different 2D perovskite crystal arrays including epitaxial 
heterostructures are successfully realized. Structural and optical characterizations demonstrate 
that the crystals display excellent crystallinity and optical properties. Moreover, this method is 
further employed to prepare high-performance 2D perovskite crystal photosensor arrays. This 
strategy can be utilized as a guideline for the fundamental investigation of optical properties and 
development of high-performance optoelectronics of perovskite materials including 
photosensors and displays. (ACS Nano 2023, under revision) 

In another work, we focused on vertical heterostructures of two thin 2D perovskites 
sheets and examined their twist-angle dependent excitonic properties. Moiré superlattices of 2D 
materials have recently emerged as a new platform for studying strongly correlated and 
topological quantum phenomena. 2D organic-inorganic halide perovskites with programmable 
structures and strongly bound excitons are excellent candidates for creating moiré structures 
featuring square lattices. Moiré flat bands 
have been predicted in twisted 2D 
perovskites; however, their experimental 
realization is absent owing to a variety of 
synthetic and fabrication challenges, 
including difficulties in creating a ultra-thin 
perovskite sheet free from bulky organic 
ligands, and in transferring and stacking of 
these thin sheets that have soft ionic 
lattices. In our recent work, we overcome 
these obstacles via a new synthetic 
pathway and demonstrate moiré 
superlattices based on twisted ultra-thin ligand-free 2D hybrid perovskites. Moiré superlattices 
are clearly visualized through high-resolution transmission electron microscopy (HRTEM) and 
moiré flat bands are revealed by density functional theory. (Fig. 2a) Localization of excitons and 
charge carriers by the moiré potential near a twist angle of 9~11° is observed using both transient 
photoluminescence microscopy and electrical characterizations, which are excellent agreements 
with theoretical calculations (Fig. 2b). Further, more than one order of magnitude enhancement 
of photoluminescence intensity is observed due to the increased density of states from the moiré 
flat bands. Different from previously reported twisted bilayers, moiré interactions in halide 
perovskites are long-range (beyond unit-cell-thick sheets), which is likely a result of the strong 

Fig. 2. (a) A high-resolution TEM image of twisted 
ligand-free 2D perovskite bilayers. (b) Illustration of 
localized moiré excitons in a 9° twisted bilayer 
heterostructure. 
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ionic interactions. Our findings provide a new tunable family of 2D ionic semiconducting 
materials for exploring moiré flat bands at room temperature. (Under revision) 
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Research Scope  

Recent events prompted scientist in the United States and throughout the world to 
consider how systematic racism and gender inequities are affecting the scientific enterprise. This 
is happening at a time when our domestic talent pool in STEM fields continues to be inadequate 
in developing the solutions that we face in areas such a climate change, new technologies and 
infectious diseases.  The country and the STEM enterprise needs to make a more concerted effort 
in the recruitment and retention of all the talent that this country has to offer.  Given that a 
significant fraction of the research and development that the Department of Energy (DOE) 
supports occurs in research universities and its National Laboratories, DOE has a vested interest 
in making certain that we are recruiting adequate talent for its energy research effort, and to 
provide an environment that will allow all creative ideas to flourish and innovation to emerge in 
unexpected areas.  

The primary objective of this project is aiding the Department of Energy’s efforts in 
recruiting a science and engineering workforce that mirrors the demographics of this country.  
This proposal requests funding for important and high-impact research-based projects conducted 
by the COACh organization at the University of Oregon that focuses on increasing the number, 
retention and career success of women and other underrepresented groups in both academic 
institutions and the DOE laboratories.  Fueled by funding from the DOE Basic Energy Sciences 
since 2000, the Committee on the Advancement of Women Chemists (COACh) has grown into an 
internationally recognized organization that has had a positive impact on the careers of over 
25,000 scientists and engineers in fields that include chemistry, physics, engineering, math, 
computer science, materials science, geology and biology.   

This project supports important and high-impact research-based projects that are aimed 
at (1) supporting, evaluating and improving COACh programs,  (2) understanding the issues that 
are leading to the continuing low percentage of STEM women and URMs in our academic 
institutions, our national laboratories, and at different stages of the career path, (3) examining 
the impact of COVID-19 on career plans and aspirations of STEM women and URMs, (4) providing 
data-driven mentorship programs to assist STEM women and URMs in navigating and succeeding 
in often hostile environments, (5) continuing research and coaching efforts at the DOE national 
laboratories, (6) expansion of virtual COACh career workshops and the COACh-the-COAChes 
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program in partnership with academic departments, national laboratories, and professional 
societies and (7) continued development and expansion of COACh networking and mentoring 
activities through outreach and social media. 

The research and outreach activities will be conducted by the experienced COACh social 
science research team and COACh Advisory Board members consisting of leading women STEM 
researchers and educators.  This effort is in partnership with the leadership ranks of the 
Department of Energy Laboratories. In the academic arena COACh will continue its related survey 
and data collection efforts including assessment of its career building programs for 
underrepresented groups, partnering with academic institutions and professional societies. 

Recent Progress  

 COACh outreach activities have been increasing since COVID‐19, more in-person workshops are 
being scheduled at professional society meetings, academic institutions, and government 
laboratories. Virtual presentations have been held as well. 
Details of the current status of each of the research-related activities follow: 
  
1 – Evaluations of workshops: This crucial element of COACh’s work has encompassed there 
areas: First, the surveys used to evaluate the short-term impact of COACh-sponsored 
workshops have been revised using a format that can be adapted for each workshop topic. 
Second, in winter 2023, we conducted the third study of the long-term impact of COACh, and 
data analysis is proceeding. Third, we completed a COACh technical report (Stockard 2022) that 
summarizes feedback from participants in workshops in Africa. Completion of a research article 
that combines findings from all the international COACh workshops is planned for completion in 
2023 or 2024. 
 
2 – Graduate Student Experiences and concerns: Our work related to graduate student 
experiences, using data gathered by the American Chemical Society (ACS) in 2013 (Stockard, et 
al. 2021; Stockard et al., 2022; Rohlfing, et al, 2022) continues to receive attention, with an 
invited presentation at the 2022 Biennial Conference on Chemistry Education and an interview 
for a video channel dedicated to promoting interests in STEM among teen-agers and young 
adults. In spring 2023 the ACS agreed to provide access to data gathered from graduate 
students in 2019, and analysis of these data is proceeding. The analysis focuses on comparing 
student views with those given in 2013 and with data that we gathered in the fall of 2022, as 
described below. Preliminary results of these analyses are included in a presentation at the 
Gordon Conference in July 2023 (Stockard 2023).  
 
3 –COVID‐related work ‐ Research related to the impact of the COVID-19 pandemic has involved 
two avenues. First, as anticipated in the proposal, we have surveyed former COACh participants 
from around the world regarding the impact of the COVID-pandemic on their professional lives. 
Data collection ceased in the spring of 2023 and analysis is proceeding. Second, in response to a 
request from the ACS, we conducted a survey of graduate students in the chemical sciences 
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regarding the impact of the pandemic on their educational experience and career plans. The 
survey was distributed in fall of 2022. Results of the survey and comparisons to the data 
gathered in 2013 and 2019 are summarized in a COACh technical report (Stockard, et al. 2023) 
and included in the presentation to the Gordon Conference (Stockard 2023). It is anticipated 
that articles from these works will be submitted for publication within the coming year. 
 
4. Experiences of Post-Doctoral Fellows – While the original proposal called for COACh to gather 
data from post-doctoral fellows, we plan, instead, to examine data gathered by the ACS from 
fellows in 2019. These data have not yet been analyzed, and understanding findings from that 
work is essential before proceeding with any additional surveys.  
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When Covalent Organic Frameworks Meet Cross-coupling Reactions: Directed Synthesis, 
Mechanistic Investigation, and Energy Application  

Xinle Li, Clark Atlanta University   
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irreversible reaction; photocatalysis 

Research Scope 

 The objective of this research is to translate irreversible cross-coupling reactions into the 
realm of covalent organic frameworks (COFs) through a feedback loop of topochemical synthesis, 
mechanistic investigation, and photocatalytic application. The goal is to free bulk COF synthesis 
from the constraints of reversible reactions. Toward this goal, structurally analogous COFs are 
employed as templates to reticulate monomers through cross-coupling reactions, giving rise to 
as-yet-undiscovered robust COFs. To expedite the condition screening process and circumvent 
the lengthy reaction time (typically 3 days) associated with the traditional solvothermal synthesis 
of COFs, microwave-assisted and mechanochemical synthesis techniques have been employed. 
These resulting COFs have exhibited exceptional activity in photocatalysis, surpassing the 
performance of their COF templates. Alongside directed synthesis, the research aims to unravel 
the formation mechanism of novel COFs using a combination of experimental and computational 
approaches, such as ex situ kinetic studies and computational simulations. This research aligns 
directly with the Material Chemistry Program in Basic Energy Sciences (BES) as it seeks to produce 
new COFs by gaining mechanistic insights and precise control over synthetic pathways. 

Recent Progress  

 We have for the first time established a versatile template-directed methodology, 
enabling the synthesis of bulk sp2c-conjugated COFs (sp2c-COFs) using the classic irreversible 
cross-coupling reaction, Heck reaction. In this work, we employed a structurally analogous imine-
linked COF as a seed and template to guide the nucleation and polymerization of a C3-symmetric 
knot and a C2-symmetric linker. Subsequently, we selectively etched the template, resulting in 
the formation of new sp2c-COFs. Notably, template-free polymerization only yielded amorphous 
polymers, highlighting the significance of the template in achieving the desired COF structures. 
We have conducted thorough characterizations of the obtained novel sp2c-COFs (termed Heck-
CAU-COF-1). Solid-state 13C NMR and FTIR analyses confirmed the removal of the imine COF 
template. Scanning electron microscopy showed that Heck-CAU-COF-1 adopted a dramatically 
different morphology compared to the imine COF template. In addition, the chemical stability of 
CAU-COF-1 was far superior to the imine COF template. Heck-CAU-COF-1 retained the PXRD 
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pattern after being treated in hexylamine at 120 oC for 3 hours, whereas the imine COF was 
completely degraded, highlighting the superiority of olefin linkage over imine.2 

In investigating the formation mechanism underlying the template-directed methodology, 
we discovered that the pore size of the COF template plays a crucial role in the synthesis of sp2c-
COFs. Smaller-pore-sized COF templates failed to yield the desired sp2c-COFs. Furthermore, the 
obtained Heck-CAU-COF-1 exhibited remarkable efficiency (>99% yield in 2 hours) for the 
oxidative hydroxylation of various substituted arylboronic acids using blue light (450 nm) at room 
temperature, with air as the oxidant, N, N-diisopropylethylamine as the sacrificial agent, and 
acetonitrile as the solvent. They outperformed most reported imine COFs,3 benzoxazole COFs,4, 
and olefin-linked COFs.5 

This study not only establishes a versatile synthetic toolkit for the synthesis of 
unprecedented sp2c-COFs but also highlights their immense potential for energy applications. 
Ongoing efforts are focused on expanding the scope of this unique strategy, providing molecular-
level mechanistic insights into the photocatalytic properties of sp2c-COFs, and unraveling the 
detailed mechanisms of COF formation. 
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Research Scope 

In this proposed project, we set our overarching goal to enhance carbon dioxide (CO2) 
capture capabilities by using high-performance self-healing (SH) polymers as gas separation 
membranes with optimized polymer structures. This study seeks to develop durable, high-
performance CO2 separation systems by obtaining an atomistic understanding of the gas 
transport and SH mechanisms of a group of polyamide ionene (PA-ionene) membranes, which 
have been designed to be able to self-heal upon mechanical wear and tear (e.g., punctures, 
tears), and to possess high CO2 permeability and selectivity relative to other gases [1]. 
 To achieve our overarching goal, we will address the three specific objectives to establish 
a composition-structure-property relationship of PA-ionene membranes by building upon an 
existing collaboration between the University of Vermont (UVM), University of Alabama (UA), 
and Oak Ridge National Laboratory (ORNL). 
 Objective 1 - Establish the relationship between the chemical compositions of SH PA-
ionenes and their dynamic structural information. 
 Objective 2 - Identify the gas transport and SH mechanisms of PA-ionenes using the 
structural information acquired from Objective 1. 
 Objective 3 – Understand extreme operation conductions, such as creep and cyclic loads, 
on the structure and performance of PA-ionene membranes.  
 Our long-term goal is to establish a multi-scale framework from fundamental materials 
discovery to industrial-level applications. 

Recent Progress  

 We have conducted a combination of polymer synthesis and atomistic simulations to 
establish the composition‐structure-property relationship of PA‐ionene membranes to mainly 
achieve Objective 1. Specifically, PI Bara at UA has successfully synthesized our proposed PA‐
ionene containing a spirobisindane (SBI), which has been associated with polymers of intrinsic 
microporosity (PIMs). The molecular structure of the first PA‐ionene backbone is shown in Fig. 1. 
The polymer was thoroughly characterized via NMR, while MALDI‐TOF MS indicated that the 
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number average molecular weight (MN) was 43.5 kDa. Digital photographs of the membranes 
are shown in Fig. 2. 

We found that the addition of “free” 
ionic liquid (IL) ([C4mim][Tf2N]) has the effect 
of increasing membrane flexibility (with an 
associated decrease in glass transition 
temperature).  The combination of amide H-
bonding and ionic interactions has been 
postulated to be responsible for the SH 
behaviors [3].  The first gas permeability 
studies are currently underway. The team at 
UA is also testing the mechanical properties of the materials, 
enabled by 3D printing of tensile bars.   

PI Ma at UVM and her ORNL collaborator, Dr. Stephan 
Irle, conducted a computational methodology study to confirm 
the applicability of the proposed atomistic simulation method 
to the ionic polymeric systems of interest, i.e., the linear-scaling 
fragment molecular orbital (FMO) based on long-range 
corrected (LC) density-functional tight-binding (DFTB) theory, 
or the FMO-LC-DFTB method [4], which is proposed to be highly 
suitable for studying PIM-PA-ionenes, as the FMO linear-scaling 
methodology allows for large-scale full quantum-chemical MD 
simulations of up to one million atoms within weeks [5].  

Meanwhile, to avoid delays in the 
computational effort, large-scale molecular 
dynamics (MD) simulations using LAMMPS on 
PA-ionenes with and without the PIM parts with 
various chain lengths have been performed by 
PI Ma and her graduate student. The density of 
the PA-ionenes obtained from the MD 
simulations agrees very well with the one 
experimentally measured by the UA team. 
Additionally, the MD simulations reveal that the 
spirobisindane (aka “PIM”) part of the polymer 
creates 30-40% fractional free volume (FFV), 
indicating a likelihood of achieving a high CO2 
permeability. We also reveal that the density of 
the PA-ionenes decreases as temperature increases, while that of the PIM-PA-ionene presents a 
reversed trend, as shown in Fig. 3. Our structural analysis via radial distribution function 
calculation reveals that the spacings of imidazolium decrease as the temperature increases. 
Experimental validation is underway.  

Figure 1. Example of PIM-PA-ionene bearing high 
permeability SBI segments (blue) and self-healing 
segments (red) with linking groups (green). 

Figure 2. Photographs of 60 
mm diameter membranes 
formed from the PA-ionene.  
The neat polyme is shown on 
the left, and the polymer + 1.0 
molar equivalents of added IL is 
shown on the right. 

Figure 5. Density change with temperature for 
different polymers (iPA and PIM-iPA) with 
different degrees of polymerization (DP). 



123 
 

References 

1. K. E. O’Harra, I. Kammakakam, D. M. Noll, E. M. Turflinger, G. P. Dennis, E. M. Jackson, and J. E. Bara, 
Synthesis and Performance of Aromatic Polyamide Ionenes as Gas Separation Membranes, Membranes 10, 
51 (2020). 

2. I. Kammakakam, K. E. O’Harra, J. E. Bara, and E. M. Jackson, Spirobisindane-Containing Imidazolium 
Polyimide Ionene: Structural Design and Gas Separation Performance of “Ionic PIMs,” Macromolecules 
55(11), 4790-4802 (2022). 

3. A. Abedini, E. Crabtree, J. E. Bara, and C. H. Turner, Molecular simulation of ionic polyimides and 
composites with ionic liquids as gas-separation membranes, Langmuir 33(42), 11377-11389 (2017). 

4. V. Q. Vuong, Y. Nishimoto, D. G. Fedorov, B. G. Sumpter, T. A. Niehaus, and S. Irle, The Fragment Molecular 
Orbital Method Based on Long-Range Corrected Density-Functional Tight-Binding, Journal of Chemical 
Theory and Computation 15, 3008 (2019). 

5. Y. Nishimoto, H. Nakata, D. G. Fedorov, and S. Irle, Large-Scale Quantum-Mechanical Molecular Dynamics 
Simulations Using Density-Functional Tight-Binding Combined with the Fragment Molecular Orbital 
Method, The Journal of Physical Chemistry Letters 6, 5034 (2015). 

6. A. P. Thompson, H. M. Aktulga, R. Berger, D. S. Bolintineanu, W. M. Brown, P. S. Crozier, P. J. in't Veld, A. 
Kohlmeyer, S. G. Moore, T. D. Nguyen, R. Shan, M. J. Stevens, J. Tranchida, C. Trott, and S. J. Plimpton, 
LAMMPS-a flexible simulation tool for particle-based materials modeling at the atomic, meso, and 
continuum scales, Computer Physics Communications 271, 108171 (2022). 

Publications  

Project awarded in 10/2022. No publications yet. 

  



124 
 

Materials and Interfacial Chemistry for Next-Generation Electrical Energy Storage 
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Research Scope 

With growing demand for energy storage and global supply-chain challenges, we must 
look for alternative battery chemistries free from lithium and other scarcely available metals. 
Sodium-based cell chemistries are appealing in this regard, but they are met with numerous basic 
science challenges. The goal of this project is to develop an in-depth understanding of the 
materials and interfacial chemistry of sodium-based batteries. The project currently focuses on 
(i) delineating the relationships among surface facets, reactivity, and particle cracking in layered 
sodium oxides, (ii) interfacial control with advanced electrolytes in sodium-based cells, and (iii) 
solid-state sodium cells with polymer-ceramic composite and oxysulfide glassy solid electrolytes. 

Recent Progress  

Layered Cathodes: Layered NaxMO2 (M = transition metal and 0 < x ≤ 1) with high electronic and 
ionic conductivity are promising, but they suffer from 
fast capacity fade due to phase transitions and particle 
cracking. To overcome this challenge, we synthesized 
single crystals of both O3-type and P2-type NaxMO2 
and assessed the effects of intragranular vs. 
intergranular cracks on capacity fade. Single-crystal 
particles showed improved cyclability, suggesting that 
intragranular cracking is the dominant degradation 
mechanism.1 

Parasitic surface reactions with electrolyte is 
another significant degradation pathway. Localized 
high concentration electrolytes (LHCEs) use an inert 
liquid diluent to form a fluid solvation complex and 
create stable solid-electrolyte interfaces (SEIs), but the 
liquid diluents used are often highly flammable and 
expensive. We instead used NaNO3 as an inexpensive 
solid diluent with sodium bis(fluorosulfonyl)imide (NaFSI) in trimethyl phosphate (TMP). The 
LHCE solvation structure of the NaNO3-NaFSI-TMP electrolyte was confirmed with FTIR and 31P 
NMR spectroscopies. Cells with the developed LHCE, layered NaNi0.3Fe0.4Mn0.3O2 (NFM343) 
cathode, and Na-metal anode exhibited superior cyclability due to the stable SEI formed on both 

Figure 1: (a) Stabilization mechanisms of 
TMP-based LHCE with coordinated solvent. 
(b) Flammability test for the electrolytes. 
(c) Cycling data of Na | NFM343 cells. 
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electrodes as revealed by time-of-flight secondary ion mass spectrometry (TOF-SIMS) (Figure 
1a,c). Additionally, our designed electrolyte is nonflammable in contrast to the highly flammable 
carbonate electrolytes and the conventional LHCE (Figure 1b).2 

Sodium-Sulfur Cells: Sodium-sulfur cells are a low-
cost option, but they suffer from Na dendrites and 
polysulfide (PS) shuttling.3 To address these issues, 
we developed an intercalation-conversion hybrid 
material based on MoTe2-graphene sheet (MTG) 
that suppresses PS shuttling and improves the 
sulfur redox kinetics. The MTG not only functions 
as adsorptive sites to chemically confine sulfur 
species and catalyze the sulfur conversion 
reaction, but also offers enhanced ion mobility for 
the sulfur redox reaction (Figure 2 a-b). 
Additionally, we have developed a novel 
electrolyte by incorporating bismuth triflate and 
1,3,2-dioxathiolane 2,2-dioxide (DTD) into a 
conventional ether-based electrolyte that is 
compatible with both Na-metal anode and 
sulfurized polyacrylonitrile (SPAN) cathode (Figure 
2c-d). Bismuth triflate enables a facile dissolution 
of sodium triflate based on a salt-in-solvent mechanism and effectively prevents the 
decomposition of the solvent and additive.  

Solid-State Cells: Development of optimal solid-state electrolytes (SSE) is critical to tap the full 
potential of solid-state cells. With this goal, we have developed fiber-based composite solid 
electrolytes to obtain thin, flexible, large area format SSE separators. We obtained them by 
infiltrating a polyethylene glycol diacrylate (PEGDA)-based solution into a glass-fiber paper and 
polymerizing with UV-light. The use of PEG plasticizer and NaFSI salt was found to form stable 
electrode interfaces, suppress dendrites, and enable cell cycling with layered Na0.67Ni0.33Mn0.67O2 
cathode and Na-metal anode. In addition, we have investigated the effects of glassy Na2xPO2.5+x 
precursors on the synthesis and properties of oxysulfide Na3PS4-xOx glassy solid electrolytes. 
Raman and 31P NMR spectroscopies reveal the glass is comprised of both PS4

3- and PS3O3- anions, 
which is critical for performance and electrochemical stability.4 

  

 

Figure 2. (a) Illustration of the synthetic route 
for MTG and (b) fast electrochemical reaction 
kinetics of Na-S cells with MTG. (c) Illustration 
of the solvation structure induced by Bi3+ cation 
and (d) CEI formation process in DME-based 
solvent. 
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Future Work 

• Molten-salt synthesis of doped oxides, Na-ion dynamics in SSEs with 23Na MAS NMR, Na-S cell 
interfaces with Na3PS4-xOx SSEs, and catalytic effects of cathode on SSE degradation.  
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Research Scope 

The overarching goal for this project is to develop an enhanced understanding of dynamic 
phenomena in metal-organic frameworks (MOFs), and to harness this knowledge to explain and 
optimize MOF creation and behavior. 

 Recent Progress  

The activation of MOFs to access permanent porosity has been a central challenge in the field 
and a major focus of our work over the years of DOE-BES support. Activation is a two-step process 
that involves solvent exchange and solvent evacuation in order to access the porosity of the MOF. 
Many reports in the literature have expressed preference for low boiling point – low surface 
tension solvents because of the delicacy and thermal sensitivity of some structures. Dimethyl 
ether (DME) presents itself as an attractive activation solvent due to its low boiling point and low 
surface tension, along with its ability to displace solvents that are in the pores and/or coordinated 
to the framework (these latter MOFs are referred to as CUS-MOFs).1  

We demonstrated during this last project 
period that exchange and evacuation with 
dimethyl ether allows for the reproducible 
activation of HKUST-1 at a much reduced 
temperature 120 °C.2 Encouraged by these 
results, we have now explored other thermally 
sensitive- high surface area MOFs that could 
not previously be activated by existing 
methods. These systems include DUT-34 and 
UMCM-151. In the case of DUT-34 other 
employed methods, including the previous 
state-of-the-art method of supercritical CO2 

treatment, result in the collapse of the MOF, but using DME yields an average surface area of 
1600 m2/g. This is the difference between being able to achieve a high surface area MOF with 
potential for selective separations and catalysis vs. a collapsed structure of little practical use. 
UMCM-151 was first reported in our laboratory in 20103 and we were never able to activate the 
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material substantially with existing methods. Through comparison of activation methods: 
conventional solvent exchange, supercritical CO2, and DME the following surface areas were 
obtained: 263, 455, and 950 m2/g respectively. These data further validate that this new method 
can outcompete existing activation techniques. The simplicity of the methods means that it will 
be simple for other labs to implement. The solvent also has shown special efficacy for MOFs with 
coordinatively unsaturated metal sites, creating more candidates for activation that once 
appeared impossible. Furthermore, this method has also shown applicability towards both micro- 
and mesoporous systems. This method is the culmination of years of research under DOE-BES 
support and represents the best method for activating some of the most troublesome MOFs, 
those with CUS, providing a path to further elevate the performance of MOFs that are central for 
hydrogen storage and selective separations mediated by metal cluster coordination. 

In addition to understanding the final exchange step and ultimate evacuation of MOFs to reveal 
porosity, we have examined the step of exchanging out synthesis solvent. As the most prominent 
example of a MOF with a copper paddlewheel, HKUST-1 was investigated to elucidate the 
exchange kinetics at this common metal cluster. During solvent exchange. The rate of solvent 
exchange of HKUST-1 from N,N-dimethylformamide (DMF) to ethanol (EtOH) was compared to 
the rate of exchange of DMF to dichloromethane (DCM). The concentration of DMF in the 
solution above the MOF crystals was monitored to quantify the release pattern of DMF out of 
MOF through spectroscopic measurement to track the exchange process via in situ Raman and 
1H NMR spectroscopy. Exchange kinetics in a single MOF crystal was also monitored during 
replacement of the synthesis solvent based on the change in Cu2+ coordination that occurs upon 
the exchange of solvent at the copper paddlewheel. Further, the quantity of remnant DMF was 
analyzed through 1H NMR spectroscopy of digested HKUST-1 after solvent exchange. Ultimately 
it is the amount of residual solvent that is particularly important to ensure that MOF activation 
is complete and, therefore, that properties of the MOF will be optimal. The change in CUS 
coordination environment is elucidated directly by tracking the shift in the Cu–Cu stretch of a 
single crystal during solvent exchanges, which shows the inability of DCM to replace DMF at the 
paddlewheel, but displays the coordination environment change in EtOH exchange. This 
spectroscopic observation agrees with residual solvent analysis on bulk samples. The rate law of 
DMF release from the framework follows first order kinetics for DCM exchange and zero order 
kinetics for EtOH exchange. This indicates that the pore-filled solvent exchange is dependent on 
the concentration of DMF in pores, but the exchange of CUS-solvent is independent of the 
concentration of CUS-bound DMF. The insights gained in this study provide a basis for 
understanding solvent exchange in MOFs more broadly since the copper paddlewheel motif is 
among the most common; implementing robust exchange protocols informed by mechanism is 
a crucial step for maximizing the surface area and harnessing the full application potential of 
MOFs.4,5 
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Research Scope 

Sodium metal anodes are a key driver in the emerging landscape of “beyond-lithium” 
electrochemical energy storage systems.1-3 However, sodium metal exhibits unstable 
morphological growth across different electrolytes and current densities, accompanied by 
various limiting mechanisms such as dendrite growth,4,5 solid electrolyte interphase (SEI) 
failure,6-8 and the formation of dead metal.9 It is becoming clear that existing paradigms cannot 
account for this behavior and new ways of examining the problem are necessary.10 While 
established models have largely focused on ionic transport through the electrolyte, the missing 
aspects in the current understanding concern the interdependent roles of ionic transport through 
the SEI, electrochemically generated stresses, and metal wetting energetics. To address these 
existing knowledge gaps in sodium metal anodes, we aim to examine underpinning mechanistic 
aspects such as the coupled electrochemical-mechanical interactions and ionic transport in the 
SEI, dynamic metal wetting/dewetting on the current collector, and the influence of 
heterogeneities at the sodium-metal/electrolyte interface and SEI structure. The mechanistic 
coupling amongst such electrochemical, transport and mechanical processes will be mapped to 
critical descriptors such as the nucleation response, dendrite onset, SEI stability, stripping 
behavior, and the associated electrochemical signature. Toward gaining a comprehensive 
understanding of such aspects, a wide range of mechanistic modeling, synthesis, electrochemical, 
and in situ/operando characterization activities will 
be performed in this project.   

Recent Progress 

As part of the BES-sponsored research, two 
fundamental research themes pertaining to the 
mechanistic attributes of interface instability in 
sodium metal were studied. The first thrust was 
focused on interrogating the heterogeneity- Figure 1. (a-b) Deposition morphology in 

NaClO4:PC and NaClO4:PC:FEC, and (c) the 
associated electrochemical response with the 
structured separator. 
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induced SEI-mediated interactions and dendrite growth in 
sodium anodes. Using propylene carbonate (PC) based 
electrolytes as a model system, we probed the nucleation 
characteristics and chemical evolution of the SEI, to reveal 
their influence on the degradation response. While 
fluoroethylene carbonate (FEC) can potentially improve the 
ionic conductivity, we identify that it can lead to 
inhomogeneity in the SEI composition, resulting in local 
dendritic growth. To counter the heterogeneity and 
synergistically leverage the FEC-driven transport 
improvement, we incorporate a flux-homogenizing separator 
with FEC, to enable improved interface stability (Figure 1). 
Furthermore, using a sodiophilic current collector based on 
sodium-chalcogenide intermetallics as a model system, we 
probed the relationship between substrate-metal 
interactions and nucleation, and the underlying mechanisms 
that dictate the sodium metal morphology (Figure 2). While sodium exhibits a filament-like 
structure on unmodified copper foams, electrodeposition on the modified substrate, due to the 
enhanced wetting, is dense, smooth, and free of dendrites or pores.  

As an integral part of the research progress, we have developed a mechanistic modeling 
framework that captures the interface instability in sodium metal anodes, cognizant of the 
mechanical and transport characteristics of the SEI. The modeling framework incorporates the 
implication of structural, chemical and transport heterogeneities in the SEI, on the reaction 
landscape and morphological growth of sodium metal. The role of such heterogeneities on the 
onset of dendrite growth and mechanical failure of the SEI, the correlation between mechanical 
stress distribution and the underpinning transport response and reaction kinetics, and the 
influence of non-uniform SEI morphology on ionic flux distribution, overpotential response and 
interface evolution, has been analyzed through the modeling efforts.  

The second research thrust was focused on examining the fundamental science of metal-support 
interactions and dendrite growth. Using a combination of synchrotron X-ray nanotomography 
imaging, cryogenic electron microscopy and mechanistic modeling, we studied how the current 
collector wetting influences the three-dimensional deposition morphology, microstructure, and 
SEI properties in metal electrodes. We investigate the critical role of the substrate-metal 
interactions on planar versus dendritic growth, explaining the correlation between wetting 
behavior, electrochemical performance, and electrodeposition morphology. Our work is focused 
on examining the relationship of metal wettability and substrate-metal energetics and the 
relevant effect on the morphological attributes of the metal electrode. Building on these research 

Figure 2. Modified current 
collector based on sodium-
chalcogenide intermetallics and Cu 
particles enables enhanced metal 
wetting and electrochemical 
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thrusts, our future work will focus on further investigation of the coupled interactions between 
ionic transport, mechanical response, SEI structure and wetting behavior, and their relationship 
with the failure mechanisms and instability onset in sodium metal anodes. 
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Research Scope 

This project seeks to discover new defect tolerant and dopable semiconductors, as such new 
materials are needed for myriad energy-relevant technologies. In this project, the overarching 
goal is to discover new hybrid inorganic-organic semiconductors, by way of understanding how 
organic cation-based materials chemistry influences self-regulation of point defects,1 charged 
impurities, and doping.  The major goals of the project are to understand how organic cations 
influence the formation and organization of point defects in hybrid halide semiconductors and 
how the chemistry of the organic cation influences the electronic transport through modification 
of the charge carrier concentration.   These goals are accomplished by the synthesis of materials 
with well-defined compositions, identification of their often-disordered atomistic structures,2 
interrogation of the electronic properties using microwave conductivity and bulk transport,3 and 
discovery of the composition-structure-property relationships. Selective control over the 
concentration and mobility of defects and carriers has potential to enable new and emerging 
technologies requiring next-generation semiconductors.  

Recent Progress  

Hybrid tin halide perovskites exhibit non-trivial relationships between the structure, defect 
equilibria, and carrier transport, as carrier localization plays significant role in the electronic 
properties.  Examination of CH3NH3SnBr3, CsSnBr3, and their solid solutions by microwave 
conductivity experiments reveals a decreasing trend carrier mobility with increasing amounts of 
cesium.  This defies our predictions from band transport and phonon scattering mechanisms.  The 
role of polaron-dressed carriers in these materials is predicted to play a large role in governing 
the electronic transport of these materials,4 particularly as the materials exhibit large high-
amplitude distortions of the local atomistic structure from our analysis of X-ray total scattering 
experiments.  Polaron-based electron localization reduces carrier mobility but has the potential 
to extend carrier lifetimes due to reduced overlap of the electron and hole wavefunctions.  
Understanding how the materials chemistry affects this balance is essential.   
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Chemical substitution also influences the localization of ionic defects.  For example, 
substitution of ethylenediammonium for methylammonium in CH3NH3SnI3 yields disordered 
vacancies,5 while substitution with diammoniumheptane yields crystallographically-ordered 
vacancies.6 These materials are distinct from the coalescence of “vacancies” in the structures 
with dimensionally-confined electronic structures 
resembling the Ruddlesden-Popper and Dion-
Jacobsen perovskites. In this project, we 
discovered that the partial substitution of SCN for I 
in (CH(NH2)2)PbI3 yields a superstructure of 
columnar vacancies.7  In this case, the isovalent 
substitution yields the vacancy-ordered 
superstructure to accommodate the steric 
interactions of the larger SCN instead of charge 
compensation as found with the divalent organic 
cations. Twinned crystals with ordered columnar 
vacancies form a coincident-site lattice resembling the unsubstituted phase.  This appears to 
stabilize the unsubstituted, metastable (CH(NH2)2)PbI3 as inferred from thermodiffraction studies 
on biphasic samples.  This provides a foundational materials chemistry understanding for the role 
of SCN “additives” used in device processing.   
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Research Scope 
 In this project, we are developing an understanding of direct air capture (DAC) of CO2 by 
high-valent transition metal and actinide molecules, referred to as d/f0 complexes or 
peroxometalates. These include transition metals (d0) TiIV, VV, NbV, TaV, MoVI, WVI, and actinide 
(f0) UVI. While we recognize weakly radioactive depleted uranium is problematic for major 
industrial use, much of our understanding of the CO2 capture behavior of these complexes 
originally came from studies of UVI. Moreover, we observe that CO2 capture trends and 
phenomena of VV are remarkably similar to that of UVI, providing unique opportunities to broaden 
understanding of the periodic table, the relationship between early transition metals and early 
actinides in particular. Finally, the uranyl peroxide molecule is the only peroxometalate complex 
we have studied thus far that retains its peroxide ligands in water, rather than exchanging them 
for oxide/hydroxide ligands. This will also allow for studies at the aqueous-air interface, 
particularly valuable for surface spectroscopies.  
 Recent Progress  
 DAC behavior of uranyl peroxides. In prior 
studies, we observed that uranyl triperoxide, 
formulated UO2(O2)34- (denoted U1 in this narrative), 
undergoes conversion to UO2(CO3)34- via an unknown 
intermediate by a poorly understood mechanism. 
Interestingly, the reaction is countercation-dependent; 
specifically, the reactivity increases with increasing size 
of the alkali. We have recently studied the intermediate 
of the reaction of the Cs-salt (denoted Cs-U1) in detail, 
and several lines of evidence suggest this intermediate 
is a metastable pentavalent uranium phase, meaning 
peroxide becomes a reducing agent under prescribed 
conditions. Therefore, the formation of the carbonate 
via DAC is a mechanism to stabilize reactive UV. The 
conditions that invoke UVI to UV reduction are simply 
removing the formed crystals of Cs-U1 from their mother liquor and allowing them to dry in 

 
Figure 1. Summary of reactivity of alkali 
uranyl triperoxide compounds, and the 
studied reaction pathway of Cs-U1 to a UV 
compound, that rapid converts to uranyl 
tricarbonate.  
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ambient conditions.  The intermediate was first identified by powder X-ray diffraction (PXRD), as 
a close match to CsUO3 perovskite, a phase predicted by the Materials Project, but never 
synthesized. Given the hygroscopic nature of this phase, as well as its observed instability, it is 
not surprising that it has not been observed experimentally, although the lighter alkali analogues 
NaUO3 and KUO3 have been synthesized. In studies this year, we confirmed the identity of the UV 
intermediate by XPS (X-ray photoelectron spectroscopy) and Raman spectroscopy. We also 
performed a time-dependent PXRD study that clearly shows the short-lived nature of the 
intermediate pentavalent uranium phase and rapid formation of the carbonate phase. EPR 
(electron paramagnetic resonance) spectroscopy identifies either small molecule free-radicals or 
UV, and these studies are ongoing. We are also investigating the effect of light on the reaction, 
which represents an inconsistent parameter in these experiments, and more broadly DAC 
mechanisms that may involve free-radical species.  
 DAC of transition metal peroxides.  We have synthesized and surveyed DAC of 
peroxometalates including TiIV, VV, NbV, TaV, MoVI, WVI. In this survey study, the K+ salt of VV 
(V(O2)43-) proved to be the ‘goldilocks compound’; reactive enough to study its DAC mechanism 
in ambient conditions. PXRD, 51V solid state NMR, FTIR, single-crystal X-ray diffraction (SCXRD) 
and tandem TGA-MS (thermogravimetry-mass spectrometry) show VO(CO3)(O2)23- (K-salt) to be 
the direct product of DAC. Up to one additional equivalent of CO2 per vanadium (i.e. two CO2 per 
vanadium) is captured via the vanadium center for all the studied salts (Li, Na, K, Rb, Cs), and 
eventual conversion of the final product to VO31- plus alkali bicarbonate was observed (Figure 2). 
Computational studies (DFT) show a mechanism of forming a peroxycarbonate intermediate. 
While SCXRD indicates a chelating bonding mode of carbonate to vanadium, computational 
studies suggest monodentate coordination is favored in the absence of lattice-packing. Newly-

 
Figure 2. Experimental (left) and computational (right) summary of the tetraperoxovanadate CO2 capture 
behavior. The data shown is TGA-MS of K3V(O2)4 aged on a benchtop. Black is the thermogravimetric signal, red 
and blue are respectively CO2 and O2 by tandem mass spectrometry. Right, bottom summarizes the calculated 
energies of the reaction steps. 



137 
 

synthesized Ti(O2)44- compounds also capture considerable CO2 per Ti-center, but yet direct 
bonding of carbonate to titanium is never observed by the above-described mechanisms.   
Finally, studies of aqueous VO43- via SFG Raman Spectroscopy (with and without added amines) 
provides opportunity to investigate the DAC reaction at the air-water interface, with and without 
added amines to enhance organization and concentration of the DAC molecules at the interface.  
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Research Scope 

The overarching goal of the project is to monitor, understand, and direct structure across 
multiple length scales to achieve hierarchical, highly active mixed ionic/electronic conducting 
oxides (MIECs). MIECs enable a variety of energy, synthesis, sensing, and electronic applications 
by their dual ability to exchange oxygen with the gas phase (catalyzing electrochemical reactions) 
at the surface and conduct ionic and electronic species within the bulk1. However, conventional 
MIECs are processed at high temperatures, causing coarsening and segregation of non‐active 
cations, leading to sluggish surface exchange kinetics2. We are developing a new, low 
temperature, non‐equilibrium pulsed laser deposition method that leverages MIEC chemo‐
mechanical coupling to create hierarchical structures with high surface reactivity and good mixed 
transport. Amorphous films are fabricated by low temperature pulsed laser deposition and 
actuated into hierarchical structures at mild temperatures by chemical contractions induced by 
crystallization and oxidation3. We focus on monitoring, understanding, and controlling the 
emerging hierarchical structure and functional properties via this new approach in 
(Sr,La)(Ti,Ga,Fe,Co)O3-δ perovskites. 

In phase 1, we observe and interpret the interplay of chemo‐mechanical coupling and 
hierarchical structure evolution, correlating changes across multiple length scales. In phase 2, we 
learn how PLD growth conditions and crystallization stimuli can be tuned to tailor the resulting 
hierarchical structure. In phase 3, we measure and understand transport and surface reactivity 
changes during hierarchical transformation. This final task involves developing a new 2‐
dimensional optical transmission relaxation (2D-OTR) technique for high throughput monitoring 
of surface catalytic activity and applying methods to separate ionic and electronic conductivity. 

Recent Progress  

Our first work on this project demonstrated that hierarchical transformation during 
crystallization of various MIECs led to emergence of unprecedented surface catalytic activity and 
kinetics of oxygen exchange, critical for MIEC efficiency4. Using angle-resolved XPS, synchrotron 
XANES, TEM, and in-situ ac impedance spectroscopy, we then showed that the ultra-fast kinetics 
arose from a) pristine surface chemistry absent of segregation that is ubiquitous in conventional 
MIEC processing, and b) favorable bulk defect chemistry for surface charge transfer, the likely 
rate-limiting step5. The inherent chemo-mechanical coupling of MIECs promotes oxidation during 
crystallization-induced densification, and this stoichiometry change drives local increases in 
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transition metal coordination number and polyhedral alignment that promote hierarchical 
microstructural evolution and increase hole concentration and mobility5. We also advanced a 
contact-free optical method for monitoring the catalytic activity (oxygen surface exchange 
coefficient) continuously during crystallization, which avoids the problematic contribution of 
metal current collectors to measured catalytic activity6,7.  

 Our most recent work has focused on phases 2 and 3. In phase 2, given that oxygen content 
increased during crystallization, we studied the impact of oxygen chemical potential (or oxygen 
availability) during crystallization on the local atomic and nanoscale structure. Detailed 
synchrotron EXAFS studies have shown trends in local structural evolution (coordination 
numbers, bond lengths) with respect to gas atmosphere and temperature during crystallization8. 
Ongoing 4D-STEM (electron nanobeam diffraction) and STEM-EDS studies are observing dramatic 
changes in elemental distributions when oxygen chemical potential is instead modified by solid-
state electrochemical pumping during crystallization9. In phase 3, we focus on technique 
development for in-situ monitoring of functional properties. We have finished developing our 
new 2D-OTR capability that now allows us to monitor 
crystallization and oxygen surface exchange kinetics on each 
part of a 1x1 cm2 film simultaneously without contacts. We 
have developed combinatorial library growth capability and 
have mapped crystallization temperatures and surface 
exchange coefficients vs. temperature across 
combinatorially graded composition libraries for the first 
time10. We have also applied this 2D-OTR method to map 
oxygen exchange kinetics as a function of distance from a 
current collector, demonstrating that the metal does indeed 
enhance the apparent kinetics even mm away from the 
nominal interface11. Lastly we have developed a thin film 
blocking electrode cell design to isolate changes in ionic vs. 
electronic conductivity during crystallization. By coupling in-
situ synchrotron GIXRD with simultaneous ac impedance 
spectroscopy, blocking electrode studies, and dc 
polarization, we have demonstrated the possibility to turn a 
material from a pure ionic conductor into a pure electronic 
conductor (with every ratio of ionic : electronic conductivity 
in between), through crystallization12. Both ionic and 
electronic conductivity increase orders of magnitude during 
crystallization, but the electronic portion shows the more 

Figure 6 – high T 2D-OTR Results. Top: 
Simultaneous optical relaxations 
induced by pO2 step on combinatorial 
library; middle: oxygen surface 
exchange coefficients vs. composition 
and T; bottom: oxygen exchange time 
constants of ternary library at 450C 
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dramatic change. This last aspect is being supported by MD simulations of the impact of 
crystallinity on ionic transport via collaboration. 
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Research Scope 

This project focuses on the development of stimuli-responsive hybrid multifunctional materials. 
We emphasize a strong coupling between electronic and optical properties through hierarchical 
structural entanglement of two semiconductors: a narrow band gap (NBG), Cu2Se, and a range of 
wider band gap (WBG) phases such as CuMSe2 (M = Al, Ga, In, Fe) and Cu4NSe4 (N = Ti, Si, Ge).  
Our goal is to understand the correlation between the hierarchical microstructure (chemical 
composition and structure, mole fraction, size, and shape of the coexisting phases and their 
distribution at multiple length scale) of the resulting (1-x)Cu2Se/(x)WBGS bulk composites and 
the multifunctional properties (quantum electronic transition, ultrahigh optical absorption, giant 
negative photoconductivity, p to n type electronic transition) that may arise from the hybrid 
electronic band structure resulting from the multiscale (atomic, nanometer and micrometer) 
interaction of native electronic defects and chemical bonding in these materials. 

 Recent Progress  

We have completed the synthesis and 
characterization of the microstructure of several 
composites within the material systems, (1-
x)Cu2Se/(x)CuMSe2 (M = Al, In, Fe, Ga), which 
revealed a strong variation of the microstructure with 
the chemical composition of the CuMSe2 phase 
(Fig.1). [1-5] The exploration of the full composition 
range for the (1) (1-x)Cu2Se/(x)CuMSe2 and (1-
x)Cu2Se/(x)CuGaSe2 systems showed that both the 
Cu2Se and CuInSe2 (CuGaSe2) phases coexist at 
multiple length scales, ranging from sub-ten 
nanometer to several micrometers, leading to the formation of a hybrid hierarchically entangled 
microstructure [4, 6]. Astonishingly, the electronic phase diagram (Fig 2 and 3) of the (1-𝑥𝑥)Cu2Se 
− (𝑥𝑥)CuMSe2 hierarchical composites remarkably deviates from the trend normally expected for 
composites between a heavily doped semiconductor (Cu2Se) and a poorly conducting phase 

 
Fig.1: Microstructure evolution of (x) 
Cu2Se/(1-x)CuMSe2 composites (M = In, Ga, 
Al, Fe).  

 

mailto:ppoudeup@umich.edu
mailto:cuher@umich.edu


143 
 

(CuMSe2). A sudden increase in the carrier concentration is observed for composites at the 
vicinity of equimolar composition (48% ≤ 𝑥𝑥 ≤ 52%) in both In and Ga composites. The atypical 
electronic behavior is rationalized in the light of the formation of an inter-band (IB) within the 

band gap, which may 
arise from the 
hybridization of 
native acceptor 
electronic point 
defects such as (i) 
copper vacancies   in 
Cu2Se ([VCu]CS); 
CuInSe2 ([VCu]CIS);  

and CuGaSe2 ([VCu]CGS); (ii) anti-site defects in CuInSe2 ([CuIn]CIS);  and CuGaSe2 ([CuGa]CGS); and (iii) 
In-vacancy in CuInSe2 ([VIn]CIS);  and Ga-vacancy in CuGaSe2 ([VGa]CGS)  in the resulting hierarchical 
composites (Fig. 3).[7, 8]  The density as well as the energy distribution of these electronic defects 
depend on the fraction of CuInSe2 (CuGaSe2) phase. Surprisingly, Hall effect data revealed a 

transition from p-type to n-type electronic conduction in In-
containing composites, whereas such transition is not observed for 
the Ga-containing samples. Interestingly, the temperature, Tp-n, of 
the electronic transition depends on the CuInSe2 phase fraction and 
follows a similar trend as the carrier density (Fig. 2C). This surprising 
electronic behavior can be rationalized by considering the density 
as well as the energy distribution of both donor and acceptor 
shallow and deep electronic defects in Cu2Se, CuInSe2 and CuGaSe2. 
In Cu2Se/CuInSe2 composites, the activation at high temperatures 
of both shallow donor [InCu]CIS (Ed~100 meV) and shallow acceptor 
defects ([VCu]CS; [VCu]CIS; and [VCu]CGS with Ea < 6 meV) results in 
compensated charge carrier transport. By contrast, the [GaCu]CGS 
donor defect in CuGaSe2 is located deeper in the band gap (Ed~400 
meV) and is therefore difficult to activate, which may explain the 
absence of p to n transition in Ga containing composites.[8] These 
results point to a new strategy to modulate the electronic structure 

of semiconductor composites to maximize interaction and coupling between two fundamentally 
contrasting properties. This enables access to electronic hybrid systems with interactive and 
stimuli-responsive multifunctional properties paving the way for potential applications in 
quantum computing, memory, sensing, and detection electronic devices. 

  

Fig. 2: (A) Electronic phase diagram of (1-𝑥𝑥)Cu2Se − (𝑥𝑥)CuInSe2 composites. (B) 
temperature dependent carrier density showing p to n transition at temperature 
Tp-n; and (C) Dependence of Tp-n with phase composition.  

Fig. 3: (A) Electronic phase 
diagram of (1-𝑥𝑥)Cu2Se − 
(𝑥𝑥)CuGaSe2 composites. (B) 
Energy distribution of 
native electronic defects.  
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Research Scope.   

Our objectives are to develop magnetic resonance and optical spectroscopy methods to 
investigate the spin dynamics of metal organic frameworks (MOFs), with special attention to 
using optical pumping schemes(1) to improve detection sensitivity of nuclear spin polarization in 
MOFs as well as the development and application of new MOF structures to quantum 
information science. Critical to these objectives are developing instrumentation and materials to 
optically prepare long-lived triplet states in MOFs, then transfer the highly athermal electron spin 
polarizations to the MOFs themselves.  

Recent Progress  

We report progress on three objectives: a theoretical description of methods to transfer 
polarizations amongst spins in MOF systems, two major experimental apparatuses to show 
polarization transfer in condensed spin systems, and the design and synthesis of MOFs that are 
expected to exhibit optical-nuclear polarization. 
 
Spin methods development. The triplet-state in optically excited MOFs create a lattice of coupled 
electron and nuclear spins; such systems a notoriously complex to access with magnetic 

Figure 1. Here the NV defect in diamond serves as the test-bed for exploring clusters of spins may be optically 
pumped.  (a) Randomly occurring paramagnetic centers (NVs, P1s) and 13C nuclei in the diamond lattice (as 
well as the 14N hosts of each point defect) can be grouped into hybrid clusters of strongly interacting spins. RF 
excitation resonant with hyperfine transitions in the cluster allows us to single out those nuclei most 
effectively contributing to the transfer of polarization to bulk carbons. (b) Electron Zeeman levels for the P1 
and NV defects; this work was conducted at magnetic fields where the P1 Zeeman splitting approximately 
matches one of the NV transitions (left energy diagrams). Slight detuning of this field provides the energy 
difference required to polarize the nuclear spin, as most clearly seen in a three-spin model (right schematics). 
(c) Calculated nuclear spin polarization pattern as a function of the applied magnetic field assuming the three-
spin 13C−NV−P1 model in (b). Dashed boxes indicate sections of the pattern preferentially associated with 
each spin projection of the P1 14N host. The lower trace derives from a convolution with a Gaussian.   
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resonance methods. We have recently shown that clusters of electron-nuclear spins can be 
detected and manipulated via spectroscopic methods (R. Pigliapochi  et. al. 2023). This and 
temperature jump methods (Meriles et. al. 2022) suggest that there may be new dynamic 
polarization transfer  (“cross-polarization”) methods ideally suited to preparing hyperpolarized 
nuclei in MOFs (Figure 1).  
 

Instrumentation design and construction. We 
have developed a novel instrument that allows 
for optical dynamic nuclear polarization (ODNP) 
and nuclear interrogation at a range of cryogenic 
temperatures (4K-RT).  It utilizes an Oxford 
Spectrostat NMR cryostat under continuous flow 
cooling which is mechanically moved ("shuttled") 
from lower fields of a few mT into a 9.4T NMR 
magnet (Oxford). Optical hyperpolarization is 
carried out in the fringe field of the magnet 
through an optical window at the cryostat 
bottom. Hyperpolarized nuclei are detected via 
spin-locking NMR sequences with >1M pulses, 
yielding a continuously interrogated NMR signal 
for up to t=180s (see Figure 2) In addition, an x-
band pulsed EPR system with optical access, 

cryogenic temperature control, and (0.3T) hydrogen and 13C NMR has been assembled to provide 
triplet lifetimes and quantitate hyperfine interactions so as to develop the experimental 
protocols for optical DNP apparatus described above.  
 
Materials synthesis. Critical to the application of ODNP to MOFs is the chemical design and 
synthesis of MOFs that are anticipated to support long-
lived triplet states. Based upon molecular analogs, MOFs 
with linkers containing pyrene/naphthalene/pentacene 
or porphyrin moieties are anticipated to be useful. 
Toward that end we have synthesized in multi-gram 
quantities two pyrene-based linker for MOFs  
[Mg1.5(HTBAPy)(H2O)2]·3DMF (a.k.a Sion-7, a pyrene 
linker(2), Figure 3) and [Al2(OH)2(TBAPy)]·4DMF·3H2O 
(a.k.a. AlPyrMOF (3)). Synthesis of a pentacene-based 
linker in an aluminum MOF has been partly successful, 
with further optimization this should be accessible. 
There are dozens of porphyrin-based MOFs in the 
literature, and we have hydrothermally synthesized PCN-
224 by coordinating tetra-kis(4-
carboxyphenyl)porphyrin (TCPP) ligands with zirconium. 
Finally, molecular analogs to test and quantitate our 

 

Figure 2. Left: Shuttling instrument designed and 
built for optical nuclear DNP in MOFs. Right: 
Detailed photograph showing laser excitation in 
an NMR probe in the magnet fringe field.  

 

Figure 3. 
SION7,[Mg1.5(HTBAPy)(H2O)2]·3DMF. 
Top portion of a 2- dimensional layer 
constructed from HTBAPy3– ligands 
joined together by Mg3-clusters. Color 
code: Mg: green, O: red, C: gray. 
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ODNP protocols require Bridgeman-type crystallization methods, and toward that end have 
constructed such an apparatus and can routinely prepare multi-gram quantities of e.g., 
pentacene. Optically detected magnetic resonance (ODMR) demonstrated our ability to create 
these materials and characterize them.  
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Research Scope 

The major goal of this project is to use electric fields at the electrochemical interface to capture 
and release CO2 molecules to develop a novel CO2 storage and release mechanism with low 
energy consumption and high efficiency. Our overarching hypothesis is that controllable 
nucleophilicity of a tethered capture motif via electro‐induction will lead to modified CO2 adduct 
equilibria that will permit the on‐demand capture and release of CO2 for its effective separation 
from other substances in air. To this end, we have advanced the understanding of molecular 
event characterization at polarized carbon electrodes, characterized the interactions of CO2 with 
electrodes by observing changes in capacitive properties, and correlating the spectroscopic 
signatures of adducted CO2 with capture motifs such as anilines.  
 
 Recent Progress  

Characterization of CO2-binding processes at practical and model 
electrodes for DAC applications, such as carbon and gold, 
respectively, first requires a versatile toolset to probe our 
hypothesis. Two of our methods of choice are electrochemical 
surface enhanced infrared absorption spectroscopy (EC-SEIRAS) 
and electrochemical surface enhanced Raman scattering (EC-
SERS). With previous work indicating the possibility of carrying out 
EC-SERS on graphene-on-metal electrodes,1 we set out to 
demonstrate the possibility of SEIRAS on carbon materials through the grafting of molecular 
motifs such as TEMPO on these surfaces.2,3 In the SEIRAS spectra, we see an increase of peaks at 
1512 cm‐1 and 1370 cm‐1 which correspond to N‐O stretches of the TEMPO molecule (Figure 1). 
These signals are not observed on pristine graphene electrodes, and no grafting is observed on 
pure metal electrodes, indicating a strong synergy of our approach to detect molecular species. 
Our recent experiments have also aimed at exploring the electrochemical and analytical 
spectroscopic window to detect surface events optimally – for example by characterizing the CO2-
binding properties of amines in alcohols rather than on aqueous solutions. Under these 

Figure 1.  SEIRAS of TEMPO 
grafted on graphene-on-Au 
electrode.  
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conditions, complications due to the speciation of CO2 in water may be avoided,4 while also 
providing fewer interfering spectroscopic signals that will facilitate testing our hypothesis.  

Elucidating CO2 interactions with molecular motifs at 
electrodes requires predictoing spectroscopic signatures. We 
showed that the energy of the carbamate bond (the bond 
between the amine and the captured CO2) depends on the 
electron‐withdrawing/donating strength of the substituents 
on the para position of aniline. Secondly, the strength of this 
bond correlates very well with the experimental and 
computational vibrational frequency of the anti‐symmetric 
stretch of the adducted CO2 (Figure 2).  Electron donating 
groups typically enhance the driving force of carbamate 
formation by transferring more charge to the adducted CO2 
and thus increasing the occupancy of the anti‐bonding orbital 
in the carbon‐oxygen bonds. Increased occupancy of the anti‐

bonding orbital within adducted CO2 weakens the bond, leading to a red shift in the characteristic 
carbamate frequency. We expect analogous trends in other amine‐CO2 capture systems, 
especially those placed on electrodes.  

Additionally, it is critical to characterize the baseline 
interactions of electrodes with CO2 – i.e., how this gas affects 
capacitive phenomena even in the absence of molecular 
motifs. Supercapacitive swing adsorption of CO2 is proposed 
as a high energy efficiency and low cost electrochemical 
method for CO2 capture.5,6 However, the mechanism of 
supercapacitive swing adsorption is poorly understood. For 
example, in aqueous electrolytes, it is not clear whether 
capture occurs from the adsorption of neutral CO2 or of the 
charged bicarbonate and carbonate ions. To answer these 
questions, we compared the capacitance changes of a planar 
gold electrode in saturated Ar and CO2 aqueous electrolytes (Figure 3) while varying the 
electrolyte concentration, salt, and pH. During this project period, we completed this study and 
in doing so, determined the aqueous electrolyte features that maximize CO2 capture. We propose 
that the observed reduction in capacitance occurs from the replacement of adsorbed cations 
with CO2 molecules. Therefore, the extent of capacitance reduction is related to the surface 
charge density of the electrode as well as the applied potential. A model is proposed to account 
for the mechanism for CO2 capture on bare electrode  surfaces.  

Figure 2.  Correlation between 
scaled vibrational frequencies of 
the antisymmetric stretch of CO2 
and the computed energies of the 
carbamate bond. 

 

  

 

Figure 3.  Effect of CO2 on 
capacitance on Au electrode in 
aqueous 5 mM Li2SO4.  
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Research Scope 

Controlling the formation and stoichiometric content of desired 
phases of materials has become a central interest for the study 
of a variety of fields, notably high temperature 
superconductivity under extreme pressures. The further 
possibility of accessing metastable states by initiating reactions 
by x-ray triggered mechanisms over ultra-short timescales is 
enabled with the development of x-ray free elections (XFEL). 
Utilizing the exceptionally high brilliance x-ray pulses from the 
EuXFEL, we report the synthesis of a previously unobserved 
yttrium hydride under high pressure, along with non-
stoichiometric changes in hydrogen content as probed  at a 
repetition rate of 4.5 MHz using time-resolved x-ray diffraction. 
Exploiting non-equilibrium pathways we synthesize and 
characterize a hydride with yttrium cations in an A15 structure 
type at 125 GPa, predicted using crystal structure searches, with 
a hydrogen content between 4.0--5.75 hydrogens per cation, 
that is enthalpically metastable on the convex hull. I will 
demonstrate a tailored approach to changing hydrogen content 
using changes in x-ray fluence that is not accessible using 
conventional synthesis methods, and reveals a new paradigm in 
metastable chemical physics. In addition, we have been utilizing 
machine learning methods to permit a deeper appreciation of 

correlations in higher order parameter space and be trained to behave as a predictive tool in the 
exploration of new materials. We have applied this approach in our search for new high 
temperature superconductors by incorporating models which can differentiate structural 
polymorphisms, in a pressure landscape, a critical component for understanding high 
temperature superconductivity.  

 

 

Figure 7: Accessibility of non-
equilibrium yttrium-hydrogen 
compounds via ultrafast X-ray 
induced chemistry (a) 
theoretical pattern of A15 
yttrium hydride system (b) 
Structural refinement of A15 
structure after exposure to XFEL 
at 125 GPa (c) X-ray diffraction 
as a function of time per XFEL 
pulse 
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 Recent Progress  

The discovery of high‐temperature superconductivity in metal hydrides under high pressures 
has revitalized the possibility of, and the race for, higher temperature superconductivity at lower 
pressure conditions [1]. This experimental breakthrough came after the pioneering suggestion 
from Ashcroft that hydrogen‐rich materials could have a large electron‐phonon coupling due 
to a high density of states at the Fermi level and high‐energy phonon modes;[2] each driven by 
the hydrogen content. The realization of these materials requires the application of high pressure 
conditions for driving reactions towards higher metal oxidation states that cannot be accessed 
through other synthesis routes.[3] Thus, driving the formation of materials that are hydrogen‐
rich compared to those formed at ambient conditions. A major challenge I have identified and 
have attempt to address as part of this project is the synthesis of metal superhydrides and driving 
ever more hydrogen atoms to coordinate with a metal center. Hydrogen is challenging to work 
with as it is highly diffusive, and reactions can be sluggish. Heating the metal and hydrogen 
reactants can improve reaction rates at high pressures, and is typically achieved by focused 
near‐infrared (Nd:YAG or similar) lasers.[4] Laser heating in this fashion preferentially heats 
near the surface of the metal through direct absorption, in a similar manner to what would be 
achieved by heating thermally to an equilibrium state. Ultimately, this heating method has 
limited success due to the difficulty in dissociating molecular hydrogen and the sluggishness of 
hydrogen diffusion into the metal. While the advantage of laser‐based heating is that it is 
readily accessible, synthesis of these types of systems remains quite challenging. For example, 
many of the most interesting proposed hydrides have yet to be synthesized.[5] The prime 
example of this is the sought after cubic phase of YH10 which has been predicted to be 
dynamically stable with a high‐Tc at 300 GPa, on the convex hull at and above 300 GPa, not on 
the convex hull at 300 GPa and not on the convex hull but thermally stabilized above 1000 K and 
350 GPa.[6] I have been investigating less conventional methods for inducing reactions are 
emerging which are far from equilibrium. In particular, synthesis via x‐ray irradiation shows 
great promise for allowing the synthesis of materials which otherwise could not have formed 
under normal thermodynamic conditions. When high energy photons interact with matter, 
electrons and even atoms with very high velocities can be produced, creating unique energetic 
pathways that can lead to the formation of products.  
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Research Scope: Main‐group halide compounds with the perovskite crystal structure 
(exemplified by methylammonium lead iodide MAPbI3, with MA = CH3NH3+, Figure 1), have 
recently attracted immense attention for their remarkable optoelectronic properties. Halide 
perovskites exhibit great chemical flexibility, leading to diverse structure and function. Beyond 
PV, the scope has broadened substantially to include the pursuit of lead‐free materials, bromides, 
and mixed halides for light emission and detection applications. Key aspects regarding the origins 
of the remarkable functionality of these materials remain enigmatic. 
There has also been a great need for the advancement of new 
materials and new chemistries beyond the simple perovskites to 
expand this class of materials. This project has a strong focus on the 
creation of new materials, as well as developing fundamental 
understanding of the materials science of these hybrid metal halides. 
Some of the questions driving the project include: How does the 
interaction between the organic and inorganic sublattices influence 
the structural transitions and lattice dynamics in halide perovskites? 
Can the domain of known functional hybrid metal halides be expanded 
through the creation of novel materials? What is the nature of film 
growth and the impact of structural defects on electronic properties, 
and how does structure and chemistry influence charge carriers? A targeted multidisciplinary 
approach has been adopted towards answering these key questions to inform new chemical 
design principles for defect‐tolerant semiconductors, produce new materials with enhanced 
stability and optimized performance, and enable materials with large, tunable bandgaps and high 
mobilities.  

Recent Progress: (i) Cation size and stability in halide compounds: Cations that lie outside the 
acceptable range of some structural tolerance factor usually result in reduced-dimensional 
structures in hybrid halides. Connectivity within the inorganic network can be retained when the 
links among the metal-halide octahedra are rearranged to fit the large cations. New hybrid 3D 
bromide compounds of Pb2+ incorporating linear organic diammonium A cations APb2Br6 have 
been reported (structure types depicted in Figure 2) and rules for these compounds have been 

Figure 1: Depiction of the 
crystal structure of 
MAPbI3 with ordered MA 
cations.  
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proposed.1 Size arguments have been examined in the 
context of expanding the cage of the organic ammonium 
cations in layered hybrid halide perovskites.2 Separately, 
tolerance factor and size arguments have been employed to 
address the question of why halide double perovskites 
A2MM′X6 are so rare when for X = I.3 Such compounds would 
be highly desirable since in contrast to the Cl and Br 
congeners, the band gaps ad dispersions of the iodides 
could be better suited for several optoelectronic 
applications. 

(ii) Layered perovskites with short inter-layer contacts: Within this collaboration, two layered 
hybrid lead iodide perovskites have been reported that possess unusually short interlayer 
distances: (IPA)2(MA)Pb2I7 and (ACA)(MA)PbI4} (IPA = isopropylammonium, MA = 
methylammonium, ACA = acetamidinium).[4] These compounds, prepared from mixing small 
organic cations, crystallize in a Ruddlesden–Popper type structure, or in a previously reported 
(by some of us) structure type with alternating cations in the interlayer space,5 respectively. The 
crystal structures of these compounds were established and have been compared in detail with 
related structures, with the electronic structures analyzed using density functional theory-based 
calculations suggesting significant dispersion even between the layers, due to the short non-
bonded contacts between the iodides. 

(iii) Optical emission control in thin films: A method for extinguishing or enhancing different 
emission features has been demonstrated for the family of 2D Ruddlesden–Popper perovskites 
(EA1–xFAx)4Pb3Br10 (EA = ethylammonium, FA = formamidinium). When grown from aqueous 
hydrobromic acid, crystals retain all the emission features of their parent compound, 
(EA)4Pb3Br10. Surprisingly, when grown from dimethylformamide (DMF), an emission feature, 
likely self-trapped exciton (STE), near 2.7 eV is missing. Extinction of this feature is correlated 
with DMF being incorporated between the 2D Pb-Br sheets, forming a material with DMF 
inclusions. Without FA, films grown from DMF form (EA)4Pb3Br10, retain little solvent, and have 
strong emission near 2.7 eV. Slowing the kinetics of film growth strengthens a different emission 
feature, likely a different type of STE, which is much broader and present in all compositions. 
Films of DMF-included materials have large, micron-sized domains and homogeneous orientation 
of the semiconducting sheets, resulting in low electronic disorder near the absorption edge. The 
ability to selectively strengthen or extinguish different emission features in films of these R-P 
materials reveals a pathway to tune the emission color in these compounds.6 

  

Figure 2: Crystal structure types of 
the APb2Br6 type structures with 
linear diammonium cations.  
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Research Scope 

This program is focused on developing novel carbon-based clathrates, which are extended guest–
host materials comprised of tetrahedral carbon frameworks that trap metal atoms in polyhedral 
cages. The scope of the research includes determining the range of possible framework types 
and guest/host substitutions, determining the critical parameters that dictate thermodynamic 
stability, and determining/optimizing physical properties. Given the large range of possible 
guest/host elemental substitutions, carbon-based clathrates represent a large family of light-
weight, diamond-like materials with tunable electronic structures, and may thus impact a wide 
range of energy materials from thermoelectrics to superconductors. 

 Recent Progress  

Since the initial discovery of the first boron–
carbon clathrate, SrB3C3 in the bipartite 
(type-VII) sodalite structure,1 significant 
progress has been made in further 
developing these materials. Given the broad 
range of possible elemental guest 
substitutions within the framework cages, a 
large number of materials properties may 
be achieved within a robust, diamond-like 
lattice. Within the type-VII framework this 
currently includes metallicity and possible 
high-Tc superconductivity,2 electron-precise 
semiconducting materials,3 and 
ferromagnetic/ferroelectric structures.4-6 

Thus, we have established a wide range of 
tunable physical properties possible for 
type-VII C–B clathrate compounds.  

Longstanding predictions suggest that carbon-based clathrate compounds may exhibit high-Tc 
superconductivity.7 Type-VII SrB3C3 clathrate is a hole conductor with an appreciable density of 
states at the Fermi energy, and we predict ambient-pressure superconductivity between 27–43 
K for Coulomb pseudopotential values of μ* = 0.17–0.10, respectively.2 To test these predictions, 

Figure 1. (a) SrB3C3 clathrate. (b) Experimental 
configuration for in situ synthesis and transport 
measurements. (c) Resistance drop on cooling. (d) 
Transition suppressed by magnetic field.  
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we developed a novel technique for in situ electrical transport measurements of samples that 
require extreme synthesis conditions (e.g., 50 GPa and >3000 K).2 In this case, electrical leads are 
placed on top of a sapphire crystal within the cell, and SrB3C3 is synthesized between the electrical 
probes without damaging the contacts (Figure 1). After in situ high-pressure synthesis, the 
samples were placed into an open-flow cryostat for electrical transport measurements at low 
temperature. Upon cooling, a sharp drop in the electrical resistance was observed with no 
detectable hysteresis upon heating, consistent with superconductivity. This transition is 
suppressed under applied magnetic fields. In addition, when the pressure was decreased, the 
observed resistance drop shifted to higher temperature, consistent with the calculated trend in 
superconductivity when μ*=0.15. The results suggest that SrB3C3 is a moderately high-
temperature superconductor comparable to other covalent metals like MgB2.  

While SrB3C3 is a superconducting with a transition temperature comparable to MgB2, the 
electronic density of states (DOS) for type-VII materials suggests that Tc could be increased 

significantly through electron or hole doping.  
Two peaks exist in the DOS on either side of the 
Fermi energy at +0.25 e- and -0.5 e-, which could 
enable significantly higher superconducting 
transition temperatures if the system was doped 
so that the Fermi energy was shifted to lie within 
one of these peaks (Figure 2). To probe the 
possibility of enhanced superconductivity in the 
Type-VII structures, we examined binary 

clathrate compounds with two guest metals (M1, M2) that possess difference valences. This way, 
the total electron count may be shifted to move the Fermi level.8 The initial study focused on a 
M1:M2 ratio of 1:1 and included a systematic study of +1, +2 and +3 guest metals. After systemic 
study of many binary guest pairs, several systems were found to exhibit remarkably high 
superconducting transition temperatures (Figure 2). For example, Tc = 88 K for KPbB6C6, Tc = 78 K 
for RbSrB6C6, and Tc = 77 K for KCaB6C6, and all these structures were calculated to be dynamically 
stable at 1 atm. These results suggest that superconducting transition temperatures are highly 
tunable by variable guest atom substitution within the Type-VII structure, and a very large phase 
space becomes available for additional compositions. Initial experimental results indicate the 
formation of mixed-guest structures, and experimental transport measurements are in progress 
to validate the impact on Tc. 

In addition to the type-VII structure, major progress has been made in understanding the stability 
and optimal boron doping to create new structure types.  

  

Figure 2. (a) Electronic DOS for SrB3C3 clathrate 
with peaks for electron and hole doping. (b) 
Calculated transition temperatures for binary 
type-VII clathrates.  
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Research Scope 

Our program investigates the kinetics and thermodynamics of gaseous mixtures in nano-confined 
environments. The nano-confinement can tip the thermodynamic vs. kinetic balance, and current 
understanding and theory can lead to incorrect predictions for gaseous mixtures [1–4]. This is of 
particular interest in real-world applications, where gases are typically mixed or contain 
impurities and are often exposed to humid conditions. Our approach integrates intensive in situ 
characterization, ab initio modeling, and tailored synthesis. Our objectives are (i) to disentangle 
kinetic from thermodynamic effects by a series of sequential and simultaneous gas loading 
experiments; (ii) to identify the interactions between gas molecules of the mixture as well as 
between gas molecules and the host; and (iii) to develop nano-porous materials that are stable 
in reactive humid mixture environments, such as flue gases. Due to their structural diversity, 
functional flexibility, and design freedom, metal organic frameworks (MOFs) will be the main 
platform and serve as our nano-confined environments to address our objectives. 

Recent Progress 

We developed a novel strategy to increase the gas selectivity of MOFs by co-adsorbing 
other molecules—e.g. the addition of NH3 in MOF-74 dramatically alters its adsorption behavior 
of C2H2 and C2H4. Combining in situ IR and ab initio calculations, we find that co-adsorbing NH3 
causes C2H2 to bind stronger and diffuse faster than C2H4. Remarkably, C2H4 is excluded from the 
MOF during simultaneous loading of mixed C2H2/C2H4, which is due to C2H2 occupying the space 
adjacent to metal-bound NH3 and thus forming additional diffusion barriers for C2H4. Our finding 
dispels the belief that strongly co-adsorbed species in MOFs undermine their performance in 
adsorbing/separating weakly bound target molecules. Furthermore, it suggests a new route to 
tune the selectivity of MOFs by harnessing the interactions among co-adsorbed guests [5]. 

Given that the competition of NH3 and H2O within MOFs is rarely explored and only poorly 
understood due to challenges in characterization, we combined in situ IR with ab initio 
calculations to unveil the competitive adsorption of NH3 and H2O for adsorption sites in the 
representative MOF-74 by analyzing the molecular exchange process inside the nanochannel. 
Through applying sequential loading, we find that the incoming NH3 can displace the metal-
bound H2O, moving it to secondary adsorption sites due to the stronger binding of NH3. 
Interestingly, the reverse process of H2O displacing metal-bound NH3 is also possible upon 
increasing H2O concentration. We show that this process is driven by a reduced kinetic barrier, 
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the formation of an energetically favorable water cluster, and H-bonding between the metal-
coordinated H2O and displaced NH3. Our finding emphasizes that the description of gas mixtures 
in MOFs cannot simply be established by single-component studies; rather, intermolecular 
interactions such as H-bonding can greatly affect molecular distributions. We further show that 
vibrational modes of adsorbed NH3 are markedly perturbed upon contact with H2O, due to the 
freezing of NH3 vibrations by co-adsorbed H2O. Our study sheds light on co-adsorption processes 
in MOFs and helps assess NH3 removal efficiency of MOFs under realistic humid conditions [6]. 

Using our sequential loading method, we also studied the co-adsorption of H2O and CO2 
in TiFSIX-3-Ni—a high CO2 affinity hybrid ultra-microporous material (HUM)—and find that slow 
H2O sorption kinetics can enable CO2 uptake and release using shortened adsorption cycles with 
retention of 90% of dry CO2 uptake. Further insight into co-adsorption is provided by in situ IR 
and ab initio calculations, which examined the binding sites and sorption mechanisms, revealing 
that both CO2 and H2O molecules occupy the same ultra-micropore through favorable 
interactions between them at low water loading. An energetically favored water network 
displaces CO2 molecules at higher loading. Our results offer design principles and insight into co-
adsorption that is relevant across the full spectrum of carbon capture sorbents to better address 
the challenge posed by humidity to gas capture [7]. 

We also made an interesting discovery concerning the defect termination of UiO-66 
materials, which has been a long-standing debate since the structure was reported. We show 
that missing-linker defects in an ambient environment are compensated with both carboxylate 
and co-adsorbed water. In contrast to the prevailing assumption that the monocarboxylate 
groups (COO–) of the modulators form bidentate bonding with two Zr4+ sites, we find that co-
existing H2O readily inserts and breaks Zr–O–C bonds, resulting in COO– coordinating to the open 
Zr4+ sites in an unidentate mode. This finding provides new understanding of defect termination 
in UiO-66 and sheds light on the origin of its enhanced physicochemical properties [8]. 

Finally, separation of gas and/or vapor mixtures by porous solids provides an energy-
efficient alternative compared to energy-intensive distillations. Particularly, the separation of 
linear hexane isomers from its branched counterparts is crucial to obtain premium grade gasoline 
and high-quality feedstock for ethylene production. We synthesized a new, flexible Zn-MOF, 
[Zn5(μ3-OH)2(adtb)2(H2O)5·5 DMA] (Zn-adtb), constructed from a butterfly shaped carboxylate 
linker with underlying (4,8)-connected scu topology. It is capable of separating the C6 alkane 
isomers based on their branching. The sorbate–sorbent interactions and separation mechanisms 
were investigated and analyzed through in situ FTIR, solid state NMR and ab initio modeling. Our 
study reveals that Zn-adtb discriminates the nHEX/3MP isomer pair through a kinetic separation 
mechanism and the nHEX/23DMB isomer pair through a molecular sieving mechanism. Column 
breakthrough measurements further demonstrate the extraordinary separation of linear nHEX 
from its mono- and di-branched isomers under conditions similar to industrial settings [9].  
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Exploration of Radial Conjugation Pathways in Pi-Electron Materials  
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Keywords: Pi-electron materials, radial conjugation, delocalization 

Research Scope 

This project involves hypothesis-driven exploratory research on new manifestations of pi-
electronic delocalization relevant to organic electronics via building onto hitherto unused 
structural subunits that invoke different degrees of aromaticity, conjugation, radical character 
and strain.  Our team consists of three interrelated groups specializing in pi-conjugated organic 
electronic systems with unusual properties well beyond the conventional arsenal of organic 
semiconductors with linear conjugation topologies present on planar pi-electron backbones.  
These systems combine unusual bonding patterns, unusual curvatures, and unusual charge states 
in new ways that have yet to be tapped for emerging electronics applications. The synthetic and 
physical organic activities of Tovar and Jasti are simultaneously supported by and driven by the 
computational activities of Kertesz to understand molecules with novel spin systems, novel 
electronic delocalization and novel aromaticities.  Our objectives for this research program are 
to (1) design and characterize new energy materials that access unusual spin states and pi-
electron delocalization in curved carbon structures and (2) examine through-space delocalization 
as encouraged by mechanical bonding of curved components. 

 Recent Progress  

This project has led to the creation of several novel types of polymeric materials based upon 
radially conjugated cycloparaphenylene (CPP) “nanohoops”.  Our initial work in this regard led to 
the creation of  norbornene-fused CPP monomers that could be polymerized via ring-opening 
metathesis polymerization into new partially unsaturated polymer backbones able to foster 
fullerene detection (Figure 1).1  It also realized 
the initial development of new and as yet 
unexplored conjugated polymers that 
incorporate a hybrid blend of standard linear 
pi-conjugation along with the radial 
delocalization inherent to the nanohoop CPP 
architecture (Figure 2 top).2  New electronic 
states emerged in these new polymers that were not simple additive contributions from the 

Figure 1. ROMP as a method to create polymerized 
but non-conjugated CPPs. 

 



166 
 

linear and radial components but rather represented 
hybrid delocalization spread over both linear and radial 
features.   

In our prior design, we recognized the prospect for 
selective localization or conjugation through the phenyl 
group of the CPP that bore the two chain-extending 
alkyne substituents (Figure 2 bottom).  We therefore 
extended this concept to a new monomer design 
whereby the two chain extending alkynes were placed 
on different phenyl rings of the CPP nanoring.3  With this 
molecular design, the intra-polymer conjugation 
pathway necessarily engages both the radial CPP 
nanohoop and the linearly conjugated pi-linkers.  We 
demonstrated the nature of this hybrid radial-linear 
conjugation pathway using spectroscopic and 
computational studies of the disjoint polymers and oligomers alongside critical comparison with 
carefully designed model systems that captured key aspects of the disjoint conjugation path but 
without the radial delocalization.  Our current investigations entail the development of new 
synthetic pathways in order to facilitate molecular and polymeric tailoring of linear-radial 
electronic structure.   

This project has also consists of quantum chemical exploration of quinonoid repeat units in π-
conjugated oligomers and polymers,4 which have promising characteristics by providing unique 
structures and electronic properties, including, according to our recent work, varying degrees of 
ground state open shell diradical character and small band gaps.5 So far, quinonoid ground state 
polymers were rarely identified, and 
one of the goals of this work was to 
expand the portfolio of such systems in 
which a diverse set of repeat units were 
considered, about half preferred a 
quinonoid (a) and half preferred 
aromatic structures (b) (Figure 3). The 
dependency of the diradical character 
as a function of size and composition 
opens a rich space to discover trends 
affecting the aromaticity and diradical character. Homo-polymers with quinonoid ground states 
show a high diradical character, while those with the aromatic ground state behave as closed-
shell systems with no or a very small diradical character. The diradical character of quinonoid 

Figure 3. Quinonoid (a) and aromatic (b) ground state π-
conjugated polymers 

 

Figure 2. Linear (top) and disjoint (bottom) 
conjugation pathways. 
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systems significantly increases with the size of the oligomer.5  Work in progress builds on our 
novel insights into systematic external perturbations to reduce the bandgap of quinonoid π-
conjugated polymers to previously unseen values.  
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Program Scope 

iClick is a synthetic technique that links metal ions through a triazolate bridge. Originally, 
inorganic click (iClick) was defined as the cycloaddition reaction between a metal-azide and 
metal-alkyne (Eq. 1).  iClick now includes the cycloaddition of a metal-azide and an organic alkyne 
or a metal-acetylide and an organic azide. This presentation further expands iClick to the 
synthesis of porous organometallic polymers and post-polymerization functionalization of 
polymers.  
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Recent Progress  

Project 1: Porous Organometallic Polymers (POMP) 
 
Heterogeneous catalysts are useful in industrial processes due to their advantageous 
sustainability, recyclability, robustness, and ease of catalyst/product separation. Porous organic 
polymers (POPs) have numerous applications in catalysis, medicine, gas separation, CO2 capture, 
and as sorbents. POPs are highly selective catalysts and can lower process costs. Over the past 
decades, some reports of porous organic polymers containing metal ions were published; 
however, the ligands incorporating the metal centers were limited to polypyridines, 
phthalocyanine, and porphyrins. This presentation will discuss the successful synthesis of porous 
organometallic polymers (POMP) via iClick. The results of this work were published in Dalton 
Transactions, 2022, 51, 18520-18527. 
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Scheme 1. Idealized structure of the iClick network metallopolymers (3-AuPPh3, 3-AuPEt3, and 5-AuPPh3). 

Confirmation of the iClick network metallopolymers comes from FTIR, 13C solid-state cross-
coupling magic angle spinning (CPMAS) NMR spectroscopy, thermogravimetric analysis (TGA), 
differential scanning calorimetry (DSC), and nitrogen and CO2 sorption analysis. Model complexes 
of the repeat unit in the metallopolymer networks provide structural insights due to the 
insolubility of iClick network metallopolymers.  
 
Project 2: iClick Dynamic Aurophilic Bonding Induced Polymer Crosslinks, Aggregation and Self-
Assembly. 
 
iClick can also create porous organometallic polymers or networks via Au-Au crosslinking. One of 
the objectives was to synthesize copolymers that feature a random coil segments comprised of 
polystyrene and a Au2 functionalized segments prepared by metalation/iClick of ethynyl-
substituted polystyrene repeats (Scheme 2). These polymers will display novel and interesting 
macromolecular self-assembly properties resulting from aggregation induced by aurophilic 
interactions of the Au2--> Au4 conversion. The presentation will outline the successful metalation 
of polystyrene copolymers, iClick functionalization, and preliminary photophysical 
characterization of the polymers.  
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Scheme 2. Proposed (A) Interchain and Intrachain (B) aurophilic bonding via Au2  Au4 formation.  
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Molecular mechanisms of moisture-driven DAC within charged polymers (MissionDAC)  

J. Wade, Northern Arizona University, NAU; H. Feigenbaum, NAU; M. Yacaman, NAU; J. Flory, 
Arizona State University, ASU; P. Fromme, ASU; M. Green, ASU; K. Lackner, ASU; H. Zhuang, 
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Research Scope 

The goals of the MissionDAC project 
are to reveal the thermodynamic, 
kinetic, and chemo-mechanical drivers 
of the moisture-swing CO2 separation 
in charged polymers to inform the 
development of new materials for 
direct air capture (DAC; Fig. 1). 
Inherent to all our investigations is an 
understanding of the interactions 
between water, ions, and polymer 
structures in nano-confined domains 
as a function of water activity. The 
broader goals of our team are 
addressed through three objectives.  
1)  Reveal thermodynamic drivers of 
the moisture driven CO2 
capture/release; 2) Reveal and 
probe intrinsic reaction rate and transport limitations of MS materials; and 3) Reveal chemo-
mechanical coupling for fast, reactive function and durability.  
 
Recent Progress   

Early work established standard materials and methods with two moisture responsive 
commercial anion exchange polymers, i) a polystyrene resin with quaternary ammonium sites 
charge balanced with mobile bicarbonate anions (QA-HCO3), and ii) a polyphenylene oxide 
membrane with similar QA-HCO3 active sites.   The standardization ensures a clear understanding 
of results and phenomena observed across a diversity of investigations from which new 
understandings of MS sorption, transport and chemo-mechanics in these charged polymers will 
be revealed and lead to improved materials for carbon capture applications and beyond. 

Obj. 1 Thermodynamics:  CO2 capacity and kinetics of moisture swing sorption were measured 
in isothermal open flow experiments with infrared gas detection. This work confirms that larger 
swings in RH lead to greater CO2 capacity, building the experimental validation for the moisture 
dependent isotherms (solubility) models.  Further, density functional theory and molecular 

Figure 1. MissionDAC Overview 
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dynamic models have been established to compare simulated energetics of the moisture swing 
chemistry to published values [1], and newly acquired sorption and calorimetric data.    

A key hypothesis of the MS mechanism is 
the influence of microstructure on the 
stability of the hydrated reactive anions 
(OH-, CO32-, HCO3-). Microstructural 
characteristics were investigated using 
Cryo-FIB tomography and electron 
microscopy. Early images of the 
membrane materials confirm the 
macroscopic dimensions and show 
distinct lamella structures (Fig. 2c) that 
show anisotropic swell upon hydration 
(not shown).  The cryo-FIB imaging has 
been conducted in coordination with i) 2D 
microscopy coupled with electron 
diffraction (Fig. 2a), and ii) molecular 
dynamic (MD) structural models (Fig. 2c).  
Combined, this effort supports the 
evidence of a periodic structure that is 
expected to influence both ion transport and MS sorption in this anion exchange membrane.    

Obj. 2 Kinetics: The rates of CO2 sorption and permeability in the membrane-based MS 
standards were evaluated experimentally and through simulation.  A humidified sweep cell was 
used to measure CO2 permeability as a function of relative humidity.  CO2 permeability 
increased two to fourfold when feed CO2 partial pressure decreased from 101 kPa to 8 kPa. 
Increased permeability with decreasing feed partial pressure is a well-documented 
phenomenon in facilitated transport literature [2], [3].  In addition to MS responsive materials, 
dry CO2 and N2 permeabilities were measured for phosphonium based ionic liquids with aprotic 
heterocylic anions with variable CO2 binding strength, revealing exponentially higher CO2 
permeabilities and CO2/N2 perm-selectivity at lower CO2 pressures, again illustrative of a 
facilitated transport mechanism that may best be exploited in low pressure applications, like 
DAC.  Simulation efforts validated from sorption experiments suggest that kinetics of MS CO2 
adsorption/desorption are likely limited by a reactive resistance, not ion mass transport [4].  

Obj. 3 Chemo-mechanics:  Moisture swing polymers are challenged by competing objectives for 
affordable and scalable CO2 capture: fast reactivity, high capacity, and mechanical toughness. 
Tuning mechanical properties across water vapor activity, without a major compromise on CO2 
capacity and kinetics will enable manufacturable materials with longer lifetimes.  
Measurements of mechanical strain in the membrane-based MS materials were taken as a 
function of relative humidity to approximate the swell coefficient and cyclic loading behavior 
due to swelling/shrinking during water and CO2 sorption to inform temporal chemo-mechanical 
models. Results thus far show that the material swells approximately equally in the plane of the 

Figure 2. MS membrane characterization.  
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membrane, about 13–15%, but significantly less in the out-of-plane direction, 1–4%, consistent 
with cryoFIB imaging with and without hydration.  Finally, new QA functionalized polymer films 
have been synthesized using grafting techniques onto porous polymer supports.  
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Largely pi-Extended Molecular Systems: Porphyrins Fused with PAHs  

Hong Wang, Francis D’Souza, Department of Chemistry, University of North Texas  

Keywords: Pi-Extended Porphyrins, Acenes, Aromatic Heterocycles, Charge Transfer/Separation, 
Transient Spectroscopy 

Research Scope 

This proposed project focuses on the design and synthesis of largely π-extended porphyrins fused 
with polycyclic aromatic hydrocarbons (PAHs), and the study of their electronic and 
photophysical properties. Largely π-extended structures represent one most fascinating yet very 
challenging frontiers in chemistry and materials science. Incorporating both porphyrins and 
polycyclic aromatic hydrocarbons to obtain largely π-extended multichromophoric systems is 
especially attractive as the resulted largely π-extended systems are reminiscent of 
“nanographenes” doped with heteroatoms.(1, 2) Fused PAH-porphyrin systems are expected to 
possess highly active intramolecular electronic interactions, thus open the opportunities to 
discover unprecedented electronic, optical and photophysical properties. Incorporating both 
porphyrins and PAHs to obtain largely π-extended multichromophoric systems is challenging due 
to synthetic limitations.(3, 4)  In order to address the synthetic challenge, the Wang group has 
been engaged in developing new synthetic methodologies for π-extended porphyrins.(5-9)  The 
availability of these methods provides the possibility to further extend the porphyrin π-system 
with other aromatic systems such as extended PAHs. The purpose of this proposed project is 
threefold. First, concise and versatile synthetic methods will be developed to further extend the 
porphyrin π-system. Second, different types of PAH-fused porphyrins including extended PAH-
fused, acene-fused, and cyclooctatetraene-fused π-extended porphyrins will be designed and 
prepared using these methods. Third, the optical-, electronic-, and photophysical properties of 
these compounds will be studied using DFT calculations, UV-Vis/fluorescence spectroscopy, 
electrochemistry and spectroelectrochemistry, femto- and nanosecond transient absorption 
spectroscopy. 

 Recent Progress  

New synthetic methods to fuse different type of aromatic rings to the porphyrin periphery was 
developed in the past two years. Novel large π-extended molecular structures incorporating both 
porphyrins and other aromatic components including acenaphtho[1,2-b]pentacene-, 
benzoimidazo-isoindole-, naphthodithiophene-fused porphyrins have been designed and 
synthesized (Figure 1). (10-13) Fully conjugated porphyrin oligomers including dimers and trimers 
were also obtained through these developed methods.(14) Porphyrin-fused acenes displayed 
unusual stability with a half-life > 25 days and nickel inserted in the porphyrin core was confirmed 
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to play the major role in stabilizing these long acenes.(12, 15) Reactivity investigation of the 
benzoimidazo-isoindole-fused porphyrins reveals a new organic transformation in the presence 
of methyl iodide, resulting in the ring-opening of isoindole with the formation of an aldehyde and 
dimethylation of the 
benzoimidazo 
component.(11) The 
fused benzoimidazo-
isoindole component 
acted as a good ligand 
to bind platinum (II), 
forming novel 
homobimetallic and 
heterobimetallic 
porphyrin complexes. 
Time-resolved emission 
and transient 
absorption 
spectroscopy reveal 
stable excited state 
species of the benzoimidazo-isoindole fused porphyrins.  The zinc benzoimidazo-isoindole-fused 
porphyrins promoted excited state electron transfer upon coordinating an electron acceptor, C60, 
generating a long-lived charge-separated state, in the order of 37.4 µs.(11) The formation of the 
exceptionally long-separated state is attributed to the involvement of both singlet and triplet 
excited states, which is rarely reported in literature. The oligomeric porphyrins show strong 
excitonic coupling and the occurrence of efficient singlet-singlet energy transfer (>95% efficiency 
and rate constant > 1012 s-1).(14) Excited state charge separation from both singlet and triplet 
excited states of zinc porphyrin oligomers has also been established.  The Lifetime of the charge-
separated state was in the 30-40 µs range revealing charge stabilization. An unusual trend was 
observed in the florescence quantum yield upon converting benzoporphyrin 2VTP to 
naphtho[1,2-b:4,3-b']dithiophene-fused porphyrin (F2VTP).(13) NICS analysis revealed different 
impact of the two isomeric naphthodithiophenes on the global aromaticity upon fusion to 
porphyrin (F2VTP and F3VTP). 

Future Plans 

Synthetic methodologies are being developed to fuse 7- and 8-membered rings to the porphyrin 
periphery. Largely pi-extended structures will be designed and synthesized using these methods. 
The impact of the ring and ring dynamics on their aromaticity and excited state dynamics are 
under investigation.  

Figure 1. Selected Examples of π-Extended Porphyrins.  
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New Synthetic Approaches Towards Atomically Precise π–d Conjugated Materials  
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Research Scope 

Two-dimensional conjugated metal–organic frameworks (MOFs), which are structurally 
reminiscent of graphene, have attracted significant recent attention due to their potential to host 
unique reactivity and physical phenomena, as well as by the presence of well-defined porosity, 
which enables the rapid transport, storage, and conversion of molecular and ionic guests.1 The 
objective of our work is to expand the functional and structural scope of π–d conjugated metal–
organic materials beyond existing 2D architectures, as well as to better understand their 
fundamental formation mechanisms. To accomplish this broader goal, three complementary 
research directions were undertaken over the past two years: 1) expand the structural scope of 
conjugated metal–organic materials beyond 2D planar architectures (e.g., 0D macrocycles, 1D 
chains); 2) understand how structure across length scales influences function in conjugated 
metal–organic materials; and 3) understand the formation mechanisms of metal–organic 
materials, specifically the role of ligand oxidation. 

Recent Progress  

Over the past two years, we have successfully truncated 2D π–d conjugated frameworks into 0D 
macrocycles and 1D chains. Beyond serving as model systems for 2D MOFs, these materials may 
reveal new physical properties due to their lower dimensionality. We have synthesized 
conjugated copper-based metal–organic macrocycles that resemble fragments of 
Cu3(HHTP)2 (HHTP = hexahydroxytriphenylene), a 2D framework (Fig. 1a).2,3 Despite their 
dramatically truncated structures, these macrocycles preserve many of the desirable properties 
of MOFs, including π-stacked nanochannels (Fig. 1b) and high out-of-plane electrical conductivity 
(10–3 S/cm pellet conductivities). However, unlike metal–organic frameworks, macrocycles are 
fully solution processable. By lengthening the peripheral side chains, we can achieve macrocycles 
that are soluble in organic solvents (e.g. THF, toluene, CHCl3) and are readily spin coated onto 
substrates for device fabrication (Fig. 1c). 

We have also synthesized a family of fully conjugated 1D metal–organic chains.4 Because 1D 
chains more readily form large single crystals, they can offer insight into the structure and 
bonding of more complex 2- and 3D conjugated analogues. Using a diphenyl-derivatized 
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tetraoxolene ligand (H2Ph2dhbq), we showed that the steric profile of the coordinating solvent 
controls whether linear or helical 1D chains are exclusively formed. Despite similar ligand 
environments, only the helical chain displays temperature-dependent valence tautomerism, 
switching from (FeII)(Ph2dhbq2−) to (FeIII)(Ph2dhbq3˙−) at temperatures below 203 K. The 
stabilization of ligand radicals leads to exceptionally strong magnetic exchange coupling (J = −230 
± 4 cm−1). Meanwhile, the linear chains are more amenable to oxidative doping, leading to an 
increase in electrical conductivity by nearly three orders of magnitude. This work illustrates how 
altering the metal–ligand connectivity can be a powerful tool for tuning materials properties. 

Finally, we have also probed the formation 
mechanisms of conjugated metal–organic 
materials, specifically the role of ligand 
oxidation. We have developed a new 
synthetic route to form Cu3(HHTP)2 that uses 
solid chemical oxidants rather than air.5 
Using our new synthetic route, we have 
shown that the particle aspect ratio can be 
dramatically altered, from long rods to short 
flakes, simply by controlling how and when the chemical oxidant is introduced (Fig. 2). The initial 
ligand and metal oxidation state also plays an important role in the formation of 1D chains. For 
the helical chain, we found that using the fully reduced, tetrahydroxy ligand in combination with 
Fe(III) salts under N2 led to significantly larger crystallite sizes. In contrast, using the same 
approach for the linear iron chain led to partial oxidative doping of the chains. Together, these 
studies show that oxidation of the redox-active ligand is a critical and often overlooked 
parameter to controlling both the morphology and composition of conjugated metal–organic 
materials. 

  

Fig. 1. a) Synthesis of conjugated metal–organic macrocycles. (b) Atomic force microscopy images confirm the 
formation of π-stacked nanotubes. (c) Thin-film field effect transistor devices fabricated using a C18-
derivatized copper macrocycle as the active layer. 

Fig. 2. Rod (left) and flake-like (right) Cu3(HHTP)2 
particles can be achieved by controlling when and 
how quickly the ligand is oxidized.  
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Research Scope 

We aim to establish design rules to synthesize functional organic/inorganic nanocomposites by 
holistically understanding the effects of molecular chemistry, thermodynamics governing phase 
behaviors of complex blends, and kinetic pathways of hierarchical assembly  using state-of-art 
characterization techniques. These fundamental studies lead to chemistry-structure-function 
relationship to realize their technological potential for clean energy harvesting, storage and 
utilization. Our team efforts led to successful synthesis and assembly of polymer grafted 
nanoparticles into superlattices, covalent organic framework (COF) nanospheres into high 
performance dielectrics, and supramolecular nanocomposites with defect control as barrier 
materials.   

Recent Progress  

1. High performance barrier materials by programming 
entropy-driven nanosheet growth. Our inability to 
translate nanosheets to functional coatings is not 
unique and reflects deficiencies in current self-assembly 
designs. Instead of focusing on a small subset of 
characteristics under idealized conditions, we must 
holistically synthesize nanomaterials at the system 
level. Here, we leverage emerging entropy-driven phase 
behaviors in complex blends1 and XPCS technique to 
quantify system mobility2. We successfully realized a 
micro-first-nano-later pathway to synthesize composite 
films with control over defect density and defect type 
and to correlate structure and chemistry of stacking 
nanosheets to the macroscopic barrier property. 

2. Polymer-grafted nanoparticles (PGNPs) as artificial 
atoms. PGNPs offer immense potential for fabricating 
nanoparticle-based superlattices with the ease of 

Figure 1. Programming nanocomposite 
synthesis based on system mobility can 
lead to defect control. 
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tuning interactions through polymeric ligands 
and achieving diverse structures reminiscent of 
alloys.3 We systematically investigated binary 
PGNP assemblies at the liquid-air interface to 
delineate kinetic pathway, proceeding with 
nanoscale microphase separation followed up 
surface-induced PGNP reorganization. The 
stacking of PGNP layers act as precursors for 
crystallization as the thickness of the PGNP film 
increases. These studies explain the formation 
of AlB2-, AuCu3- and NaZn13-type binary 
nanoparticle superlattices (BNSLs) with distinct 
orientations and provide guidelines to fabricate 
PGNP BNSLs over macroscopic distances. In 
parallel, we are developing polarized resonant 
soft x-ray scattering (p-RSoXS) techniques 
coupled with simulations to spatially resolve the conformation and orientation of polymers 
grafted to nanoparticles. 

3. Nanocomposites as high performance dielectric materials in harsh thermal and electrical 
environments. We successfully incorporated rigid covalent organic framework (COF) 
nanospheres into thin films of soft terpolymers using an in situ synthesis and layer-by-layer 
solution casting method.4 The resulting all-organic thin films displayed high dielectric constant, 
enhanced breakdown strength, superior energy density, mechanical self-supporting capability, 
and excellent mechanical flexibility. In parallel, we designed and synthesized polysulfates through 
sulfur(VI) fluoride exchange (SuFEx) 
“click chemistry” and tested their 
performance as dielectric polymers.5 
These polysulfates, processed into thin 
films via solution methods, exhibit 
insulating properties and stability at 
elevated temperatures. Electrostatic 
film capacitors based on these 
polysulfates sandwiched with two 
ultrathin alumina coatings achieve high breakdown strength and record-high discharged energy 
density at 150°C, surpassing current state-of-the-art dielectric materials. 
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Research Scope 

The properties of inorganic nanostructures can be fundamentally differentiated depending on 
how the atoms are structurally arranged in dimension. Owing to the reduced dimensionality and 
concomitant anisotropy, two-dimensional (2D) materials demonstrate distinctly different 
characteristics from their 3D bulk counterparts, providing a number of exciting scientific and 
technological opportunities.1-2 The controlled synthesis, advanced structural characterization, 
and theoretical modeling of electronic properties of inorganic 2D nanostructures will enable the 
design and control of nanoscale energy conversion systems with great precision.3-9 Herein, our 
program focuses on self-assembly and molecular engineering of structure-controlled 2D 
inorganic solids, with emphasis on their design, synthesis, and fundamental electrocatalytic 
properties and mechanisms. This effort will enable better control of electrocatalytic 
characteristics in novel 2D nanosheets and deeper understanding of their structure-functionality 
correlations that make possible next-generation electrochemical energy devices with 
unprecedented characteristics. 

Recent Progress 

The objective of achieving spatially well-defined functional nanomaterials and sophisticated 
architectures through nanoparticle assembly has been a subject of great scientific interest, while 
achieving a long-range ordering of assembly to 
create macroscopic structures has proven 
challenging, primarily due to the limitations of 
relying solely on interparticle interactions. We have 
demonstrated a strategy to produce large 
nanosheets with lateral dimensions of several 
millimeters by confining a uniformly dispersed 
metal-cyano colloidal suspension at the interface 
between ice and water, followed by the removal of 
ice crystals (Fig. 1). The formation of these 
millimeter-sized nanosheets can be attributed to the 
balanced electrostatic forces between dispersed Figure 1. Schematic illustration of the 

mechanism of nanosheet formation via 
directional freezing. 
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nanoparticles, coupled with the appropriate 
hydrodynamic size of the nanoparticles, the 
potential lattice matching between 
nanoparticles and ice crystals, and the 
presence of intermediate water at the ice-
particle interface. The highly anisotropic 
growth of ice crystals guides the two-
dimensional assembly of nanoparticles in a 
long-range order, resulting in well-defined 
nanosheets with a two-dimensional structure. 
This finding highlights the potential of 
nanoparticle assembly at larger length scales, offering possibilities for designing various large 
two-dimensional nanoarchitectures for practical applications. 

2D assembly of atoms originated from metal-ligand complex molecules achieved by kinetic 
control over metal ions reduction enables anisotropic growth of metals with distinctive 2D 
nanostructures and intrinsically improved electrocatalytic properties. By engineering 2D atomic 
crystals made of metals with a thickness of a few atomic layers (Metallene) via precisely 
controlled lattice expansion or amorphization, a simultanous modulation over thickness, surface 
morphology, crystallinity, and electronic structure can be achieved, improving their 
electrocatalytic performance towards electrochemical energy conversions. More significantly, 
we tuned the crystal phase of 2D metallene to achieve an intermetallic single-atom alloys (ISAAs) 
structure, which features 2D isolated active sites coordinated with host metal atoms for the 
enhancement of electrocatalytic activity and selectivity towards ammonia synthesis (Fig. 2). The 
results illustrated the ultrathin morphology of the 2D metallene with a thickness of ~six atomic 
layers and surface single-atom sites of the highest density, by which the selectivity of ammonia 
can be essentially enhanced to provide a well-design platform for the structure-property study. 

We demonstrated the dual electrocatalytic functionality with this designed Fe-cyano-R as a 2D 
nanostructure platform via ice templating method towards ammonia production and water 
splitting. The 2D Fe-cyano-R electrocatalyst demonstrated a strong adsorption of nitrate on Fe 
active sites and superhydrophilic surface with increased active sites, resulting from 2D topotactic 
conversion and in situ electroreduction. In addition, the above-mentioned ISAA bimetallene 
features downshifted surface valence states with narrowed energy band and thus significantly 
increased electron density with narrowed p−d hybridization around Fermi level, reducing the 
energy barrier of potential determining steps for the formation of the key reaction intermediate 
*NHO in ammonia synthesis. The two studies above highlight the important impacts of 2D assembly 
and molecular engineering on the design of electrocatalysts with improved performance. 

Figure 2. Phase engineering of metallene with 
isolated surface active sites towards ammonia 
synthesis. 
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Research Scope 

Despite decades of development and commercial deployment, most aspects of molecular 
clustering morphology in organic light emitting diodes (OLEDs) remain unknown. The goal of this 
project is to reveal these hidden morphologies and understand their impact on device efficiency 
and energy loss & degradation mechanisms using atom probe tomography (APT) and high-angle 
annular-dark-field scanning transmission electron microscope (HAADF-STEM) imaging.   

In this project, we have developed APT techniques that extend its applicability to organic 
molecular solids. APT combines point-projection microscopy with time-of-flight mass 
spectrometry to provide an unparalleled nm-scale three dimensional (3D) spatial resolution with 
concurrent mass-to-charge based chemical discrimination of <1 Da, while HAADF-STEM is used 
to probe two-dimensional (2D) projections of the materials from nm-to-μm scales. Our 
developments in spatial statistics enable quantitative analysis of the microscopy data to 
understand clustering. This gives the ability to probe morphologies previously unattainable and 
develop new structure-property relationships for solid-state blends of molecules. 

Recent Progress  

We first focused on development of APT for molecular organic materials. We have shown that 
APT can be applied to molecular organic systems, where it can have a mass resolution of < 1 Da,  
a spatial resolution of ~0.3 nm in z and as good as ~1 nm in x-y, an analytic sensitivity of ~50 ppm, 
and we observe little fragmentation of molecules,  making APT a very compelling technique for 
characterizing the morphology of small-molecule organic semiconducting systems.1 

In the subsequent years, our primary goal has been to develop structure-property relationships 
for these OLED materials and relate these to the morphology data. We have also continued to 
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develop APT processes, including understanding 
molecular fragmentation mechanisms during APT 
analysis.2 To understand morphology data, we continue 
to develop our spatial statistics analysis framework, 
including machine learning-based approaches that 
enable extracting significantly more information about 
morphology than is possible using the commercial APT 
software or open code.3,4 

We have most recently explored morphology 
measurement performed using HAADF-STEM imaging 
of conventional phosphorescent guests (e.g., Ir(ppy)3 
and Ir(ppy)2(acac)) in various host materials (user 
proposal at ORNL/CNMS, Michael Zachman), see Figure 
1.  The morphology measurements are analyzed using 
2D/3D spatial statistical analyses, such as Ripley’s K-
function and the G-function, and compared against 
statistical simulations of morphology to identify various 
features. To analyze the HAADF-STEM data, we 
simulate various morphologies in 3D, collapse them 
into 2D (to make comparable to STEM data), and 
evaluate the sptial statistics.3,5,6 We find direct evidence 
for stacking of guest molecules in the film in all guest-
host combinations evaluated (Ir(ppy)3 and 
Ir(ppy)2(acac) in several non-polar hosts). The stacking 
is more vertical than the most vertical pairs in a random 
close-packed morphology, indicating that stacking is 
occurring during film growth to alleviate dipole fields 
originating from the polar emissive molecules and that 
the host material fills in around the stacked guests as 
film growth continues. Models suggest that for Ir(ppy)3 
and Ir(ppy)2(acac) guests in mCBP and TCP hosts, that roughly half of the guests are in vertical 
dimers, trimers, or tetramers while the remaining half of the guests are isolated monomers.  
We see relatively uniform guest densities for Ir(ppy)3, over length scales of >2nm however, we 
also see variations in guest density over 5-10 nm scales in Ir(ppy)2(acac), an emissive guest with 
a dipole moment roughly 1/3 that of Ir(ppy)3. The smaller dipole moment reduces the Debye 
interaction with the non-polar host, decreasing the barrier to diffusion, enabling increased 

 

Figure 1. a) HAADF TEM image of 10nm 
thick layer of 10% Ir(ppy)3 in mCBP. b) 
large-scale clustering analysis with 
Ripley’s K-function and c) 2nd nearest 
neighbor G-function analysis for  the 
best matches to  various distributions 
of random monomers, vertical dimers, 
vertical trimers and vertical tetramers.  
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surface diffusion.  Future work will explore how these morphologies change as the substrate 
deposition temperature is changed and effects of using a host with a larger dipole moment.  
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